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Songjeong Beach, Busan, South Korea. Songjeong Beach is the ideal beach for families to swim together because of its 
shallow waters and fine sand. The white sandy beach stretches for 1.2 km, and covers an area of 62,150 square meters. 
The beach has the unique feel of the southern region, making the experience all the more fun. It’s popular with surfers, as 
Busan’s most reliable waves are to be found here. In the summer, it’s a family destination, and children paddle in the 
beach’s shallow water. At the entrance of the beach is Jukdo, where you can find relaxation facilities in the evergreen 
groves. You can enjoy fishing as well at the northeast end of the beach. There is also a dock where you can use 
motorboats and take cruises in the summer. A particularly famous part of Songjeong Beach is the Songiljeong Pavilion, 
which offers a magnificent view of the sunrise and moonrise. Because this beach is a bit out of the Busan area, it is quite 
unlike many of the other beaches in Busan. (Photograph taken 9 November 2018 by Dr. Jooyong Jay Lee, Kangwon 
National University [KNU], Chuncheon, Republic of Korea.) 
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ABSTRACT 
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A three-dimensional non-orthogonal boundary fitted ocean circulation and sediment transport model (MuSed3D) was 
employed to conduct a risk assessment of Perusahaan Gas Negara (PGN) pipeline due to dredging activities in Banten 
Province, West Java, Indonesia. The pipeline starts from Bekasi Jakarta and ends in Maringgai Lampung, Indonesia. 
Dredging activities will change ocean circulation in the adjacent area, which can cause erosion or deposition along the 
pipeline. As a result, the erosion along the pipeline can increase the risk of pipeline failure. The model was run using 
wind, tidal forcing, and river discharge data to obtain water velocity and sedimentation processes along the pipeline. 
Wave hindcasting and transformation were also conducted to obtain wave height and period along the pipeline in 
nearshore region. The simulation results indicate that the dredging activities will increase the risk of pipeline failure at 
certain location on the pipeline.  

  
ADDITIONAL INDEX WORDS:  Sediment, hydrodynamics, dredging, erosion, model, marine pipeline, free span, 
non-orthogonal curvilinear, spherical coordinate, risk analysis. 
 

 
INTRODUCTION 

Perusahaan Gas Negara (PGN) is the largest national company 
in the natural gas transportation and distribution segment in 
Indonesia. The company plays a significant role in meeting 
Indonesia’s domestic natural gas needs. PGN must provide good 
services especially to users of the natural gas transmission 
network, namely by providing natural gas transportation facilities 
through a safe and reliable gas transmission pipeline.  

In 2012, the Province of Banten has issued a permit for 
dredging activities in the adjacent area of PGN's offshore pipeline. 
To assess the impact of the dredging activities, a study of the 
integrity of the offshore pipeline is needed, which includes a 3D 
sediment transport and hydrodynamics simulation, free span 
analysis, and pipeline risk assessment. The purpose of the 
simulation is to determine what effects, if any, of the increasing 
current and erosion along the pipeline caused by the dredging 
activities. 

MuSed3D, a state-of-the art non-orthogonal boundary fitted 
hydrodynamics and sediment transport model, was applied to 
simulate water level, current, and sediment transport in the study 
area. The boundary fitted hydrodynamics model uses a very 
flexible grid that provides higher grid resolution in the area of 
interest to calculate the water elevation and water velocity 
affected by tides and winds. The simulation was conducted for the 
existing condition and for three scenarios of dredging. 

In addition to the large scale model (MuSed3D), the wave 
hindcasting and transformation were also conducted to obtain 
water particle velocity of wind waves. 

Tidal current is a deterministic process; however, wind and 
waves, which are important in the risk assessment to ensure water 
safety, are stochastic processes. Therefore, a long term simulation 
is required to obtain reliable results for Probability of Failure (PoF) 
analysis. 

The main focus of this paper is the discussion of the 
hydrodynamics, sediment transport, erosion test, waves, and a 
short description of free span analysis and pipeline risk 
assessment. 
 

STUDY AREA 
The study area is located in the Sunda Strait and the western 

part of the Java Sea with a total area of approximately 13,000 km2 
(Figure 1). The mean water depth of the study area is 
approximately 40 m with deeper water in the Sunda Strait due to 
very strong current. 

The hydrodynamics in the study area is dominated by tides and 
winds. The density-induced current in the study area is very small 
except in Jakarta Bay and Banten Bay. Tidal type of the area is 
mixed-semidiurnal. The winds are influenced by West-East 
Monsoon. The current is stronger in the western region than that 
in the eastern region. The maximum current, in most of the study 
area, ranges from 0.4 m/s to 0.8 m/s.  The strongest current is in 
the Sunda Strait, where it can reach 2.0 m/s. 

South Sumatera West Java (SSWJ) PGN offshore pipeline is 
divided into two phases (Figure 2), namely: 
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Figure 1. Study area, Western of Java Sea Indonesia. 

 
 

• Phase 1: Labuhan Maringgai - Bojonegara. 
• Phase 2: Labuhan Maringgai - Bekasi. 
 
The length of Phase 1 offshore pipeline is 105 km. The pipeline 

starts from Labuhan Maringgai and ends in Bojonegara, crossing 
the Java Sea and the Banten Bay. Meanwhile, the Phase 2 of 
offshore pipeline has a length of 143 km and starts from Labuhan 
Maringgai and ends at Muara Bekasi, crossing the Java Sea, the 
Thousand Islands, and the Jakarta Bay. 
 

 

 
Figure 2. Pipeline Phase 1, Phase 2, and dredging area. 

 
 
In general, according to the Center for Marine Geological 

Research and Development (2010), surface sediments in the 
seabed are sand and silt (Figure 3) with grain diameter ranges 
from 2 μm to 2 mm.  

 
 

 
Figure 3. Geological map of seabed. 

 
 
 

The bathymetry in the area around the SSWJ PGN subsea 
pipeline ranges from 2 m to 100 m. The average depth is 
approximately 40 m. The deeper area of greater than 50 m is 
located along the Sunda Strait to the southern part of the 
Thousand Islands, whereas the water depth along the coast is less 
than 10 m. The bathymetry and the zoning numbers of the 
pipeline are shown in Figure 4. 

 
 

 
Figure 4. Water depth and zoning number. 

 
          

METHODS 
Coastal Research Group of Institut Teknologi Bandung (ITB) 

had developed and applied an evolving sophisticated three-
dimensional ocean hydrodynamics sediment transport model 
(Muin, 2001a,b,c, 2013). MuSed3D (Muin, 1999, 2005; Muin, 
Idris, and Yuanita, 2016), as the software is known, uses a non-
orthogonal curvilinear coordinate or also known as boundary-
fitted technique, which is integrated with Geographic Information 
System (GIS). It is an excellent model for areas with complex 
geometry. The advantage of a non-orthogonal boundary fitted 
model is that the orthogonal grid system, which is impossible to 
generate in a complex area, is not required. In a boundary-fitted 
technique, the grid can be fitted to the shape of the shoreline. The 
hydrodynamics model has been extensively tested by comparing 
the simulation results with analytical solutions for annular 
channel with quadratic bathymetry (Muin, 1993; Muin and 
Spaulding, 1996, 1997a,b). The model has also been applied for 
numerous circulation studies worldwide (Sankaranarayanan and 
McCay, 2003a,b; Swanson et al., 1998; Zigic, King, and 
Lemckert, 2005). 

The model simulation results and wave forecasting are further 
utilized to conduct the Free Span Analysis, Probability of Failure 
(PoF), and Consequence of Failure (CoF), where Risk = PoF x 
CoF, as illustrated in Figure 5. 
 

 

 
Figure 5. Risk analysis of marine pipelines. 
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MODEL APPLICATION 
Model Setup 

The computational domain of the hydrodynamics and sediment 
transport model for this application includes the Sunda Straits, the 
Thousand Islands, and the West Java Sea. Figure 6 shows the non-
orthogonal grid system where the grid cells were aligned to the 
shorelines to best characterize the study area. Grid sizes ranged 
from 300 m to 1500 m. 

The bathymetry data used in the model were obtained from the 
Indonesia Navy Institute (Hidral). The open boundaries were 
specified by tidal component from Oritide. The daily average 
wind data used in the simulation were obtained from NOAA. The 
erosion rate and critical shear stress for erosion were obtained 
from laboratory tests, while the critical shear stress for deposition 
was taken as one half of the shear stress for erosion. 

 
Dredging 

The Banten Province of Indonesia allows the dredging area to 
be deepened with dredging depth from 2 m to 5 m. The length and 
width of the dredging plan are approximately 40 km and 16 km, 
respectively. The pipeline Phase 1 crosses the dredging area as 
shown in  Figure 2. 

 
 

 
Figure 6. Grid system and location of current measurement. 

 
 

Erosion Test 
The erosion test was carried out in the flume of the Ocean 

Engineering Laboratory ITB to determine the erosion rate and 
critical shear stress for erosion.  

The sediment samples used in the laboratory tests were  
undisturbed samples, which were obtained by gravity coring 
method. These samples were divided into several layers to 
determine the sediment parameters for each layer. 
 
Model Calibration 

The model was calibrated using data obtained from field 
experiments and previous studies (Wisha, Husrin, and Prihantono, 
2015). The bottom friction was tuned to match the observed data. 
The comparison between the model and observation for water 
elevation is presented in Figure 7, which shows a good agreement.  
 

 

 
Figure 7. Comparison between predicted and observed water 
elevation. 

 

 
Figure 8 shows the comparison between the simulation and 

observation for the current in the Banten Bay. It appears that the 
results of the hydrodynamics simulation, without the density-
induced current, are in an excellent agreement with the observed 
data. The magnitude and direction of the current are in good 
agreement. However, the spread of the observation data is wider 
than that of the simulation results due to the fact that the 
observation data are raw or unfiltered. 
 
Simulation Scenarios 

The MuSed3D simulation was conducted for four scenarios. 
For each scenario, the model was run to produce ten years of 
simulation results of current and deposition/erosion depth for risk 
analysis along the pipeline: 

 
Scenario 1: Existing or without dredging 
Scenario 2: Dredging depth = 2 m 
Scenario 3: Dredging depth = 5 m 
Scenario 4: Dredging depth = 10 m 

 
 

 
Figure 8. Comparison of water current between predicted 
(MuSed3D) and observed (Wisha et al., 2015)  at Banten Bay. 

 
 

RESULTS 
The results of wave hindcasting are presented in Figure 9. It is 

shown that the prevailing wave direction is north west to south 
east, and the significant wave heights are less than one meter. 

 

 
Figure 9. Wave hindcasting in the area of study. 
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The flow pattern during high and low tide in West Moonsoon 
are presented in Figures 10 and 11, respectively. It is shown that 
the currents are much stronger in the western region than those in 
the eastern region. 

 
 

 
Figure 10. Flow pattern during high tide in West Monsoon. 

 
 

 

 
Figure 11. Flow pattern during low tide in West Monsoon. 

 
 

The scatter plots of current for each zone are presented in 
Figure 12. 

 
 

 
Figure 12. Scatter plots of current at each zone. 

 
 

The purpose of simulation is to simulate the existing condition 
and the impact of dredging activities to the pipeline. Figure 13 
presents the area of sediment deposition and erosion for Scenario 

1 or existing condition. The model is able to predict that the free 
span of pipeline occurs in the adjacent area of the erosion. 
However, the model will not be able to predict the length of the 
free span unless detailed erosion parameters along the pipeline are 
provided. Therefore, in the erosion region, the free span analysis 
is conducted using the maximum length in static condition. 

 
 

 
Figure 13. Deposition-erosion area and free-span. 

 
 

Figure 14 shows the comparison of current for all scenarios. 
The current in Zone 6 will increase approximately two times of 
the existing condition if the dredging depth is 5 m, which in turn 
will increase the erosion rate significantly. 

 
 

 
Figure 14. Comparison of current between existing condition and 
Scenario 3. 

 
 

Figure 15 presents the sensitivity of erosion and deposition due 
to dredging depth. The simulation results indicate that the pipeline 
in Zone 6 will be in deposition area for Scenario 1 and Scenario 
2, but as dredging depth increases (Scenario 3 and Scenario 4), 
the area will be eroded as a result of the changing ocean current 
and sediment dispersion. 

 
 

 
Figure 15. Erosion/deposition in Zone 6. 

 
 

Ten years of time series of current from the model and wave 
hindcasting are used as the input for free span analysis. The 
dynamics of pipeline response to stochastic nonlinear forcing is  
conducted to calculate the Probability of Failure (PoF). The 
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Consequences of Failure (CoF) are provided by the operator of 
marine pipeline. Figure 16 shows that the risk level  for Scenario 
3 and Scenario 4 increases as the dredging depth becomes deeper. 
  

 

 
Figure 16. Risk matrix in Zone 7 for Scenarios 3 and 4. 

 
 

DISCUSSION 
The three-dimensional hydrodynamics and sediment transport 

model, MuSed3D, clearly is a good tool for marine pipeline 
engineers to determine the best pipeline route to minimize the risk. 

Erosion along a marine pipeline is a complex process since the 
forcing or environmental loadings are very complex. The seabed 
properties are not uniform, so very large data sampling and 
laboratory tests are required. As a result, it is impossible to obtain 
the exact length of the free span although a very fine grid system 
has already been employed in the model. 

 
CONCLUSIONS 

The key findings from the study can be summarized as follows:  
 

• Three-dimensional ocean hydrodynamics and  sediment 
transport model is an excellent tool to be integrated in risk 
analysis of marine pipelines. 

• MuSed3D had been successfully applied in the study area to 
assess the impact of dredging activities in the PGN’s marine 
pipeline. The modeling results and observations are in good 
agreement where severe free span pipeline occurs in the 
erosion region. 

• Dredging activities in the Banten Province will increase the 
risk level, especially for marine pipeline Phase 1, where it 
crosses the dredging area. 
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ABSTRACT 
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Estuary accretion and beach erosion occur simultaneously at Jinha beach in Ulju-Gun, located in the eastern part of 
South Korea. Coastal monitoring has been performed to understand the causes of estuary accretion and beach erosion 
at Jinha beach. An 80-m-long geotube was installed between the Myungseon island and the salient at Jinha beach, 
where sediment transports are active, to reduce estuary accretion and beach erosion. In this study, we analyze the 
coastal monitoring data and provide analysis results to establish additional countermeasures to reduce estuary accretion 
and beach erosion at Jinha beach. 

 
ADDITIONAL INDEX WORDS: Beach erosion, estuary accretion, coastal monitoring, wind-induced current, 
geotube. 
 

 
INTRODUCTION 

Sand beaches are valuable as not only ecological environments 
but also as tourism resources. In addition they protect coastal 
areas from high-wave attacks. However, serious coastal erosion 
and accretion have started to occur recently owing to climate 
change and coastal developments; these have emerged as social 
problems. Because coastal erosion and accretion occur as a result 
of various factors such as coastal topography, sediment transport 
systems, climate change, waves, and currents, and these factors 
are interrelated, it is very difficult to determine the exact causes. 

Estuary accretion and beach erosion at Jinha beach in Ulju-gun 
have occurred in the past, and various coastal monitoring and 
numerical simulations have been carried out to determine the 
exact causes. Kim, Lee, and Kim (2010) and Park (2008) 
conducted a study on the characteristics of sediment transport 
according to flood discharge and various sand-particle diameters. 
Jang (2014) also conducted a study on the characteristics of flow 
around the Myungseon island under various wave conditions 
using a SWASH model, and analyzed the causes of erosion at 
Jinha beach.  

A geotube was installed between the Myungseon island and the 
salient at Jinha beach, where sediment transports are active, to 
reduce estuary accretion and beach erosion; in addition, coastal 
monitoring has been performed continuously.  

In this study, we analyze the coastal monitoring data and 
provided analysis results to establish additional countermeasures 
to reduce estuary accretion and beach erosion at Jinha beach. 

 

STUDY AREA 
Jinha beach in Ulju-gun is located in the eastern part of South 

Korea. Figure 1 shows the study area. The length of the shoreline 
is approximately 2 km from south to north. A salient developed 
at the northern part of Jinha beach owing to the Myungseon island. 
 

 

 
Figure 1. Study area. 

 
 

 

 
Figure 2. Bathymetry in study area. 
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Background 
Based on the division line between the Myungseon island and 

the salient, the width of the southern part of Jinha beach gradually 
decreases owing to erosion. However, the northern part of the 
division line and the estuary of the Hyoya river are rapidly 
accreted; thus, dredge operations are carried out annually.  

 

 

 
Figure 3. Numerical results of wave-induced current at Jinha beach (Jang, 
2014): (a) Hi = 4.4 m, Ti = 10.0 sec, Dir. = NE. (b) Hi = 1.4 m, Ti = 7.2 
sec, Dir. = NE. 

 
Figure 3 shows the numerical results of wave-induced currents 

at Jinha beach (Jang, 2014). For a large wave height of 4.4 m 
(Figure 3a), longshore currents generate in the northeastern part 

of the estuary of the Hyoya river and flow in a southwest direction 
along the coastline; they finally flow out offshore along the 
northern part of the Myungseon island. In contrast, strong flows 
in the southwest are generated at the open inlet between the the 
Myungseon island and the salient. 

Figure 3b shows the wave-induced current at Jinha beach for 
an ordinary wave height of 1.4 m. Longshore currents, smaller 
than those for the large wave height of 4.4 m, also develop in the 
northeastern part of the estuary of the Hyoya river. The longshore 
currents flow along the coastline, decreasing in magnitude and 
becoming very weak at the estuary of the Hyoya river. In contrast, 
for the large wave height of 4.4 m, flows moving in the northwest 
direction develop in the southern part of the Myungseon island 
and move northwards through the open inlet. These flows induce 
sediment transport from the southern part of Jinha beach to the 
northern part of the Myungseon island and the estuary of the 
Hyoya river, and subsequently cause sediment accretion at the 
northern part of the Myungseon island and the estuary of the 
Hyoya river. 

To interrupt and reduce sediment transport from the southern 
part of Jinha beach to the northern part of the Myungseon island 
and the estuarty of the Hyoya river, an 80-m-long geotube was 
installed between the Myungseon island and the salient in 
December 2017 (Figure 4), and coastal monitoring has been 
performed since this installation. 

 
 

 
Figure 4. Installation location of geotube.  

 
 

METHODS 
Table 1 shows the dates and details of the field surveys and 

measurements. Three field surveys (including beach profile and 
shoreline) and two wave measurements were carried out from 
December 2017 to June 2018. Field surveys were carried out 1.5 
km along the shoreline and 400 m from the shoreline to the 
offshore.  

 
Table 1. Dates and details of field surveys and measurements.  

No. Waves Beeach profile Shoreline 
1st 12/15/2017 ~ 3/14/2018 12/18/2017 12/18/2017 
2nd -  3/15/2018  3/15/2018 
3rd  6/16/2018 ~ 7/27/2018  6/22/2018  6/22/2018 

 
Wave Measurement 

Figure 5 shows the loction of the wave measurement point. 
Waves from NE and ENE (82.8% of the total waves) were 
dominant in winter (12/15/2017-3/14/2018). The maximum 
significant wave height and period were 3.86 m from ENE and 
11.16 s, respectively. Waves from ENE (19.9% of the total waves) 
and SSE (19.8% of the total waves) were dominant in summer 
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(6/16/2017-7/27/2018). The maximum significant wave height 
and period were 4.24 m during typhoon Prapiroon on July 4, 2018 
and 8.62 s, respectively (Figure 6b).  

 
 

 
Figure 5. Location of wave measurement point. 

 
 

 

 

 
Figure 6. Analysis of wave measurement: (a) winter (12/15/2017-
3/14/2018), (b) summur (6/16/2018-7/27/2018). 

 
 

Beach Profile 
Figure 7 shows the beach-profile survey sections at Jinha beach. 

The survey area was divided into 30 sections, and field surveys 
were carried out in winter, spring, and summer. 

 
 

 
Figure 7. Survey sections at Jinha beach. 

 
 
Figure 8 shows the variation in beach width at Jinha beach. It is 

seen that accretion in the northern part of the division line 
between the Myungseon island and the salient decreases after 
installation of the geotube. It is inferred that the geotube interrupts 
sediment transport through the open inlet between the Myungseon 
island and the salient, and subsequently reduces accretion around 
the northern part of the Myungseon island. The geotube was 
installed between sections No. 8 and No. 10, in which erosion and 
accretion occurred alternately, maintaining the beach width of 10-
20 m .  

 
 

 
Figure 8. Variation in beach width at Jinha beach after installation of the 
geotube. 

 
 
The average beach width in the northern part of the division 

line decreased continuously after installation of the geotube, and 
the average beach widths were surveyed as 55.1 m in winter, 53.2 
m in spring, and 50.5 m in summer. The beach in the southern 
part of the division line was seriously eroded, and the average 
beach widths were surveyed as 43.0 m in winter, 41.2 m in spring, 
and 36.8 m in summer.  
Figure 9 shows the cross-shore beach profile at Jinha beach after 
installation of the geotube. At section No. 3 (Figure 9a), which 
represents the sediment transport from the estuary of the Hyoya 
river, a small accretion appears at the nearshore (110-175 m) 
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between winter and spring owing to sediment from the Hyoya 
river, whereas substancial erosion appears at the offshore (175-
400 m) owing to dominant waves from NE and ENE, that 
interrupts the sediment transport from the south. A large accretion 
also appears through the nearshore and offshore (70-400 m) 
between spring and summer owing to the continuous sediment 
supply from the Hyoya river and the dominant waves from SSE, 
that accelerate sediment transport from the south. At section No. 
5 (Figure 9b), which is located between the estuary of the Hyoya 
river and the northern part of the division line, accretion and 
erosion also appear at the nearshore and offshore, respectively, 
between winter and spring; in contrast, erosion and accretion  
 

 

 

 

 

 

 
Figure 9. Comparision of cross-shore beach profiles at Jinha beach after  
installation of the geotube (solid black line: December 18, 2017; dashed 
green line: March 15, 2018; dashed purple line: June 22, 2018). 

 

appear at the nearshore and offshore, respectively, between spring 
and summer. At the southern part of the division line at sections 
No. 13, 20, and 28 (Figure 9c,d,e, respectively), light accretion 
appears overall along the cross-shore. 
 

RESULTS AND DISCUSSION 
Analysis of the monitoring results shows that the aspects of 

sediment transport in the southern and northern parts of the 
division line between the Myungseon island and the salient differ. 
A 10-20  m wide tombolo formed between the Myungseon island 
and the salient after installation of the geotube owing to sediment 
accretion. It is inferred that the installation of the geotube induces 
sediment accretion around the Myungseon island and extends the 
salient, and the width of tombolo is expected to increase 
continuously. 

 
 

 

 

 
Figure 10. Change in salient at Jinha beach after installation of the geotube. 

 
 



10 Jang, Kim, and Cho 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

The geotube, which was installed for the purpose of 
interrupting sediment transport to the northern part of the division, 
performed its role satisfactorily as intended. However, long-term 
coastal monitoring and investigation are needed because 
substancial sediment transport is expected from the Hyoya river 
to the Myungseon island owing to floods in the summer season 
(July-August). 

 
CONCLUSIONS 

In this study, we performed coastal monitorings for one year to 
investigate the change of the shoreline and beach profile at Jinha 
beach by installing a geotube between the Myungseon island and 
the salient. The results obtained from the investigation are as 
follows:  
 

(1) After installation of the geotube, a 10-20-m wide 
tombolo was formed between the Myungseon island and the 
salient owing to sediment accretion around the geotube, which 
results from sediment transport from the southern part of Jinha 
beach. 

(2) The geotube, which was installed for the purpose of 
interrupting the sediment transport from the southern part of Jinha 
beach to the northern part of the division line through the open 
inlet, performed its role satisfactorily. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(3) Accretion at the estuary of the Hyoya river and the 
northern part of the Myungseon island, as well as erosion at the 
southern part of Jinha beach, continue to progress 

(4) The geotube relieves accretion at the estuary of the 
Hyoya river and the northern part of the Myungseon island, as 
well as erosion at Jinha beach. However, continuous coastal 
monitoring is needed to investigate the long-term sediment 
transport system at Jinha beach. 
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ABSTRACT 
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using the artificial coral reefs. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International 
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The increase of the sea level, coastal development, and secondary damages caused by hard structures have threatened 
the coastal resilience recently. To cope with these problems, we introduced an alternative method using a soft structure 
of a ductile-type submerged breakwater named artificial coral reefs (ACRs). We performed two-dimensional hydraulic 
experiments to verify the reduction efficiency of the wave transmission rate compared with that of a natural seabed and 
tetrapod (TTP) structure. In particular, we carried out spectral analysis using the Joint Sea Wave Project (JONSWAP) 
energy spectrum to determine the peak value of the wave energy. We found that the transmission rate and peak value 
of the wave are 26.0% and 44.3%, respectively, under ordinary wave conditions, which suggests that ACRs cost-
effectively have a suitable wave attenuation efficiency to replace TTP structure for recovering coastline. Finally, the 
results reveal that crown depth of the structure plays a key role in wave energy attenuation. 
 
ADDITIONAL INDEX WORDS: Artificial coral reefs, wave attenuation, JONSWAP spectrum, crown depth. 
 

 
INTRODUCTION 

Global warming and sea level rise (SLR) on Earth causes the 
resilience of coastlines in danger. According to global mean sea 
level (GMSL) records supplied by satellite altimeters, the GMSL 
rises 3 ± 0.4 mm/y, which results in an SLR above 7 cm over the 
past 25 years (Nerem et al., 2018). Moreover, previous analyses 
indicate that there are strong correlations between the SLR and 
wave heights, tides, surges (Arns et al., 2017), which leads to 
coastline failure. In addition, it has been reported that large-scale 
construction, such as harbor development, and side effects of 
shore protection methods can cause severe beach erosion 
problems in coastal areas (Kim et al., 2013; Seino et al., 2015; 
Tsoukala et al., 2015). Based on the investigation of previous 
research trends, both natural and artificial factors induce coastal 
erosion seriously. To recover the original coastline and maintain 
its coastal resilience, governments and researchers try to develop 
new countermeasures.  

As one of the eco-friendly countermeasures for erosion control, 
coastal vegetation, such as seaweed, kelp, or mangroves, is 
widely studied in various ways (Massel, Furukawa, and Brinkman, 
1999; Pinsky, Guannel, and Arkema, 2013). Generally, the 
reduction efficiency of the wave height and wave energy applying 
a transmission and reduction rate are usually analyzed by 
conducting hydraulic and numerical experiments (Blackmar, Cox, 
and Wu, 2014; Jeong and Hur, 2016; John, Shirlal, and Rao, 
2015). Furthermore, many analyses have been conducted to 
understand the wave attenuation effect of vegetation using field 

observations, which represents good agreement with that of 
hydraulic and numerical experiments (Brinkman, 2006; 
Horstman et al., 2014; Luhar et al., 2013). 

Similar as a coastal vegetation, many studies reveal that the 
wave breaking of the natural coral reef induces wave energy 
attenuation. The wave dissipation rate of coral reef decreased 
from 10~60 Wm-2 to 0~3 Wm-2 at fore reef and reef flat 
respectably on field measurement of Lady Elliot Island (Huang et 
al., 2012). The effectiveness of the wave energy dissipation using 
coral reefs is investigated using meta-analysis. The wave height 
reduction is 64%, 43%, and 85% at the reef crest, reef flat, and in 
the whole reef, respectively. Moreover, from the coastal defense 
point of view, the economic benefit of coral reef restoration 
projects is much greater than that of constructing breakwater 
(Ferrario et al., 2014). The studies mentioned above have a 
common result, that is, the importance of wave energy attenuation 
using soft recovering technology.  

Herein, we developed a soft structure of a ductile-type 
submerged breakwater named artificial coral reefs (ACRs). To 
evaluate the reduction efficiency of the wave transmission rate for 
ACRs, we conducted two-dimensional hydraulic experiments to 
compare the efficiency of wave attenuation with that of a natural 
seabed and hard structure such as tetrapod (TTP). In addition, we 
determined the peak value of the wave energy obtained from 
spectral analysis using the Joint Sea Wave Project (JONSWAP) 
energy spectrum (Hasselmann et al., 1973). Finally, for the 
protection of coastline, we suggested a key rule of cost-effective 
ACRs to replace hard structure.  

 
EXPERIMENTAL METHODS 

Preparation of the 2D Hydraulic Experiment  
To conduct a quantitative experiment to analyze the wave ener
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gy reduction, we used the natural seabed, TTP structure, and AC
Rs structure in a sequence (Figure 1). Firstly, we prepared a natu
ral seabed with a slope of 1/10 putting the Jumunjin beach sand 
bottom supplied by Joomoonjin silika sand co, Korea; the media
n diameter (D50) of fine sand is in the range of 0.4–0.5 mm.  Sec
ondly, we installed a ACRs unit composed of a sand trap with a 
height 5 cm length) and a wave trap (5 cm length). ACRs are ma
de of high-density polyethylene (HDPE). The ACRs structure, w
as installed on the 1/10 slope, which has a width of 1.1 m and a c
rown depth of 7 cm from the water surface to the top of the struc
ture. Thirdly, we fabricated the tetrapod (TTP) unit with a height
 of 7 cm and used it to build the TTP structure. For the comparis
on, the TTP structure has the same experimental condition as AC
Rs such as width, slope, and crown depth. 

 

           
(a) Beach sand               (b) ACRs unit                 (c) TTP Unit       

        
      (d) Natural seabed       (e) ACRs structure             (f) TTP structure 

 
Figure 1. Material and test-bed for 2D experiment. 

 

Experimental Apparatus 
We performed 2D hydraulic experiments using a wave flume 

with a length of 30 m, width of 0.6 m, and depth of 1 m to measu
re the transmission rate and energy reduction of waves, as shown
 in Figure 2. To simulate the coastal zone, a slope of 1/30 was ini
tially constructed and an additional slope of 1/10 was built on th
e slope of 1/30. We used an irregular wave generation system tha
t can generate irregular waves in the period range of 0–4 s. In ad
dition, we set the ordinary and storm wave conditions, which inv
olves 65.0 cm of the water depth with 1.2–1.3s of period for sign
ificant wave height (H1/3: 8.0–9.0 cm) of incident wave and 72.0 
cm with 1.3–1.4s for significant wave height (H1/3: 11.0–12.0 c
m) of incident wave, respectively. 
 

 

 
Figure 2. Scheme of the wave flume and device arrangement. Note that 
we rescaled the scheme to be shown clearly. 

 
 

The installation location of structures was determined based on 
the 7 cm crown depth from the water surface to the top of the 

structures for ordinary wave condition. Afterward, we increased 
the water level to 72 cm to perform the experiments for storm 
wave condition. To evaluate the wave reduction efficiency of 
ACRs under the condition of deep depth, the ACRs, we moved 
the structure to a 4 cm deeper location to make 11 cm of crown 
depth. After the installation of the experimental samples, two 
wave sensors (CHT6-30E, Kenek Corp.) were placed in the front 
and back of the structures to analyze the profiles of wave energy 
attenuation. The data of water level in change were obtained from 
the capacitive wave gauge (CH-608E, Kenek Corp.) at 20 times 
per second after the analogue–digital signal conversion was 
finished. 

Wave Property Aanalysis 
We used zero-up crossing method to compute the significant 

wave height (H1/3), average wave height (Hmean), and frequency 
of the waves. We determined the transmission rate (KT: 
transmitted wave height/incident wave height) by applying the 
significant wave height concept, which can be used to represent 
the irregular wave, as shown in Equation 1. 

                                     𝐾𝐾𝑇𝑇 = 𝐻𝐻𝑡𝑡
𝐻𝐻𝑖𝑖

                               (1) 

where Ht and Hi are defined as a significant wave height of 
transmitted and incident wave respectively. In addition, we used 
the JONSWAP energy spectrum to determine the wave energy 
density based on the frequency, and effectively compare the 
energy peak values between structures designed. Because the 
JONSWAP energy spectrum has a peak enhancement factor (γ), 
as given in Equation 2, the peak energy density is emphasized 
compared with that of another spectrum. The JONSWAP energy 
spectrum was used to compare the incident and transmitted wave 
energies. 

S(f) = 𝐴𝐴𝑓𝑓−5exp (−𝐵𝐵𝑓𝑓−4)𝛾𝛾𝑒𝑒𝑒𝑒𝑒𝑒−
(𝑓𝑓/𝑓𝑓𝑝𝑝−1)2

2𝜎𝜎2                   (2) 
 

where A = 0.072 × �𝐻𝐻1
3
�
2

× (𝑇𝑇𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚)−4, B = �5
4
� × (𝑇𝑇𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚)−4 , 

f: frequency, fp: peak frequency, σ = �
0.07  f ≤ 𝑓𝑓𝑒𝑒
0.09  f > 𝑓𝑓𝑒𝑒

, and  γ = 3.3 . 

 
RESULTS AND DISCUSSION 

Transmission Rate of the Significant Wave Heights 
We firstly performed 2D hydraulic experiments to figure out 

the significant wave heights and transmission rate under ordinary 
and storm wave conditions, as listed in Table 1. Note that each 
incident wave height under ordinary wave (average 8.69 cm, 
standard deviation 0.30) and storm wave condition (average 11.29 
cm, standard deviation 0.20) shows reliable irregular wave 
patterns when using wave generation system. We found that a 
transmission rate (74%) of ACRs shows effective reduction of the 
significant wave height compared with that of the natural seabed 
and TTP structure at shallow depth. However, the transmission 
rate of the ACRs increases to 84%, which means that the wave 
attenuation decreases at deep depth. In addition, the mitigated 
transmission rate of all experimental cases under storm conditions 
reveals that the storm wave invasion has a negative effect on the 
wave attenuation behind the structure with increasing 
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transmission rate in all cases compared with ordinary wave 
conditions. The period of transmitted wave(Tt) increased 
compared to that of incident wave(Ti), but significant relations 
between period and transmission rate of wave were not found. In 
addition, the results show that transmission rate increased under 
storm wave condition at deep depth, attributed to the increased 
crown depth over the structure. 

 
Table 1. Determination of significant wave height, period, and 
transmission rate. 
 

Depth and structure condition for installation 
Depth of structure : Shallow Shallow Shallow Deep 

Structure Condition : Natural TTP ACRs ACRs 

Ordinary 
Wave 

condition 

𝐻𝐻𝑖𝑖 (cm) 8.88 8.70 8.90 8.26 
𝐻𝐻𝑡𝑡 (cm) 7.76 7.83 6.59 6.98 
𝐾𝐾𝑇𝑇 0.87 0.90 0.74 0.84 
𝑇𝑇𝑖𝑖 (s) 1.26 1.23 1.26 1.24 
𝑇𝑇𝑡𝑡 (s) 1.35 1.32 1.31 1.33 

Storm 
Wave 

condition 

𝐻𝐻𝑖𝑖 (cm) 11.27 11.12 11.58 11.8 
𝐻𝐻𝑡𝑡 (cm) 12.05 11.03 9.94 10.64 
𝐾𝐾𝑇𝑇 1.07 0.99 0.86 0.95 
𝑇𝑇𝑖𝑖 (s) 1.30 1.28 1.31 1.31 
𝑇𝑇𝑡𝑡 (s) 1.39 1.35 1.37 1.35 

 
Wave Energy Spectrum Analysis 

In order to elucidate the wave energy attenuation depending on 
the structure types, we analyzed the JONSWAP energy spectrum 
to evaluate the wave energy density based on the frequency by 
visualizing the energy reduction efficiency with arrow and 
number for all cases (Figure 3). To compare the decline trend of 
wave energy profiles under ordinary wave and shallow depth 
conditions, wave data collected for 4 hours were analyzed. We 
determined that the incident and transmitted energy densities of 
the natural seabed, TTP structure, and ACRs structure are 6.00 
and 4.70 cm2·s, 5.67 and 4.61 cm2·s, and 5.97 and 3.32 cm2·s, 
respectively. The results also confirm that ACRs with an energy 
reduction of 44.3% are the most efficient structure for mitigation 
of wave energy. 
 
Effect of Depth Condition on Wave Energy Attenuation 

Figure 4 represents the performance of wave attenuation 
dependent on the influence of depth condition. Under ordinary 
wave conditions, the incident and transmitted peak energy density 
reached 5.97 and 3.32 cm2·s in shallow depth and 5.08 and 3.84 
cm2·s in deep depth (Figure 4a). 

The difference (19.8%) of the energy reduction rate between 
two cases reveals that the increased depth lowers the energy 
reduction rate. This tendency was also observed under storm 
wave conditions in the same manner (Figure 4b). Under storm 
wave conditions, the incident and transmitted peak energy density 
were 10.81 and 8.19 cm2·s in shallow water and 10.13 and 9.40 
cm2·s in deep water, respectively. The difference of the reduction 
rate of the energy density is 17.2%. Overall, we found that at deep 
depth, the reduction rates of energy density were decreased under 
both ordinary and storm wave conditions, which indicate the 

importance of installation depth. It is worthy to note that the 
optimized installation depth, that can mitigate the wave energy 
and not hinder the protection of coastline as much as possible, 
should be considered when designing ACRs structure on the 
coastal regions. 

 

    
(a) Natural seabed 

 
(b) TTP structure 

 
(c) ACRs structure 

Figure 3. Attenuation performance of the peak energy on ordinary wave. 
 

 
 

     
(a) Ordinary wave condition 

 
(b) Storm wave condition 

Figure 4. Decline of wave energy of ACR structure on installation depth. 
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Relation Between Wave Condition and Wave Energy 
Dissipation 

Figure 5 shows the results of wave energy attenuation on wave 
condition. To better understand the effect of the wave conditions 
on the wave energy attenuation, we conducted three independent 
experiments. 
 

 

 
(a) Natural seabed 

 
(b) TTP structure 

 

(c) ACRs structure 
Figure 5. Wave energy dissipation according to the wave condition. 

 
 
Firstly, under natural seabed conditions, the energy reduction 

rate is 21.8%; it is –19.2% under ordinary wave and storm wave 
conditions. Secondly, the energy reduction rate of the TTP 
structure is 18.6% and –13.0% under ordinary wave and storm 
wave conditions, respectively. Lastly, the energy reduction rate 
of the ACRs structure is 44.3% and 24.3% under ordinary wave 
and storm wave conditions, respectively. Interestingly, the 
reduction rates of the wave energy of natural seabed and TTP 
structures show a negative value under storm wave conditions, 
which means that the amount of transmitted energy is higher than 
that of the incident wave. Moreover, the results in all cases might 
be observed when sea level rise occurs, which involves pressure 
setup, wind setup, and wave setup caused by storm. It is obvious 
that storm can take a toll on beach resilience as it can weaken the 
wave attenuation capacity of the structures installed on the seabed. 

CONCLUSIONS 
We conducted 2D hydraulic experiments to verify wave energy 

attenuation capacity of ACRs as an alternative method for 
mitigating coastal erosion with analysis of wave transmission rate 
and wave energy attenuation rates. The results indicate that ACRs 
structure is remarkably favorable in mitigating wave transmission 
rate and wave energy compared to the natural seabed and TTP 
structure. Moreover, according to the result of wave energy 
density on depth and wave condition, it reveals that crown depth 
is the domain factor that determines wave attenuation 
performance. In our perspective, ACRs structure can be one of 
the coastal protection method for mitigating wave energy as a 
cost-effectively feasible approach. We will further consider and 
investigate the different unit size of ACRs with optimized depth 
under different wave conditions to determine the optimized 
design parameter for maximum wave attenuation. 
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Coastal levee is an defensive structures important in low-lying coastal areas prone to floods, but is vulnerable to 
overflows when water levels increase extremely. Due to storm surge and high waves, water overflow and wave 
overtopping occur over coastal levee. Likewise, river levee is to protect lowland areas from floods. However, levee 
breaches due to aging of levees have caused huge damages on properties and human casualties. To advance as a society, 
it is essential to pursue meaningful implementations of solutions that prevent the erosion of levees during floods. To 
find a resilient structure of levee against overflow, this study has tested an environmentally friendly substance for 
reinforcing levee. With intent to testify the new method, a series of hydraulic experiments were carried out for to verify 
a flow state and surface velocity distribution according to levee breach progress by building a semi-prototype levee 
with a bottom width of 5 m, a slope of 1:2, a crown width of 1 m, and a height of 1 m in a 3 m bottom-wide natural 
channel. By building a measuring system using a number of imaging devices on site, the surface velocity distributions 
on the earthen levee and the levee reinforced with the new environmentally friendly substance were measured using a 
LSPIV technique. It is expected to be able to examine the characteristics of flow velocity distribution following breach 
processes on levees to evaluate the initial points of failure and the weak points during overflow.  

 
ADDITIONAL INDEX WORDS:  Levee breach, environmentally friendly substance, hydraulic experiment, LSPIV. 
 

 
INTRODUCTION 

Flooding from rivers and the sea become a threat to many 
millions of the citizens and remains the most widely distributed 
natural hazard leading to significant economic and social impacts. 

Several domestic and overseas researchers have undertaken 
studies to analyze breach mechanism of levees on material, model 
scales, reinforcing method (Chinnarasri et al., 2004; Joo, Yeo, 
and Lee, 2013; Kurakami et al., 2013; Schmocker and Hager, 
2010).  

Most of all, resilient levee design requires guidelines 
developed using controlled experiments conducted at prototype 
to avoid significant scale effects related to grass strength and soil 
erosion. The Colorado State University conducted extensive 
resiliency tests of grass slopes and other erosion protection 
alternatives using a large wave overtopping simulator (Thornton, 
Hughes, and Scholl, 2012). Especially in the Netherlands, over 
half of the population of the Netherlands lives below mean sea 
level. For this reason, the series of levee stability tests by the 
national flood protection programme were carried out to develop 
new and less expensive levee strengthening techniques (Figure 1).  

In the South Korea, despite large amounts of money spent on 
flood control projects for levees and revetments, techniques for 
constructing strong levees or responding to levee breaches have 

not been fully developed. Accordingly, the same pattern of flood 
damage and restoration is repeated each year (Ko and Kang, 
2018). 

In this studies, with intent to testify the new method, a semi-
prototype experiments were conducted by building a semi-
prototype levee using a biopolymer, which is the new 
environmentally friendly substance  for geotechnical engineering 
(Caballero et al., 2016; Chang, Im, and Cho, 2016). By building 
a measuring system using a number of imaging devices on site, 
breach mechanisms and processes were analyzed during overflow 
on the earthen levee and the levee reinforced with the new 
environmentally friendly substance.  

The objective of this experiment is to minimize to experimental 
errors, to optimize an experimental methods and a measuring 
systems at prototype experiment in the near future.  

 
 

 
Figure 1. Prototype levee experiments in overseas: (a) Colorado State 
University, (b) Netherlands. 
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EXPERIMENTAL SET-UP 
Experimental Site  

A semi-prototype experiments for levee breach due to overflow 
have been conducted at the Andong River Experiment Center 
(REC) of the Korea Institute of Civil Engineering and Building 
Technology (KICT), which is located in Andong city, South 
Korea. The REC is designed for prototype experiments with three 
channels (A1, A2, A3) of a 600 m long and a 11 m wide on a 1:2 
slope, large capacity pump facility of maximum flow rate of 10 
m3/s.  

The channel section used for this study is a 10 m long of the 
longitudinal glass channel with a height of 1.4 m in a 3 m bottom-
wide, a flat-bottom of concrete, which is located at the 
downstream end of A3 channel (Figure 2). 
 

 

 
Figure 2. View of the REC and the experimental channel. 

 
 
Levee Model 

Using an excavator (0.2 m3), the sand used in the experiment 
was dropped from a height of 3 m and was used to build the 
foundation of the levee. Next, the levee was built by repeatedly 
water compaction at layers of 20 cm from bottom to top. Through 
this process, the levee model with a bottom width of 5 m, a slope 
of 1:2, a crown width of 1 m, and a height of 1 m in a 3 m bottom-
wide was constructed (Figure 3).  
 

 

 
Figure 3. Construction of levee model. 

 
 

After building the earthen levee, the new environmentally 
friendly substance was made by mixing the biopolymer powder 
with water, and the biopolymer solution was mixed with soil. 

Next, the new substance was applied on surface of the whole 
levee. The mixing ratio of the new substance was provided by the 
Korea Advanced Institute of Science and Technology (KAIST), 
which participated in our project (Figure 4). 
 

 

 
Figure 4. Process of covering the new substance on the levee. 

 
 

LSPIV Measurements 
In this experiment, the emphasis is upon measuring the point 

of the levee breach using a number of camera, such as GoPro, 4K 
handycam, HD handycam, dron. To closely analyze the levee 
breach due to overflow, these camera at different angle in real 
time were used to film the entire experiment process and the 
surface scouring. In addition, the surface velocity distributions on 
the earthen levee and the levee reinforced with the new 
environmentally friendly substance were measured using a 
LSPIV technique. (Figure 5).  
 

 

 
Figure 5. LSPIV for measuring surface velocities. 

 
 

The large scale particle image velocimetry (LSPIV) method, an 
image-based method for measuring water surface velocity, is a 
technique that applies particle image velocimetry (PIV), which is 
often used in flow velocity measurement experiments. It is also 
called surface PIV (SPIV) because it is generally applied to the 
measurement of surface velocity. The PIV method measures the 
flow velocity of fluids by tracing the movements of visualized 
particles based on the fact that particles not under the influence of 
buoyancy or gravity move like fluids. The visualized particles are 
recorded as images using a camera, and the travel distance of the 
particles is estimated from the consecutive images. To 
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numerically calculate the travel distance, images are taken with a 
digital camera, and the travel distance is generally calculated 
using a statistical method. The PIV method, which is widely 
known, visualizes a fluid by illuminating a tracer in the fluid using 
a laser light source, and determines the velocity of the fluid cross-
section by tracing the tracer. This velocity measurement of the 
cross-section inside a fluid is limited by the choice of light source 
and particle, and for this reason, it is mainly used for a small target 
area in an indoor experimental tank. In contrast, the LSPIV 
method measures the surface velocity instead of the fluid cross-
section, in a large-scale indoor or outdoor experiment or site 
(Figure 6). 

 

 
 

Figure 6. Acquisition of particle images on the surface using LSPIV. 
 

 
LSPIV Image Processing and Velocity Analysis 

Another important consideration with regard to the LSPIV 
method is image distortion. Since the LSPIV method uses a large 
measurement area, the water surface image is typically recorded 
at an oblique angle, which causes distortions in perspective due 
to the shooting angle. These image distortions are corrected using 
the relationship between the actual physical coordinate system 
and the image coordinate system, and the corrected images are 
used for velocity analysis. When images are taken with a drone, 
they are inevitably blurred due to shaking, and the locations of 
points fixed at the time of photographing the images tend to move. 
Thus, image processing is an essential part of this research, the 
intention being to correct the blurred image by tracing the 
movements of the fixed points in the consecutive images taken 
through a camera mounted on a drone, identify the positional 
changes of the camera, and align the fixed points. 

For velocity analysis, the corrected images are divided into 
multiple interrogation areas such as grids, and the displacement 
of each interrogation area is calculated using cross-correlation, 
which is a statistical method, or the minimum quadratic difference 
method. Then, the flow velocity is determined from the 
displacement and time difference of two images used in the 
displacement calculation.  
 

RESULTS 
Comparison of Breaching Pattern 

The breaching processes of two types of levees were compared 
to visually analyze the effect of the new environmentally friendly 
substance (Figure 7).  

 
Figure 7. Comparison of breaching pattern: (a) earthen levee, (b) new 
levee.

 
 
In the case of earthen levee, gradual erosion was observed 

across the levee crown and slope towards the land side area after 
overflow began. This is considered to be the step in which initial 
flow was created on the levee slope, which led to erosion and the 
development of the main stream. The next step showed continued 
flow and development of flow velocities along the levee slope 
resulted in erosion along the direction of the flow, which 
presented the development of gully erosions forming a small 
valley. After some time, a stepped flow was developed due to 
erosion across the levee crown. As the width of breach expanded 
under continued flow, overflow volume accelerated levee 
erosions and vertical erosions were formed on overflow cross-
section. Ultimately, as the amount of overflow increased, the 
levee crown completely collapsed, and a deep breach surface was 
generated, which resulted in the maximum breach width owing to 
a strong shear stress.  

In the case of levee reinforced with the new environmentally 
friendly substance, erosion was observed at the levee toe after 
overflow began. And then, a phenomenon of soil-scouring was 
occurred due to the transfer of energy developed from the flow of 
overflow to the interior of soil. The next step showed a strong 
vertical flow, which was generated as the resistance to overflow 
on the levee crown, caused local scouring at the slope bottom and 
middle, which resulted in vertical erosion.  

Eventually, the new levee showed a totally different breaching 
pattern than the earthen levee. Although overflow increased after 
some time and every part of the levee was destroyed, unlike the 
earthen levee where the levee crown started breaching owing to 
initial overflow, the new levee did not show any erosion of the 
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levee crown during initial overflow, but rather gradual erosion 
starting from the levee toe.  
 
Surface Velocity Distribution 

The surface water velocity was measured by the LSPIV 
technique. LSPIV gave the flow velocity over the levee that is not 
easy to be measured by common velocity meters due to very low 
water depth. On the other hand, surface disturbance after the levee 
breach interrupted visualization of floating particles, which leads 
to no velocity information. Because this study focues on the 
velocity before breaching, the velocity before the levee breach is 
examined.  
 

 

 
(a) 

 
(b) 

Figure 8. Velocity fields of overflow of the levees: (a) earthen levee, (b) 
new levee. 

 
 

Figure 8 shows the chopped velocity fields of overflow. In the 
figure, x indicates the longitudinal location with x = 0 at the front 
edge of the crown and y indicates the cross sectional location with 
y = 0 at the channel wall. The velocity map of the earthen levee 
in Figure 8a show that overflow moves through initially formed 
valleys. The flow velocity in the valley are larger than in the other 
areas. The breaching pattern explained in figure 8 shows that the 
erosion on the earthen levee occurred immediately after overflow 
and also affected overflow. Overflows along the valley with the 
large magnitude accelerated the erosion of the levee slope. The 
directions of the velocity vectors are mainly due to the flows 
moving along the valley. Unlike overflow on the earthen levee, 
the flow on the new levee appear to be steady for a while before 
breach (Figure 8b). Because the new levee had a fixed slope 
surface, overflow was not affected by the bottom change. The 
flow shows a longitudinal dominant behavior that is a common 
pattern of overflow over a hydraulic structure. The surface cover 
conditions give the different erosion patterns in the intial stage of 
overflow. The intial erosion and focused flows over the earthen 
levee caused breach starting from the crown. On the other hand, 
no immediate erosion after overflow on the new levee let the flow 

have the steady pattern, which leads to breach starting from the 
levee toe.  

The longitudinal distribution of overflow over the earthen levee 
is plotted in Figure 9. Because overflow pattern changed from the 
beginning as breach progress, the surface velocity at some 
moments after breach started is presented in the figure. As plotted 
in the figure, the flow velocity increased as the erosion developed. 
The breach-starting moment (i.e. t = t0) indicates when the crown 
erosion is observed. Note that the large scale of the experiment 
and the hindrance to clear observation by muddy water gave 
difficulty in determining t0. When breach started, the edge of the 
crown started to be eroded down. The flow near the crown edge 
reached about 1.1 m/s at the moment. In the figure, the location is 
0 m at the crown edge. Overflow on the slope increased because 
the eroded valleys started to be formed. As the erosion developed, 
the velocity increased from the reservoir side. The velocity 
increase from the reservoir side to the front slope can be explained 
from breach pattern starting from the crown and moving 
backward. The velocity at the crown edge increased from about 
1.1 m/s to 1.8 m/s after 30 seconds. The velocity increasing 
pattern is clearly shown in the upstream (i.e. in the reservoir side). 
From the figure, the velocity increased steeply on the crown and 
the increasing rate became mild on the front slope. The 
distribution pattern is shown in all the time steps.  
 

 

 
Figure 9. Longitudinal distribution of the surface velocity of overflow 
over the earhen levee.  

 
 

Figure 10 shows the velocity distribution of overflow over the 
new levee. Because no erosion at the initial stage after overflow 
occurred, the velocity can be time averaged in the figure. The 
smooth distribution of the surface velocity of overflow shows that 
the velocity increased with a relatively large rate from the rear 
edge of the crown up to the mid slope and the increasing rate 
became smaller up to the levee toe (i.e. at the location of 2.0 m). 
The velocity at the front edge of the crown is about 1.1 m/s that 
is close to that on the earthen levee. Because the velocity 
magnitude is measured at breach-starting moment over the 
earthen levee, it means that the flows over both levees are similar 
before breach. The velocity on the front slope of the new levee 
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shows a larger magnitude compared to the earthen levee. The 
smooth and fixed slope surface leads to the distribution. The flow 
velocity appeared to converge as overflow reached the levee toe. 
The velocity pattern approaching to the toe may be due to the 
bottom change and downstream flow. It is also expected that the 
change of the increasing rate can cause a vertical flow pattern 
based on the fluid mechanical principles. The velocity at the toe 
was about 3.3 m/s. The breach of the new levee shown in figure 
7 started from the levee toe. The maximum velocity near the toe 
and possibly vortical flow pattern are main causes for breach 
starting from the toe. After breach, the velocity pattern also 
changed as breach proceed. However, the distribution change 
before the eroded areas appears to be insignificant compared to 
the flows over the earthen levee. Because the new levee breach 
proceeds from the toe and the eroded arears expands to the topside 
gradually, the sudden change of the velocity is not shown. From 
the results, it is observed that breach was delayed after overflow 
as well as prolonged during breach progress. Time duration from 
overflow until breach could be also an important factor for the 
application of the substance.  

 
 

 
Figure 10. Longitudinal distribution of the surface velocity of overflow 
over the new levee.  

 
 

CONCLUSIONS 
The large scale particle image velocimetry and the image 

analysis were used to comparatively analyze the mechanisms and 
processes during overflow on the earthen levee and the levee 
reinforced with the new environmentally friendly substance. 

Consequently, the new levee presented a totally different 
breaching pattern compared to the earthen levee. The erosion on 
the earthen levee occurred immediately after overflow, while 
breach of the new levee started from the levee toe after some time. 
In other words, the new levee was less affected by initial overflow 
compared to the earthen levee, and breach was delayed after  

 
 
 
 
 
 
 

overflow as well as prolonged during breach progress. 
According to surface velocity analysis, overflows along the 

valley with the large magnitude accelerated the erosion over the 
earthen levee. The directions of the velocity vectors are mainly 
due to the flows moving along the valley. Unlike overflow on the 
earthen levee, the flow on the new levee appear to be steady for a 
while before breach. With this flow, the velocity increased with a 
relatively large rate from the rear edge of the crown up to the mid 
slope and the increasing rate became smaller up to the levee toe. 

Future work will include further analysis of the experimental 
results presented to study the relation between breach process and 
velocity distribution. In addition, a new measuring technique is 
needed for quantitative analysis of the levee breach.  
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ABSTRACT 
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Typhoon-induced storm surge usually occurs during the summer season. Thus, it is important to account for seasonal 
sea-level (SL) rise in coastal hazard mitigation. In this study, we analyzed one hour intervals of tidal records for Incheon 
(INC), Kunsan (KUN), and Mokpo (MOK) stations, located on the West Coast of Korea (WCK), as well as atmospheric 
pressure, to determine the correlation of SL fluctuations as they relate to the inverse barometer effect. Results exhibited 
annual (summer) sea-level rise (SLR) of 0.35 (0.32), 0.39 (0.39), and 0.55 (0.53) cm/year at the three stations, 
respectively. However, the mean SL (MSL) during the summer season was approximately 20 cm higher than the annual 
MSL. It was found that seasonal atmospheric pressure highly affected SL, with 1.58–1.73 cm per hPa owing to the 
inverse barometer effect; however, there were phase lags in the summer of one month or more. Although the nodal 
factor accounted for ± 3.7% of the M2 tidal amplitude over 18.6-year return period, the resulting M2 amplitude was 
maximized in 2090 at 2.87 m, 2.14 m, and 1.62 m at the three reference stations, owing to the macro-tidal environment 
of the WCK than in 2100. Thus, the target year associated with global warming and SLR, which is normally 2100, 
should be shifted one decade prior to ensure effective coastal storm surge vulnerability hazards analyses.  
 
ADDITIONAL INDEX WORDS: Coastal Vulnerability, inverse barometer, nodal factor, yellow sea. 
 

 
INTRODUCTION 

Sea levels continuously vary, over time spans as short as daily 
or as long as seasonally and annually. Moreover, sea level rise 
(SLR) and acceleration are pressing issues in the context of global 
warming and coastal vulnerability. Long-term variations have 
appeared in seasonal sea level alterations (SLA), and several 
researchers, such as Amiruddin et al. (2015), Cheng et al. (2015), 
Cui and Zorita (1998), Dangendorf et al. (2013), Kang et al. 
(2008), Marcos, Tsimplis, and Calafat (2012), Méndez et al. 
(2006), Menéndez and Woodworth (2010), Pugh and Woodworth 
(2014), Watson (2015), and Wijeratne et al. (2008) have 
addressed regional or global aspects of seasonal and annual 
variability. Long-term SLA may be originated from rapid 
anthropogenic coastal modifications, as they have in the Bohai 
Sea (BS) and the Yellow Sea (YS), can yield tidal asymmetry 
(Pelling et al., 2013; Suh et. al., 2014; Suh 2016). In addition, 
nodal factor occurrence over an 18.6 year return period affects 
long term variations (Baart et al., 2012; Cheng, Ezer, and 
Hamlington, 2016; Pugh and Woodworth, 2014; Watson, 2015).  

Addressing global aspects of SLR, Watson (2015) clearly 
identified the dynamic components that affect SLR, including 
seasonal influences, pole tide, cyclical longer term tidal 
harmonics (e.g., nodal tide), climate mode influences, and 

random environmental noise. The seasonal cycle is one of the 
larger components of sea-level time series, in addition to 
semidiurnal and diurnal tidal bands.  

Examining regional aspects of SLA, Cheng et al. (2015) found 
that atmospheric forcing significantly affects local sea level 
variability in the BS and YS, and local sea level variability in the 
southern East China Sea (ECS) is highly correlated with along-
shore currents. Variation in seasonal stratification in the YS and 
ECS induce a variation in M2 amplitude of up 0.2 m (Pelling et 
al., 2013). Within a summer season during one year, SL is higher 
in the YS and BS, influenced by local factors, such as river runoff 
and interactions between the tide and surge due to shallow waters 
(Menéndez and Woodworth, 2010). Marcos, Tsimplis, and 
Calafat (2012) demonstrated coherent linear trends and revealed 
an increasing southward pattern in the YS (0.49 ± 0.19 cm/year). 
Because, the inverse barometer effect (IB) impacts water surface 
elevation (WSE) directly, sea level trends can be differentiated 
according to seasonal variation. Kang et al. (2008) examined 
annual sea level variations (Sa) around the Korean peninsula, and 
determined that Sa amplitudes in this region vary between 10 and 
20 cm. 

SLR and/or sea level acceleration have tended to increase 
during the last several decades, and thus, it is anticipated that 
future trends will be much higher than in the past. However many 
studies have focused on annual MSL. To adequately consider and 
prepare for possible vulnerability induced by storm surge, 
considering only annual SLR and extreme SL may not be 
adequate. Thus, incorporating summer seasonal higher SL than 
annual MSL owing to steric effect, should be included in the 
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coastal vulnerability analyses. We focus on the summer seasonal 
SLR (S3LR) in the YS, especially for the West Coast of Korea 
(WCK). Because of storm surge and forerunner surge on the 
WCK, S3LR should be incorporated to account for important 
nonlinear interactions between coastally trapped Kelvin waves 
and tidal currents (Suh and Lee, 2018). Even though, 
incorporating the seasonal SLR (∆Z0  i.e., S3LR-annual SLR) 
inter-decadal nodal factor variations over an 18.6 y return period 
should be included, owing to the macro-tidal environment of the 
WCK ranging of ~3 m of M2 tidal amplitude. Moreover, ± 3.7% 
of M2 modulation due to nodal factor can yield ~± 11 cm of SLA.  

 
METHODS 

To capture regional S3LR on the WCK with IB and steric 
effects, we used one h interval tidal records from 1975 to 2017 
and 1983 to 2017 for the INC and MOK stations. Herein, three 
stations; INC, KUN, and MOK were chosen to represent WCK 
SLA characteristics among several tidal stations because of 
representative and relatively well archived data. Atmospheric SL 
pressure was also analyzed to determine the correlation with sea 
level. As noted previously, many SLR studies have analyzed 
monthly sea level data, which is not sufficient for the analysis of 
daily SL variation effects on monthly or seasonal SL fluctuations. 
To capture MSL fluctuations induced by global and regional 

differences, we applied year round harmonic analyses. In addition, 
to calculate summer seasonal fluctuations, monthly harmonic 
analyses were performed for three months from July to September. 
Moreover, to determine the relationship between inter-annual 
water surface fluctuation responses and seasonal atmospheric 
pressure, daily recorded sea surface pressure data from the Korea 
Meteorological Administration were used in correlation analyses.  

Much concern about global warming has focused on the end of 
this century, and in particular, on the year 2100. However, tidal 
hydrodynamics related to the earth, moon, and sun yield a nodal 
factor of 18.6 years. Thus, the maximum nodal modulation owing 
to the earth-moon orbit will occur in 2090. The macro-tidal nature 
of WCK, with tidal ranges from 3 m at MOK to 9 m at INC, 
necessitates awareness of variations in the inter-decadal M2 
amplitudes.  

Analyses of potential storm surge hazards should incorporate 
not only tidal hydrodynamics, but also various elements, such as 
SLR, SL accelerations, the return periods of synthetic storms, and 
appropriate probability analyses. However, it is difficult to 
account for all of these factors in the analysis. Thus, we conducted 
the SLR simulation based on an IPCC (2014) scenario rather than 
past regional SLR trends. Furthermore, we assumed that ∆Z0 
would persist in the future regardless of the drivers.  

 
 

Figure 1. Annual mean SLR and S3LR for the selected stations in the YS and ECS. Fitted SLR gradients are shown for each station. 
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RESULTS 
Annual SLR (S3LR) was 0.35 (0.31) cm/year, 0.40 (0.36) 

cm/year, and 0.56 (0.68) cm/year at the INC, KUN, and MOK 
stations, respectively (Figure 1). Previous research has 
demonstrated that SLR values typically fall within the range of 
0.49 ± 0.19 cm/year (Kang et al., 2008; Marcos, Tsimplis, and 
Calafat, 2012). S3LR, i.e., ∆Z0, were 21.8, 21.4, and 20.7 cm at 
the three stations, respectively. S3LR with ∆Z0  of ~20 cm 
accounted for the summer steric effect, as well as other minor 
issues. 

We found that constant ∆Z0 of approximately 20 cm persisted, 
regardless of spatial variability. However, it is interesting to note 
that other stations beyond WCK, including two Japanese (NAZ, 
NAG) and Chinese (DAL, LIA) stations, recorded a higher S3LR 
with ∆Z0  of 20.7~27.1 cm. This result revealed somewhat 
different values when compared with Kang et al., (2008), which 
demonstrated a linearly decreasing pattern of ∆Z0 20 cm at the 
INC to Chuja (CHU) stations of 14 cm.  

To capture the impacts of the IB, we analyzed sea level 
pressure (SLP) and found that the inter-annual air pressure at the 
sea surface along the WCK varied from a mean value of 1006 hPa 
in July to 1026 hPa in January. This regional low (high) SLP trend 
in summer (winter) generally represents global variations. As a 
result, the inverse barometric gradient of MSL with respect to 
SLP on the WCK exhibited a higher correlation of 1.60 to 1.73 
cm/hPa (Figure 2) when compared to the traditional IB change of 
1 cm for 1 hPa of variation (Dangendorf et al., 2013). 

 
 

 
Figure 2. Inverse correlations between annual MSL (cm) (with summer 
seasonal monthly MSL marked by red symbols) and SLP (hPa) for the 
three stations (INC, KUN, and MOK) on the WCK. 

 
 

Storm surge on the WCK interacts nonlinearly with tidal 
currents, affecting spring tidal periods more than low tidal periods 
owing to the macro-tidal environment (Suh and Lee, 2018). Thus, 
when considering coastal hazards in the study area, it is important 

to pay sufficient attention to the inter-annual or inter-decadal 
variations of M2  tidal amplitude, which directly contribute to 
spring tidal elevations. The resulting M2  amplitude will be 
maximized as 2.87 m, 2.14 m, and 1.62 m, respectively, at INC, 
KUN, and MOK in 2090 when the nodal factor of 18.6 years was 
accounted for ± 3.7% of M2  variations. This contrasted with 
expected values of 2.70 m, 2.00 m, and 1.52 m for the 
corresponding stations, respectively, in the usual target year of 
2100, when nodal factor effects will be more minimized. Thus, it 
is recommended to change the target year to 2090 rather than 
2100 when considering global warming impacts in coastal 
hazards studies. 

 
DISCUSSION 

Annual SLR has long been considered one of the major coastal 
hazards. As a result, annual extreme SL has sometimes been used 
in vulnerability analyses of hazards. Through an initial literature 
review and subsequent data analysis, we examined WCK SL in 
the YS, where notable SL values have been observed during the 
summer season owing, in part, to thermo-steric, atmospherically 
lagged inverse barometer effects and summer seasonal overland 
runoff. We found a summer seasonal SL rise of approximately 20 
cm on the WCK, which is higher than related research by Kang 
et al. (2008). We found that this change was persistent and 
unchanged over time. Thus, we assumed that the order and 
tendency of ∆Z0 will remain the same in the future. Cheng et al. 
(2015) demonstrated that a maximum ∆Z0 of approximately 20 
cm was observed and simulated in the northern Bohai Sea (BS) 
and along the coast of the southern ECS, which implies a potential 
higher flooding risk over the region, with superimposed storm 
surges in summer seasons. Kang et al. (2008) demonstrated 
amplitude of 20 cm at INC (9.4 cm when atmospheric pressure 
was accounted for) and a linear decrease southward along the 
WCK to 14 cm at CHU, while the phase display was 210° to 220°, 
particularly during seasonal SLR highs in July. A similar 
magnitude of ∆Z0 (approximately 20 cm) was also found in the 
BS region (Pelling, Uehara, and Green, 2013). 

Marcos, Tsimplis, and Calafat (2012) revealed that maximum 
average values of SLR reached 0.49 ± 0.19 cm/year at the YS and 
0.510 ± 0.188 cm/year in the YS and the ECS. Furthermore, the 
SLR magnitude is site specific, and given the time span of the 
analyzed data, it is not possible to establish a unique trend for the 
region of interest.  

As discussed, some studies have focused on the concern that 
SLR in the YS would be 0.49 ± 0.19 cm/year, a rate (though it 
neglects the acceleration of SLR) that is not comparable with 
rising SL (~0.8 m) predicted by the IPCC Representative 
Concentration Scenario (RCP8.5) by the end of this century. Thus, 
we investigated the regional MSL variations by analyzing 
observed data at the three reference stations on the WCK 
according to varying linear and non-linear trends (as seen in 
Figure 3 for INC). Results demonstrate that non-linear SL 
variation would possibly yield 5.41 m of MSL rise, including 4.90 
m at INC. Upon incorporation of the nodal factor, the MSL rise 
in 2090 is predicted to be higher than in 2100. Thus, the inclusion 
of the nodal factor alteration should be used for macro-tidal 
environments. However, future SLR is unlikely to linearly 
increase with regional acceleration, and thus, the appropriate type 
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of non-linear trend should be further studied to properly design 
countermeasures against SLR.  

 
 

 
Figure 3. Annual MSL trends fitted to linear and non-linear curves with 
nodal factor variations for INC from 1975 to 2100. In 1994 (marked as 
dotted line), construction of the Siwha dike nearby caused abrupt tidal 
regime changes. 

 
 

 

 
Figure 4. Generated synthetic typhoon tracks affecting the WCK with a 
return period of 100 years. 

 
 
To capture the potential coastal vulnerabilities from SLR, and 

especially S3LR, a series of numerical storm surge simulations 
based on a tide, wave, and circulation coupled model, ADCIRC, 

were carried out according to methods presented in Kim and Suh 
(2018). This study examined MSL and S3LR by incorporating 
synthetic typhoon tracks (Figure 4) for return periods of 50 and 
100 years. Storm surge elevations along the WCK were evaluated 
based on an IPCC scenario for the target year 2100 and for 2090 
using nodal factor variations.  

The simulated storm surge elevations for a 100 year return 
period by a hypothetical track (#23737 among 174,689 
synthesized storms) yielded 5.25 (5.48) m, 6.02 (6.26) m, and 
6.22 (6.45) m of total water surface elevations at the INC station 
(Fig. 5) based on SLR from the IPCC scenario and incorporating 
∆Z0 , respectively, in 2100 (2090). These elevated SLs can be 
compared without storms, i.e., tide only conditions of 4.21 (4.46) 
m, 5.02 (5.31) m, and 5.23 (5.52) m for the corresponding 
conditions. It was also noted that pure surge elevations were 1.15 
(1.13) m regardless of SL status. As discussed, S3LR 
incorporation always results in a higher potential for inundation 
vulnerability; thus, its effect should be precisely accounted for. In 
addition, nodal factor modulates of higher SLR occurred in 2090, 
prior to the traditional target year of 2100. Thus, SLR 
countermeasure plans should be shifted to focus on 2090 rather 
than 2100.  

 
 

 
Figure 5. Simulated water surface elevations at INC in 2090 and 2100 
with respect to SLR conditions for a hypothetical typhoon track (#23737).  

 
 

CONCLUSION 
Regarding the analysis of coastal vulnerability in the context of 

global SLR, we suggest that the incorporation of regional summer 
seasonal rise should be performed to provide a proper 
countermeasure system. Especially along the WCK, SLR is not 
only induced by annual steric effects, but also inter-decadal nodal 
factors, which may simultaneously account for potential coastal 
vulnerability factors given the macro-tidal nature of the 
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environment. Typhoon-induced storm surge usually occurs 
during the summer season. However, summer MSL is higher than 
the annual value, owing to thermal expansion effects with 
Sa constituents. Thus, it is important to account for regional 
seasonal sea level rise when considering coastal hazard mitigation. 
Therefore, future studies should examine an appropriate method 
for incorporating the regional, annual, and seasonal SLR trends 
with global warming scenarios to effectively mitigate 
vulnerability to coastal inundation.  
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ABSTRACT 
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On the East coast of South Korea, there is only a small significant difference between low and high tides, meaning that 
seasonal wave directions appear clearly in recorded data. During summer, southeasterly waves dominate, and 
northward longshore drift occurs. In addition, the southward transport of littoral sediment occurs under the 
northeasterly waves that are dominant during winter. However, recent changes in the coastal environment, due to the 
development of coastal flooding prevention facilities, harbor development projects, and unusual weather conditions, 
have shown a tendency to increase the erosion of coastal areas. In other words, there is a repeating cycle of positive 
feedback, in which structures introduced to prevent a certain kind of coastal erosion cause different kinds of coastal 
erosion. In this study, we used field survey data to analyze the behavioral characteristics of the Gangmun and Anmok 
beaches for a period of seven years. The results show that the Gangmun and the Anmok beaches are very vulnerable 
to the effects of artificial constructs. Coastal erosion on Gangmun beach occurred through northward sediment 
transportation, caused by a dike that was built to avoid the closure of the mouth of Gyungpo stream. After an artificial 
reef and the groin were constructed to solve this erosion problem, the coastline stabilized. In the case of the Anmok 
beach, an imbalance in the sand budget supplied from the Namdae stream was brought about by the expansion of the 
Gangneung harbor, leading to significant beach erosion. After artificial reefs were installed on both beaches to prevent 
erosion, the area of each beach was increased and each beach’s status was stabilized, as a salient beach.  
 
ADDITIONAL INDEX WORDS:  Coastal improvement project, submerged breakwaters, artificial reef, jetty. 
 

 
INTRODUCTION 

In many areas, the natural marine environment has been 
changed due to the development of coastal flooding prevention 
facilities, the development of harbor development projects, and 
abnormal weather phenomena. These changes in the coastal 
environment tend to increase erosion in beach areas.  

Coastal structures such as breakwaters disturb the equilibrium 
of longshore drift. In particular, shorelines have been changed 
seriously due to erosion. Additional coastal erosion damage is 
ongoing due to the construction of erosion reduction facilities that 
have been developed without sufficient design based on scientific 
and systematic countermeasures. As a result, coastal 
improvement projects in Korea are being actively developed to 
reduce coastal erosion damage. Coastal improvement projects can 
activate regional economies, improve quality of life for residents 
by increasing their incomes, prevent coastal damage, and protect 
regional property. They encompass waterfront planning and 
environment-friendly measures for preventing coastal erosion, 
and are developed by investigating traceability and status, and 
analyzing causes of beach erosion.  

Submerged breakwaters are typically placed in shallow water, 
and are therefore also often used as artificial reefs (Frau et al., 
2016). Broad-crested submerged breakwaters (also called 
artificial reefs) became popular in Japan (Pilarczyk, 2003), but are 
only one type of coastal defense structure (Paganelli et al., 2013). 
Submerged breakwaters are better than typical impermeable 
breakwaters in terms of maintaining water quality by exchanging 
sea water between the inner and outer areas of the structure (Kim 
et al., 2011). Artificial reefs are therefore often chosen as an 
alternative system for shore stabilization and beach erosion 
control. The reef structure generally produces a salient beach 
(Jackson et al., 2012) and has traditionally been used to create a 
sheltered area for fish (Bohnsack, Johnson, and Ambrose, 1991). 
Artificial reefs have been shown to be satisfactory 
countermeasures not only in experiments but also on the 
Namhangjin Coast (Kim, Shim, and Shin, 2016). This reef was 
constructed of a set of wave dissipation devices made of concrete 
(Silva et al., 2016). Submerged breakwaters and jetties were 
combined to provide a form of soft engineering erosion control 
(Lee et al., 2013). This field application also confirmed that the 
artificial reef could protect beach erosion by reducing wave 
energy. 

In this study, we focused on the following: (1) Analysis of the 
changing characteristics of each beach in the area damaged by 
erosion, caused by coastal environmental change after the harbor 
and man-made construction installed, (2) Analysis of the 
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secondary changes of the beaches’ statuses caused by the 
emplacement of the artificial reef and jetty, and (3) Comparison 
of erosion and sedimentation in the study area, using beach survey 
data. 
 

METHODS 
Coastal Overview of the Littoral Drift Cell 

Gangmun and Anmok beaches, on the eastern seaboard of 
South Korea, form a littoral drift cell of 4.0 km in length (Figure 
1). From a seasonal point of view, changes in the longshore 
current, driven by wave direction, cause local erosion and 
sedimentation on the beaches. In the winter, southern waves are 
dominant along the coastline, and a longshore current occurs to 
the south. Accordingly, Anmok Beach, adjacent to Gangneung 
harbor (right-hand side of Figure 1c) experiences deposition of 
sediment under these conditions, whereas Gangmun Beach (left-
hand side of Figure 1c) undergoes erosion. During the summer, 
however, these conditions are reversed, meaning that Gangmun 
Beach experiences deposition and Anmok Beach undergoes 
erosion. 

 
 

Figure 1. Status of littoral drift cell as study area. 
 

 
Coastal Improvement Project of the Study Area 

Gangmun Beach is a sandy beach, and had maintained a certain 
beach width prior to 1979 (Figure 2). A training dike was built to 
prevent sedimentation in the estuary before 1996; it was then 
extended to a length of 70 m in 2003. After the extension of the 
dike, the southern part of the dike was decreased by over 100 m 
from 1983 to 2001. A curved, headland-type training dike was 
extended to a length of 90 m, and beach nourishment was 
performed as a coastal improvement project to prevent beach 
erosion in 2003. A comparatively wide beach width was then 
maintained in April 2004, and the shoreline had proceeded 
seaward by over 20 m by August 2004. However, after 2005, 
beach began to be eroded again, except for the hinterland section 
of training dike. A coastal survey in 2008 revealed that erosion 
was dominant during the winter, but that as spring came, 
sedimentation became dominant. This beach has shown 
characteristics that have changed not only in response to 
longshore drift but also in response to crossshore drift. Overall, 
erosion was dominant. In 2012, an artificial reef (244 m in length) 

and a jetty (90 m) were constructed offshore from the beach, 
southward of the dike of the Kyungpo stream, and beach 
nourishment was used. Erosion and sedimentation continued until 
the completion of the artificial reef and jetty in 2013 (Figure 3). 

 
 

 
Figure 2. Coastal improvement project in the Gangmun Beach. (a) 
extension of training dike and layout of artificial reef and jetty, (b) and (c) 
the front view from point A, (d) and (e ) the front view from point B. 

 
 

 

 
Figure 3. Time series analysis of erosion and sedimentation using aerial 
photo in Gangmun Beach.
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Anmok Beach (Figure 4a) is hit by storm-induced high waves 
in the winter, and is hit by typhoon-influenced high waves in the 
summer. Therefore, erosion from high waves occurs both in 
winter and in summer. Coastal erosion at this beach is caused by 
the influence of longshore drifts and waves, and consequently 
beach width has shown a decreasing trend due to beach 
dissipation and damage to coastal facilities. A northern 
breakwater was constructed (734 m in length) from 1992 to 2002 
and a southern breakwater was constructed (335 m) from 2001 to 
April 2007. 

 
 

 
Figure 4. Coastal improvement project in the Anmok Beach. (a) layout of 
artificial reef and jetty after breakwater construction, (b) and (c) the front 
view from point A. 

 
 

RESULTS 
Changes in the Characteristics of Gangmun Beach after 
Construction of a Submerged Breakwater 

As shown in Figure 5, the shoreline in 2015 had retreated, 
compared with 2013. However, the beach width in 2015 was 
higher than in 2009. Run-up waves and wave energy were 
concentrated to the inside beach area due to the construction of 
the submerged breakwater. Thus, fast-moving a rip current 
occurred along the sea water transport section (Figure 6). The 
water depth between the artificial reef and the beach was at datum 
level (-)2 m in June 2013. A sand bar formed parallel to the 
shoreline at a water depth of (-)1 m in October 2014. As a test of 
the wave-induced currents, four buoys were transported through 
the sea water transport section to the north of the submerged 
breakwater (Figure 6a). 

 

 
Figure 5. Change of shoreline and beach width after construction of 
submerged breakwater in Gangmun Beach (CP01 - CP06). 

 
 

 

 
Figure 6. Wave-induced current and rip current event.  

 
 
Changes in the Characteristics of Anmok Beach after 
Construction of a Submerged Breakwater 

Figure 7 shows a comparison of beach area both before 
(November 2013) and immediately after (October 2014) 
completion of the submerged breakwater. The area immediately 
to the north of Gangneung harbor decreased by 5,794 m2, though 
there was no change in the beach width to the north of the 
submerged breakwater. Immediately after the completion of the 
submerged breakwater (October 2014), the beach area increased 
to 7,288 m2. It decreased to 2,126 m2, however, after being hit by 
high swell-like waves (November 2015) caused by the submerged 
breakwater. The beach width near the submerged breakwater 
showed a tendency to decrease and not be covered by sand 
following events such as typhoon “Goni” (August 2015). High, 
swell-like waves attacked the beach continuously in November 
and December 2015, following a beach survey conducted on 
November the 2nd, 2015. The beach width tended to increase 
consistent with the type of salient beach after these high, swell-
like waves in November and December 2015. In March 2016, the 
rear beach area by the submerged breakwater had increased to 
8,014 m2, and the southern part of the area had decreased to 991 
m2. 
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Figure 7. Shoreline change before and after construction of submerged 
breakwater in Anmok Beach. 

 
 
Figure 8 shows the distribution of the horn, embayment, and 

bar trough formed after the construction of the submerged 
breakwater. The wave height behind the submerged breakwater 
was smaller than the wave height in front (Figure 9). 

 
 

 
Figure 8. Comparison of water depth between May 17 and August 29, 
2018 after submerged breakwater completion in Anmok Beach. (a) Horn 
is formed to the north of submerged breakwater. Bar trough is formed on 
both sides of submerged breakwater. (b) Water depth of embayment 
became deeper.  (c) Area of bar trough was increased. 

 
 

Overall Change in the Littoral Drift Cell 
The change in water depth after the construction of the 

submerged breakwater and jetty is shown in Figure 10. Nine bar 
troughs formed in September 2013. Sand was transported to the 
south side of the jetty at Gangmun Beach, and the change in water 

 

 
Figure 9. Analysis of wave height in the front and the back of submerged 
breakwater completion. 

 
 

depth was gradual. A shoreline cusp was also created. In June 
2014, eight bar troughs were formed, a rip channel formed nearby 
to the jetty at Gangmun Beach, and environmental conditions that 
promoted the transport of sand offshore were created. Eight bar 
troughs were also formed in October 2014, and a beach cusp was 
created. The bar troughs did not move, but their size and shape 
changed. Figure 11 shows that the offshore sand bar was 
transformed due to high swells occurring during the period from 
October 2015 to February 2016. 

 
 

 
Figure 10. Time series distribution of nearshore sand bars from Anmok 
Beach to Gangmun Beach after coastal improvement project. 

 
 

CONCLUSIONS 
A Coastal Improvement Project with fundamental disaster 

prevention measures was enacted to solve coastal erosion 
problems in the densely commercial area of Gangmun Beach. 
One issue of concern is that waves in this area can be slightly 
diffracted towards the south part of the breakwater in winter, 
bringing about erosion at the singular point. Coastal constructions 
can have unfavorable effects on a beach landscape. However, 
introducing artificial beauty into the breakwater, along with the 
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Figure 11. Transformation of offshore sand bar due to high swell. 

 
 
nearby coastal landscape can upbuild the breakwater as a themed 
beach. Water pollution along the beach, which is now surrounded 
by the breakwater, could also be a problem. However, the 
continuous wave action means that pollution problems are 
unlikely to arise. Gangmun Beach can therefore provide a safe 
swimming zone for tourists, while maintaining a relatively high 
water temperature. After the completion of artificial reefs for 
Anmok Beach, the rear beach area of the submerged breakwater 
showed a tendency to advance. We therefore conclude that the 
coastal improvement project carried out at the Gangmun and 
Anmok beaches has contributed to the prevention of erosion and 
damage in areas of wave-dominant sediment transport. 
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ABSTRACT 
 
Kwon, Y.-Y.; Choi, J.-W.; Kim, H.; Kim, S., and Kwon, J.-I., 2019. Comparison of the storm surge prediction models 
using different atmospheric forcing for typhoon CHABA. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. 
(eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 31-35. 
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Typhoon-induced storm surges can cause severe damage on the Korean Peninsula, where typhoons typically occur two 
or three times per year. In the case of Typhoon MAEMI (0314), a storm surge of 2.1 m was observed at Masan Port, 
causing $4.8 billion US dollars in property damage. Therefore, the accurate prediction of the storm surge heights and 
peak times of typhoon surges occurring in the vicinity of the Korean Peninsula is important for minimizing this damage. 
Two weather models, Weather Research and Forecast (WRF) and Hurricane Weather Research and Forecasting 
(HWRF) were used to compare storm surges using different atmospheric forcings, and storm surges were calculated 
using the DElft3D-FM model. By comparing the height and peak time with those of the actual storm, we found that 
the WRF model results underestimate the actual height and peak time of the typhoon CHABA surge, but the HWRF 
model is better than the WRF model at predicting the surge height and peak time of the storm surge occurring during 
typhoon CHABA. 
 
ADDITIONAL INDEX WORDS: Typhoon CHABA, storm surge, WRF, HWRF, Delft3D-FM. 
 

 
INTRODUCTION 

Typhoons can cause dangerous storm surges on the southern 
coast of the Korean Peninsula, where they make landfall on 
average two or three times per year. In this study, we simulated 
the storm surge occurring during typhoon CHABA, which was a 
Category 4 typhoon that landed on the southeast coast of the 
Korean Peninsula in October 2016. Typhoon CHABA flooded 
many ports and coasts and caused extensive wave damage. The 
storm surges observed at Masan Port were up to 1.0 m. This 
tropical storm caused severe damage along the southern coast of 
South Korea, leaving some areas inundated with water, causing 
damages of $18.3 million, and leaving seven people dead. 

Storm surges are oscillations forced at the water level by the 
atmospheric meteorological system (Murty, 1984). Therefore, the 
strength of the storm surge depends on the nature of the forcing 
and the geometric characteristics of the watershed (Shen, Gong, 
and Wang, 2006). Wind and pressure distributions are two of the 
most important driving forces for coastal storm surges. Many 
studies have adopted the typhoon wind model as the atmospheric 
forcing model for their numerical simulations of storm surges 
during hurricanes (Jones et al., 1999; Kawai et al., 2005; Powell, 
Soukup, and Cocke, 2005; Willoughby and Rahn, 2004). 

In this study, we used two atmospheric forcing models in our 
numerical simulation of the storm surge during typhoon CHABA 

and compared their height and peak time with those of the actual 
actual storm. Typhoon CHABA is the 18th typhoon to make 
landfall in 2016, and it occurred about 590 km east of Guam in 
the United States, with a central pressure of 1000 hPa, a 
maximum wind speed of 18 m/s, and a radius of 280 km. The 
typhoon began to develop rapidly on October 2, approaching the 
sea near Okinawa, Japan. It passed through the 30th northern 
latitude and weakened due to westerly winds and high vertical 
shear as it moved northward at 31 degrees. The typhoon arrived 
at Seogwipo, Jeju Island in Japan at 4:00 am on October 5th, 2016 
with a central pressure of 955 hPa and a maximum wind speed of 
41 m/s. According to the Korea Meteorological Administration 
(KMA), it landed in Busan Metropolitan City at 11 am on October 
5 with a central pressure of 970 hPa and a maximum wind speed 
of 35 m/s. It was transformed into a temperate cyclone with a 
central pressure of 986 hPa at about 380 km west of Sendai on 
October 5 at 9:00 pm. 
 

METHODS 
In this study, the storm surge model (Delft3D-FM) was used to 

simulate typhoon CHABA by inputting the wind field of two 
atmospheric models the Weather Research Forecasting Model 
(WRF) and the Hurricane Weather Research Forecasting Model 
(HWRF). 

 
Weather Model 

Two numerical models, HWRF and WRF, were used to 
provide atmospheric forcing for our storm surge model. The 
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Hurricane Weather Research and Forecasting (HWRF) modeling 
system was developed based on the Non-Hydrostatic Mesoscale. 

 

 
Figure 1. The track of typhoon CHABA (a); Satellite image at 09:00 am 
on October 5 (b); Satellite image at 09:00 am on October 6 (c). 

 
 

Model core of the Weather Research and Forecasting (WRF) 
model with the aim of improving the technique of predicting 
tropical cyclones. The HWRF model uses a non-hydraulic system 
of equations, a rotated Arakawa-E grid, and the scale-aware, 
simplified Arakawa Schubert (SASAS) system of cumulative 
convective equations (Arakawa and Schubert, 1974). In addition, 
the model uses the initial and boundary conditions of the Global 
Forecasting System (GFS) model, which is subject to 
repositioning and the side effects of vortices. The HWRF model 
specifications are listed in Table 1, and air-sea coupling is not 
considered.  

 
 

  
Figure 2. The domain of the model grids. WRF (a); HWRF (b). 

 

Table 1. Specifications of the HWRF run. 

Processes Domain 1 Domain 2 Domain 3 

Horizontal 
Resolution 27 km 9 km 3 km 

Horizontal 
Dimension 881×721 1251×1251 501×501 

Vertical levels 46 46 46 

Cumulus 
Parameterization 

Scale-aware simplified Arakawa-Schubert 
(SASAS) scheme (Han and Pan, 2011) 

Microphysics Ferrier-Aligo scheme (Aligo et al., 2014) 

Radiation RRTMG (Iacono et al., 2008) 

Land surface Noah LSM (Mitchell, 2005) 

PBL HWRF PBL scheme (Biswas et al., 2016) 

 
The WRF model (Skamarock et al., 2005) version 3.7 is an 

area-limited, fully compressible, non-hydrostatic numerical 
model formulated using an Arakawa C-grid staggered horizontal 
grid with static vertical coordinates along the terrain. We adopted 
a three-dimensional data assimilation technique to improve the 
initial conditions of the model. The specifications of the WRF 
model used in this study are listed in Table 2. 
 
Table 2. Specifications of the WRF run. 

Processes Domain 1 Domain 2 

Horizontal 
Resolution 20 km 4 km 

Horizontal 
Dimension 218×218 361×361 

Vertical levels 31 31 

Cumulus 
parameterization Kain-Fritsch (Kain and Fritsch, 1993) 

Microphysics WSM6 (Hong and Lim, 2006) 

Radiation RRTMG (Iacono et al., 2008) 

Land surface Noah LSM (Mitchell, 2005) 

PBL YSU Scheme (Hong, Noh, and Dudhia, 2006) 

 
Storm Surge Model 

In this study, the Delft3D Flexible Mesh (Delft3D-FM) 
numerical model was used to simulate the storm surge during 
Typhoon CHABA. Delft3D-FM was developed by Deltares in 
The Netherlands and calculated on unstructured grids with 
different shape of meshes, including triangles, rectangles and 
pentagons (Deltares, 2016). 

Delft3D-FM is an open source, unstructured grid model 
maintained by Deltares (http://oss.deltares.nl/web/delft3dfm) that 
solves the 2D and 3D shallow water equations using finite volume 
schemes (Martyr-Koller et al., 2017), representing a major 

(a) 

(b) (c) 

(a) (b) 
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redevelopment of the widely used Delft3D (structured grid) 
model (Lesser et al., 2004). The higher-order advection treatment 
and near-momentum conservation make the solver suitable for 
supercritical flows, bores and dam breaks. The handling of 
wetting-and-drying makes it suitable for flooding computations. 

The Delft3D FM Suite simulates storm surges, hurricanes, 
tsunamis, detailed flows and water levels, waves, sediment 
transport and morphology, and water quality and ecology, and is 
capable of handling the interactions between these processes. The 
continuity equation is solved implicitly for all points in a single 
combined system. Optionally, non-linear iteration can be applied 
for very accurate flooding results. Furthermore, Coriolis forcing, 
horizontal eddy viscosity, tide generating forces, and 
meteorological forcings were added, making the system suitable 
for tidal, estuarine, or river computations. 

The domain of the grid system used in this study is shown in 
Figure 1. The model area is composed of the northern part of the 
Japanese archipelago (longitude: 145 degrees, latitude: 52 
degrees) in the southern Taiwan area (longitude: 115 degrees, 
latitude: 17 degrees). The minimum grid size is set to 
approximately 300 meters. 
 

 

 
Figure 3. The domain and bathymetry of the model grids. 

 
 

RESULTS 
Numerical models of the storm surge height during typhoon 

CHABA were run using the Delft3D-FM model to compare the 
storm surge results with the barometric forcings of the WRF and 
HWRF models. Time series of the changes in the central pressure 
and the atmospheric pressure distribution in the same time zone 
and the time series of the storm surge height were analyzed. 

Figure 4 shows the distribution of atmospheric pressure at 
Yeosu and Masan from 12:00 on October 4 to 18:00 on October 
5, which was when the typhoon passed through these areas. The 
minimum atmospheric pressures of WRF and HWRF in Yeosu 
were 986.4 hPa and 980.6 hPa, respectively, and the minimum 
atmospheric pressures of WRF and HWRF in Masan were 982.2 
hPa and 976.3 hPa, respectively. In both areas, the minimum 
atmospheric pressure of HWRF was lower than that of WRF, and 
the atmospheric pressure at Masan was lower than that of Yeosu. 
 

 

 
Figure 4. Time series of atmospheric pressure. Yeosu (a); Masan (b). 

 
 

Figure 5 shows the atmospheric pressure distributions of WRF 
and HWRF at 10 am on October 6, 2016, when the typhoon 
landed on the south coast of the Korean peninsula. The HWRF 
atmospheric pressure was higher along the shoreline than that of 
the WRF and moved more rapidly to the northeast. 
 

 

   
Figure 5. The distribution of atmospheric pressure at 10:00 am on October 
6, WRF (a); HWRF (b). 

 
 

Figure 6 and Table 3 show the results of the storm surge model 
according to the atmospheric forcings of the WRF model and the 
HWRF model. 

The height of the storm surge calculated using the WRF model 
was 17 cm smaller than that observed at Yeosu and 50 smaller 
than that observed in Masan. The height of the storm surge using 
the HWRF model was 9 cm lower than that observed in Yeosu 
and 16 cm higher than that observed in Masan. The WRF model’s 
maximum storm surge peak time was 1.5 hours later than that 
observed at Yeosu and 0.3 hour later than that observed at Masan, 
and the HWRF model’s maximum storm surge peak time was 0.3 
hour faster than those observed in Yeosu and Masan. 

The comparison of storm surge height and peak time in Yeosu 
and Masan shows that the WRF model underestimates the 
observed values overall and the results calculated using the 
HWRF model reproduce the observations better. 
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Table 3. Comparison of storm surge results. 

Model St. 
Max. surge height (cm) Delayed 

Peak time 
(h) Obs. Model Deviation 

(Model-Obs.) 

WRF 
YS 100.6 83.6 -17.0 1.5 

MS 114.1 63.9 -50.2 0.3 

HWRF 
YS 100.6 91.3 -9.3 -0.3 

MS 114.1 97.7 -16.4 -0.3 

 
 

 

 
Figure 6. Time series of storm surge Yeosu (a); Masan (b). 

 
 

CONCLUSIONS 
The prediction of an accurate track and intensity of a typhoon 

is essential for ocean forecasting during the event. Although the 
WRF model was not developed for typhoon prediction, the 
HWRF model was. If we compare the results obtained using the 
HWRF and WRF atmospheric forcing models, we find that the 
HWRF model is better at predicting the storm surges caused by 
Typhoon CHABA than the WRF model is. Since this study only 
compared the results of our numerical experiments with typhoon 
CHABA, it is necessary to analyze the accuracy of the 
atmospheric forcing for predicting the characteristics of storm 
surges by examining the use of our two atmospheric forcing 
models with typhoons with different periods and strengths. 
diverse applications in applied analytical chemistry, clinical, or 
environmental sample analysis. 
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ABSTRACT 
 

Kim, M.J.; Lee, S.H.; Baek, Y.S.; Do, J.D.; Lim, H.S., and Lee, H.J., 2019. In situ observations of ripples on the surf 

zone of a beach. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety 
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Ripple migration was observed on the surf zone of a beach in the eastern coast of Korea. A 3D sonar sensor and a 

current meter were placed together on a sand bar in water depth of 3.4 m for about 10 days in the spring of 2017. 

Bedloads were calculated from the records of ripple geometry and migration and were compared with estimates from 

a sediment transport model (SEDTRANS96). The ripples observed ranged in height (Hr) and length (Lr) from 0.5 to 

8.9 cm and from 11.4 to 125.3 cm, respectively. They were highly dependent on the wave height (Hs) and thus wave-

induced current speed (Uc). The largest ripples (Hr = 3.64 cm, Lr = 51.43 cm) occurred during the arrival of waves of 

1 m height, the highest waves in the measurement period. At this time, the current and ripple migration speeds (Uc and 

Ur) were 4.08 cm/s and 17.13 cm/h, respectively. Therefore, the bedload was estimated as 5.785 kg/h/m. However, as 

Hs decreased to 0.5 m, the size and Ur of the ripples and Uc decreased simultaneously. At the wave height of 0.5 m, 

the values of Hr, Lr, Uc, and Ur were 1.97 cm, 18.82 cm, 2.72 cm/s, and 0.26 cm/h, respectively. The resulting bedload 

was estimated as 0.047 kg/h/m. A comparison of the measured and modeled bedloads indicated a model overestimation 

by a factor of 6–8. The model used the default values of 1 cm and 10 cm for ripple height and length, respectively. The 

rather large discrepancy may have been derived mainly from inaccuracy in estimating bed shear stress as well as ripple 

geometry. Therefore, this study emphasizes the importance of in situ ripple observations to place reasonable constraints 

on modeled bedloads.  

 

ADDITIONAL INDEX WORDS: Ripple migration, sediment transport, ripple height, ripple length, bedload.  

 

 

INTRODUCTION 

The eastern coast of the Korean Peninsula has been 

experiencing coastal erosion, causing destruction of coastal roads 

and military boundaries. As a result of a coastal erosion survey, 

coastal erosion rates of C (concern) and D (serious) grades are 

high on the east coast of the Korea Peninsula compared with rates 

on west and south coasts (MOF, 2017). To reduce beach erosion, 

submerged breakwaters, geotubes, and sand nourishment have 

been utilized. However, these actions were not based on a 

sufficient understanding of the coastal hydrodynamic and 

morphodynamic processes, so their effect has been minimal. 

High-energy and offshore currents induced by typhoons and high 

waves cause offshore sediment transport, which needs to be 

considered in erosion-control strategies. In this study, the 

morphological changes caused by waves and currents are 

analyzed through in situ observations. To observe the 

morphological change, high-resolution sonar equipment was used. 

The ripple data observed were analyzed with hydrodynamic data 

and compared with the results of a 1D sediment transport model. 

 

METHODS 

Ripple migration was observed using the 3D Sand Ripple 

Profiling Logging Sonar (3D sonar; Marine Electronics, Ltd.) to 

confirm the sediment transport. At the same time, a current meter 

(Vector; Nortek, Ltd.) was moored at the same location to confirm 

the correlation between currents and ripple migration. For 

simultaneous observation of currents and ripples, the 3D sonar 

was placed at the center using one triangular frame, and the 

current meter was placed on the side. An acoustic wave and 

current meter (AWAC; Nortek, Ltd.) was used to acquire incident 

wave information from the sea. The observation period was May 

15–22, 2017. 

 

Study Area and Ripple Characteristics 

Anmok beach, the study area, is located on the east coast of the 

Korean Peninsula and is part of an open coast. Crescentic sand 

bars are well developed along the shoreline at depths of 3–5 m 

(Figure 1A). Due to the development of sand bars, the coastline 

was not developed as a linear coast but with a curved shape. The 

shoreline extends at an angle of about 45 degrees 

counterclockwise from due east, and waves dominantly propagate 

from a NE direction. The tidal range is about 15 to 30 cm, which 

is smaller than those of the south coast and west coast. 

The location of station V2 (Figure 1B) is above the crest of a 

crescentic sand bar. The water depth at the station is about 3.2 m, 

and it is approximately 250 m from the coastline. The location of 

station W1 is far from the coastline (about 800 m), so wave data 

from this station can be used as incident wave information. The 

water depth at the station is about 18 m.  

A ripple can be described as a surface structure of sediment with a 

certain pattern and orientation due to the effects of waves and currents. 
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Figure 1. Anmok beach on the East Sea of Korea. (A) A submerged breakwater and Gangneung port are located along the southeastern portion of Anmok beach. (B) Detailed 
map rotated 45 degrees counterclockwise. 

 
 
Because ripples record the motion, flow, intensity, and direction 

of waves, geometric analysis of ripples plays an important role in 

understanding sediment transport. Figure 2 is a schematic 

diagram showing the characteristics of a ripple. Ur, Hr, and Lr are 

the speed of movement, height, and wavelength of a ripple, where 

the subscript “r” represents “ripple.” The Hr and Lr values of the 

ripples observed in this study ranged from 1.27–3.64 cm and 

16.03–51.43 cm, respectively. 

 

 

 

Figure 2. Schematic cross section of a ripple. 

 
 

Data Analysis Methods 

3D sonar equipment uses sonar to observe the seabed and its 

features, such as ripples, precisely. As shown in Figure 3, the 

seabed is scanned using an acoustic transducer at a minimum 

interval of 0.9°, and the instrument is rotated through 360°. 

Basically, the equipment is installed downward and the seabed is 

scanned at least every 10 min according to a schedule. The range 

of the transmitted pulse length is 10-250 µm. If the pulse length 

is set too long or too short, noise is captured or the seabed is not 

scanned. In this study, a swath step of 1, rotation step of 3, and 

transmitted pulse length of 20 were applied through the storage 

space and battery test. The preprocessing data are converted into 

ASCII ‘XYZ’ data and stored by the equipment. 

 

 

Figure 3. Method of seabed scanning by 3D sonar. 

 
 

In addition to ripples, 3D sonar detects suspended sand grains. 

Thus, when wave height is high, much noise is observed due to 

the suspended sediment, so preprocessing is required. Through 

the preprocessing, 21 time steps could be used on May 15, 60 time 

steps could be used on May 16, and 110-120 time steps could be 

used after May 17 (data interval: 10 min; 144 time steps per day). 

A second preprocessing process was also required to remove the 

bed slope. Because the position of the sensor was not at the center 

of a crest, the 3D sonar scan was inclined to the bedform. 

Therefore, the Z coordinates were modified according to the 

calculated slope. The slope was largest, at 0.0407, in the vertical 

section of the shoreline and was nearly 0 in the horizontal section 

of the shoreline.  

Ripple migration was calculated from the vertical and 

horizontal sections of the shoreline. The analysis of the data was 

divided into three periods: high wave period, during which ripple 

variation was large; intermediate wave period, during which there 

was a reduction of wave height from high to low; and low wave 

period, when ripple migration was small. When the wave height 

is high, the ripple height and wavelength are equal to or slightly 

(A) (B) 
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smaller than the maximum observation range. Only one or two 

crests and troughs can be observed. However, by using 

continuous observation data, matched crests and troughs can be 

compared to obtain ripple migration speed. When wave height is 

low, ripple height and wavelength are small, so four or five crests 

and troughs can be observed. In this case, the speed of ripple 

migration is calculated using the average value of the entire crest 

and trough points. 

 

SEDTRANS96 

SEDTRANS is a one-dimensional computer model developed 

by the Geological Survey of Canada to address seafloor boundary 

layer dynamics and sediment transport phenomena in continental 

shelf and coastal environments. The program is a comprehensive 

model that provides boundary layer parameters and also predicts 

bedload, suspended bed, and bedform development for sand and 

cohesive sediments. The calculation of the combined conditions 

of wave, current, and wave-current is performed by a separate 

algorithm. SEDTRANS96 is an upgraded version of this model. 

  

RESULTS 

Wave data were observed at station W1 and currents data 

were observed at station V2 (Figure 4A and B). Ripple 

migration data were observed at the crest of a crescentic sand 

bar (Figure 5).  

The significant wave height observed at station W1 was 

maintained at about 1 m on May 15. The wave height decreased 

gradually after May 17, and from May 19, calm waves persisted. 

Before May 18, the wave direction was 55°, and waves were 

directed from G-port (Gangneung port). After May 18, wave 

height was scattered due to low waves. Because the currents 

observed were influenced by the incident waves, the magnitude 

of currents was slightly high until May 17. To analyze the shape 

and migration pattern of ripples, the entire period was divided into 

subperiods: P1 (May 15-17, 2017), P2 (May 17-19, 2017), and P3 

(May 19-22.5, 2017). 

 

P1: May 15–17, 2017 

In this period, wave height was around 1 m, and waves were 

concentrated at 52.5° (right by shoreline vertical). However, the 

current direction was SE due to a rip channel. Due to the high 

waves, the main stream flowed outward to sea, and the 

observation station was affected by the rip channel.  

The average wavelength and height of ripples were 51.43 cm 

and 3.64 cm, respectively. The largest ripples were observed 

during this observation period, and the ripples were oriented 

perpendicular to the incident waves. 

Figure 6 shows cross sections of a ripple perpendicular to the 

shoreline at 10 min intervals. The ripple migrates seaward, and 

the average speed of migration, direction of migration, and 

migration rate per unit width of ripple are 17.13 cm/h, 91.61°, and 

57.85 kg/h/m, respectively. The specific weight of sand and 

porosity values used were 2.65 ton/m3 and 0.3, respectively. 

 

ΔV/ Δt=ρ(1-υ)HrUr 

 

Where ρ is the sand specific weight and υ is the porosity. 

The direction of ripple migration showed a tendency to parallel 

the currents, but it also was influenced by the seabed slope. 

 

 
(A)

 
(B)

 
Figure 4. Time series of waves and currents. (A) Wave date observed by 
AWAC. (B) Currents data observed by Vector meter.  

 
 

 

 
Figure 5. Time series of ripple migration (Ur: speed of ripple migration, 

ur: cross-shore directional speed of ripple migration, vr: long-shore 
directional speed of ripple migration, Dir.: direction of ripple migration, 

Lr: wavelength of ripple, Hr: height of ripple). 
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Figure 6. Ripple migration through time in period P1 (right: onshore, left: 

offshore). 

 
 

P2: May 17–19, 2017 

Wave height, which had remained at around 1 m, decreased 

gradually to less than 0.5 m. As the wave height decreased, wave 

concentration also decreased and waves were dispersed within 

59°-123°. The waves were dispersed after 21:00. The currents 

also showed no clear direction, and current magnitude decreased. 

As a result, the ripple shape became smaller and lower, and 

ripples were generated differently from existing ripples over time. 

The ripple direction changed with the incident wave direction. 

The direction was 81.8°. 

 

P3: May 19–22.5, 2017 

The wave height was very low, less than 0.5 m. Due to the low 

wave height, wave concentration disappeared and the waves were 

dispersed. Although the magnitude of the velocity of currents 

increased due to wind, the effect of wind-induced bottom currents 

on ripples was small. Ripples did not move very much because 

the threshold for ripple migration was hardly exceeded. 

Figure 7 shows a cross section of ripples from May 19 to May 

22 (total of 112 time steps). The average speed and direction of 

ripples were 0.11 cm/h and 221.81°, respectively. The speed of 

migration was very small, so the three-day cross section appears 

almost as one line. Ripples moved slightly toward the shoreline 

in response to reciprocating onshore–offshore flow. 

P3, ripples formed during period P2 moved slowly toward the 

shoreline and were deposited.  

 

Comparison with calculation results of SEDTRANS96 

Comparing periods P1, P2, and P3, the wave height of period 

P1 was about 1 m, and the amount of ripple migration was clearly 

large compared to those of other periods. In period P2, the 

direction of ripples was changed due to wave spreading. In period 

 

 

Figure 7. Ripple migration through time in period P3. 

 
 

Table 1 and Figure 8 show the movement of the ripples. The 

table shows average values of the ripple data, the wave data, and 

the currents data in the three periods. The subscripts r, c, and 

SED96 represent ripple, current, and calculation result using 

SEDTRANS96, respectively. The figure shows the magnitude 

and direction of ripple migration and the calculation result 

according to the incident wave and current conditions for each 

period. 

In period P1, the calculation result overestimates the 

observation magnitude by 6.63 times (38.35 vs. 5.785 kg/h/m), 

the direction differs by 24.2°, but the seaward direction of motion 

is well predicted (67.4° vs. 91.6°; Figure 8A). This difference 

occurred because SEDTRANS96 did not take into account the 

seabed slope. In period P2, the direction difference is large at the 

earlier time (Figure 8B). In the process of wave height becoming 

lower, currents were influenced more quickly than waves, and the 

SEDTRANS96 result calculated by using this information was 

different from the observation result in which influence of wave 

remained. The result is well simulated after 21:00 because it 

seems that the influence of wave in the model now affected both 

current and seabed movement (Figure 8C). In period P3, the 

calculation result overestimates the observation result by 7.7 

times (0.1 vs. 0.013 kg/h/m). The direction of the calculation and 

the observation result was 242.4° and 221.8°, respectively. As for 

period P1, the calculated results did not take into account the 

slope of the bed. However, the landward movement is well 

predicted. 
 

Table 1. Average ripple, wave, and current data. 
 

P1        P2    P3 

Ripple (3D sonar) 

U (cm/h)  17.13  0.53, 0.17  0.11  

L (cm)  51.43  22.7, 15.7  16.03  
H (cm)  3.64  2.16, 1.86  1.27  

Dir. (°)  91.61  98.5, 301.4 221.81  

Dir. SED96 (°) 67.4  258.7  242.4 
Q (kg/h/m)  5.785  0.106, 0.030 0.013  

QSED96 (kg/h/m) 38.35  0.1  0.1  

Wave (AWAC) 
Hs (m)  1.02  0.5, 0.28  0.18 

Tp (s)  8.62  7.3, 5.29    5.19 

DirTp (°)  52.51  58.5, 96.9  87.43 

Current (Vector) 
U (cm/s)  4.08  2.08, 3.25                   4.88 

Dir. (°)  76.41  268.7, 253.3 205.98 
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Figure 8. Observation and calculation data of ripple migration according 

to waves and currents. 

 

 

CONCLUSIONS 

3D seabed was observed precisely for about one week using 

3D sonar. At the same time, a Vector current meter was used at 

the same point to acquire current information and an AWAC was 

used at a deeper point (18 m) to acquire wave information. Using 

these data, ripple migration was analyzed precisely and compared 

with results from SEDTRANS96. 

The entire measurement period was divided into three sub-

periods (P1-P3) according to wave height. In period P1, waves 

reached 1 m in height and were obliquely incident to the shoreline. 

In period P2, waves began to wane toward a height of 0.5 m and 

had a wide range of wave direction. In the last period, period P3, 

wave height remained lower than 0.5 m. The comparison of the 

measured bedloads with the modeled bedloads showed a general 

overestimation of the model by a factor of 6-8. The model used 

the default values of 1 cm and 10 cm for ripple height and 

wavelength, respectively. This rather large discrepancy may have 

been derived mainly from inaccuracy in estimating bed shear 

stress, as well as ripple geometry. Therefore, the results of this 

study emphasize the importance of in situ ripple observations to 

place reasonable constraints on model bedload outputs. 
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ABSTRACT 
 
Kim, G.H.; Jho, M.H., and Yoon, S.B., 2019. Development of efficient technique to hindcast typhoons and associated 
waves using numerical weather model. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K-S, and Lee, J. (eds.), The 3rd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 41-45. Coconut Creek 
(Florida), ISSN 0749-0208. 
 
For the prevention of coastal inundations, numerical simulations of storm surges and waves based on the wind 
information of typhoons are indispensable. The wind field induced by typhoons were generally calculated using so-
called parameter models. The parameter models are easy to use. However, it cannot take into account the interaction 
between the wind and the topographical terrain. In this study an efficient technique is developed to hindcast the wind 
fields for the past typhoon events. The WRF-ARW model is employed. The vortex components of wind field are first 
removed from the global data, and an artificial typhoon corresponding to the best-track data is obtained using the TC-
bogus routine implemented in the WRF-ARW model, and is prescribed along with the typhoon track. The WRF-ARW 
run is conducted with the spectral nudging activated. In general, the wind field obtained in this way is much weaker 
than that of a real typhoon. Thus, an iterative technique is developed. The improved wind field obtained from the first 
WRF-ARW run is employed as an input wind field for the succeeding WRF-ARW run. The iteration is repeated until 
a satisfactory result is obtained. The calculated wind fields and associated wave fields are compared with the data 
measured at several buoy stations. Good agreement is achieved. The improved wind field can serve as a useful tool to 
simulate the coastal inundations for the design of coastal defense works. 
 
ADDITIONAL INDEX WORDS: Tropical cyclone, typhoon, wind hindcast, wave hindcast, QuikSCAT.  
 

 
INTRODUCTION 

Storm surges and high waves lead to coastal flooding and 
breakwater damage. Most of the damage of coastal structures 
occurs within 1-2 days during the passage of tropical cyclones 
(hereafter, TC). Thus, the forecast of storm surges and waves 
induced by TC’s gives important information for the prevention 
and mitigation of coastal disasters. Many researchers and working 
groups are focusing on the prediction of TC strength and 
trajectories. Recently, there has been a noticeable progress in 
predicting TC using numerical models (Emanuel and Zhang, 
2016; Knaff, Sampson, and Musgrave, 2018). On the other hand, 
the information on the storm surges and the waves generated by 
the TC’s which occurred in the past is indispensable for the design 
of coastal defense work. If the measured data near the site is 
insufficient, that can be compensated by numerical simulations 
using the wind and pressure fields of the past TC events. In this 
case the hindcast or reanalysis of the past TC events is necessary.  

In this study an iterative method to hindcast the TC’s is 
developed using the nonhydrostatic numerical weather model, 
WRF-ARW, based on the global weather field and TC best track 
data. The present technique is applied to two test cases of 
typhoons, Typhoon Maemi (0314) and Typhoon Sanba (1216). 
Both Typhoon Maemi (0314) and Typhoon Sanba (1216), which 

developed to a super typhoon, are classified as Category 5 and 
have accompanied with severe storms. Their intensity and 
trajectories are shown in Figure 1. 
 

 

 
Figure 1. RSMC best track of Typhoon Maemi (0314) and Sanba (1216). 
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Typhoon Maemi occurred in the vicinity of the Guam on 
September 4, 2003. It was moving north-westerly and was 
gradually strengthened to the super typhoon, and then it turned 
northward after passing through the eastern sea of Taiwan. It 
struck the southern coast of Korea and passed through the Korean 
Peninsula. The Typhoon Maemi caused high waves and surges in 
the southern coast of Korea, and inundation damage occurred in 
a large area in Masan Bay. 

Typhoon Sanba started as a tropical depression in the east side 
of Philippines on September 10, 2012. It was moving northward, 
and was gradually intensified until its strength reached 110 knots 
for 10-min maximum sustained wind and 900 hPa for minimum 
pressure. Its intensity decreased continuously after reaching a 
maximum intensity, then it passed through the middle of the 
southern coast of Korea to East Sea. 

The hindcast of typhoons are conducted using the global 
weather data. The global data, however, give generally the wind 
velocity and pressure fields much weaker than real ones, because 
the grid size to simulate the global data is too coarse, and the 
observed data used for assimilation are less accurate. Data 
assimilation techniques are widely used to increase the accuracy 
of TC forecast (Honda et al., 2018). These methods can be useful 
if the observed data is correct. However, these techniques may 
degenerate the accuracy of the model when the observed data is 
inaccurate. Currently, for global reanalysis, it is common to use a 
variety of observational data as shown in Figure 2 to simulate TC 
so that the results are urged to reproduce TC’s similar to the 
observations during numerical simulations. However, for some 
TC’s the GDAS (Global  Data Assimilat ion System), 
underestimates considerably the maximum wind and sea level 
pressure. Observational data used for assimilation in JRA-55 
reanalysis (Ebita et al., 2011) are listed in Figure 2. Data from 
Scatterometers (QuikSCAT, etc.) started to be used for data 
assimilation of the typhoons since 1999. QuikSCAT contains the 
wind speed at 10 m altitude measured from the satellite and 
provides it in grid form. According to Perry (2001), the wind 
speed data provided by QuikSCAT showed that the wind speed 
tends to be underestimated when the wind speed is high. As an 
example, QuikSCAT wind data for Typhoon Maemi occurred in 
2003 is shown in Figure 3. The maximum wind speed from 

 QuikSCAT is significantly underestimated in comparison with 
 those provided by RSMC Best Track.  
 

 

 
Figure 2. Chronology of observed data types assimilated in JRA-55. (after 
Ebita et al., 2011) 

 
 

Efforts to resolve the underestimation of the strength of 
typhoons have been actively developed (Cha and Wang, 2013; 
Fung and Gao, 2017; Nguyen and Chen, 2011, 2014; Wang, 
Wang, and Xu, 2013). These works are focused on initialization 
for forecasting TC. Nguyen and Chen (2011) developed an 
iterative method to intensify the vortex of TC by conducting 1 hr 
trial simulation based on the minimum pressure observed at 
current time. After the trial simulation, the intensity of the vortex 
is checked if the calculated maximum wind velocity reaches the 
observed one. After the intensification of vortex, the intensified 
vortex is moved back to the current location. The iteration 
continues until the desired level of intensity is achieved. However, 
to achieve fully developed initial condition almost 80 cycle runs 
are needed. Cha and Wang (2013) developed a dynamic 
initialization technique using 6 hr cyclic run to develop the 
typhoon structure properly.

 
 

Figure 3. Spatial distribution of 10 m surface wind field (m/s) on each time bands from QuikSCAT for Typhoon Maemi of 2003. 
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As in the case of typhoon forecast, the success of the hindcast 
of typhoons based on weak global data is depending on the 
intensification of wind and pressure fields using various 
techniques developed so far. In this study, we tried to reproduce 
the sea surface pressure and the sea wind of the past two typhoon 
events, i.e., Typhoon Maemi and Typhoon Sanba, corresponding 
to RSMC Best Track data. Using the method of Kurihara et al. 
(1993) the vortex components are separated from the initial 
background field, and the vortex size is adjusted to that given by 
the RSMC Best Track. The vortex amplification technique is then 
applied. The improved atmospheric fields of each time step are 
used for the next cycle as target fields of the spectral nudging 
procedure of WRF-ARW model.  

 
METHODS 

WRF-ARW(Advanced Research WRF) Model 
The WRF-ARW model, version 3.9.1 (Skamarock et al., 2008) 

is widely used, and its users are continuously increasing (Powers 
et al., 2017). This numerical model is developed by UCAR/ 
NCAR (National Center for Atmospheric Research) to simulate 
meteorological phenomena such as typhoons and precipitation. In 
this study, JRA-55 (Ebita et al., 2011; Harada et al., 2016) data 
are used for initial and lateral boundary conditions for WRF-
ARW model. The lambert conformal projection method suitable 
for the regions of middle latitude is used. The computational 
domain is shown in Figure 4. The spatial resolution is 10 km. The 
model has 30 uneven sigma levels starting from the surface to the 
top at 50 hPa. 

 
 

 
Figure 4. Topography of the computational domain. 

 
 
Iterative Method 

To reproduce typhoon-induced atmospheric fields, an iterative 
method is developed. Its computational procedure is shown in 
Figure 5. The iterative method consists of two main bogussing 
techniques. In the first cycle, the vortex component of the typhoon 
contained in the background of JRA-55 is first removed. Then, an 
artificial typhoon vortex corresponding to RSMC Best Track data 
is created using [tc.exe] implemented in WRF-ARW model. The 
information needed for the first bogussing is maximum wind 
velocity and radius of maximum wind. The maximum wind 

velocity is obtained from the RSMC Best Track data, and the 
radius of maximum wind is estimated from the empirical formula 
proposed by Knaff et al. (2007). After the first iteration, the 
results obtained from the first iteration are converted as input data 
for the next iteration using the NCEP Unified Post Processing 
System (UPP). When the input data is prepared, the vortex 
component is extracted from the entire atmospheric field, then the 
vortex component is split into axis symmetric component and 
asymmetric component using the method proposed by Kurihara, 
Bender, and Ross (1993). Then, the axis symmetric component of 
pressure is intensified or attenuated corresponding to the 
minimum pressure given by the RSMC Best Track. Modified axis 
symmetric vortex component is merged with asymmetric 
component. The merged vortex is relocated and added to 
environmental component. Newly created input data is applied 
for WRF-ARW model with spectral nudging method. For the 
spectral nudging, wave number is selected to exclude less than 
125 km length scales. If the calculation results are in good 
agreement with the RSMC Best Track, the 10 m wind velocity 
field is prepared for simulating ocean surface waves. 
 

 

Figure 5. Flow chart of WRF modeling system for reanalysis of typhoons 
using iterative method. 

 
 
SWAN Model 

The SWAN (Simulating Waves Nearshore) model is selected 
to solve typhoon induced ocean surface waves. It is a third-
generation spectrum wave model developed by Booij, 
Holthuijsen, and Ris (1996). The SWAN model is widely used as 
a wind-generated wave model, which has the convective term for 
the geophysical space and also the spectral space. The details on 
the SWAN model can be found in SWAN scientific and technical 
documentation (SWAN team, 2018) 
 

RESULTS 
Comparison of Typhoon Intensity 

For the hindcast of the two selected typhoons the iterative 
method is applied with 3 iterations for each typhoon. Figure 6 
shows the comparison of the calculated typhoon intensities 
including the minimum pressure and the maximum wind speed 
with the RSMC Best Track data. While the analysis using the 
conventional method (e.g., FDDA; Four-Dimensional Data 
Assimilation without bogussing) significantly underestimates 
typhoon intensities, the present iterative method gives good 
agreement with the intensities provided by the RSMC Best Track 
data after three iterations. 
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Figure 6. Comparison of the time series of calculated minimum pressure 
and maximum velocity with RSMC best track data. 

 
 
Comparison of Ocean Surface Waves 

The comparison of the maximum intensities of TC’s with the 
best track data is not sufficient to check the performance of the 
typhoon simulation, because the overall distribution of wind 
intensity is indispensable to simulate properly the storm surge and 
the waves. Moreover, a direct comparison of the wind field with 
the measured data is not appropriate, because the number of 
observational station in the open sea is insufficient. In this study, 
the reproducibility of the meteorological field of typhoon was 
checked by comparing the calculated ocean waves with those 
measured at buoy stations. 

Figure 7 shows the location of ocean surface waves. Figures 8 
and 9 show the comparison of the observed significant wave 
heights with those calculated in this study for typhoons Maemi 
and Sanba, respectively. Good agreement between the calculated 
and the measured wave heights is achieved. 
 

 

 
Figure 7. Location of offshore and nearshore observation points. 

 

 

 
Figure 8. Comparison of the significant wave heights for Typhoon Maemi. 
Black dot: observational data, blue line: computed results. 

 
 

 

 

 

 

 

 
Figure 9. Comparison of the significant wave heights for Typhoon Sanba. 
Black dot: observational data, blue line: computed results. 

 

Sokcho 

Uljin 

Ulsan 

Samcheok 

Geojedo 

Yeosu 

NP404 

Sokcho 



    Development of Efficient Technique to Hindcast Typhoons and Associated Waves using Numerical Weather Model 45 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 91, 2019 

DISCUSSION 
The limitation of the present method is that the size of the initial 

typhoon vortex is empirically determined according to only the 
intensity of the typhoon. However, the size of the typhoon varies 
also with various factors other than the intensity. If the 
information on the size of the typhoon is present, it is necessary 
to reflect it in the bogussing procedure. 

 
CONCLUSIONS 

This study presents an iterative method to hindcast the tropical 
cyclone (TC) using the WRF-ARW (Advanced Research 
Weather Research and Forecast) model. The present method is 
applied to the North West Pacific Typhoon Maemi (0314) and 
Sanba (1216). Both typhoons are intensified into a category 5 
super typhoon. The analysis using the conventional method (e.g., 
FDDA; Four-Dimensional Data Assimilation) underestimates 
typhoon intensities. In this study, the atmospheric field obtained 
in the current iteration is used as an input data for the next 
iteration. And each iteration contains bogussing and relocation 
schemes for intensification using RSMC (The Regional 
Specialized Meteorological Center) best track data. As the 
number of iteration increases, the result shows good agreement 
with the best track data. The wave field calculated using the wind 
field obtained from TC reanalysis shows good agreement with the 
wave data observed at selected wave stations. The iterative 
method improves the typhoon hindcast especially when best track 
data is reliable. 
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To understand the mechanism of sediment transport and beach erosion processes in the surf zone near the coast of the 
Korean Peninsula, the development of coastal erosion control technology, an R&D project supported by the Korean 
government, has been conducted since 2013. Anmok Beach, located on the eastern coast of the Korean Peninsula, has 
been studied by measuring currents and sediment transport using bottom-mounted acoustic sensors and offshore long-
term wave observation since February 2015. Moreover, for measurement of surface currents, multiple Lagrangian 
drifters were developed and successfully deployed nine times near the surf zone and submerged breakwaters close to 
Kangneung northern breakwaters. The variation of the measured bottom currents was induced directly by seasonal 
wave height and direction, depending on the incoming waves from the NNE in winter, ENE in summer, and NE, normal 
to the shoreline, in the case of high waves. However, the measured surface currents were affected not only by the 
incoming waves in the presence of high-energy waves, but also by wind speed and direction in the presence of low-
energy waves. In this study, the observed surface nearshore currents measured by small Lagrangian GPS drifters near 
the surf zone and submerged breakwaters at Anmok were analyzed to investigate the variability of the wave-induced 
currents and nearshore surface currents generated by different wave and wind environments. The drifter experiments 
showed that offshore surface currents in the surf zone were predominantly developed, especially by strong seaward 
winds that opposed the direction of the weak waves. However, onshore surface currents were developed by wave-
induced currents generated by the interaction of waves from offshore accompanied by sea winds. This measurement is 
now used to calibrate and validate the coastal sediment modeling system for the eastern coast of the Korean Peninsula. 
 
ADDITIONAL INDEX WORDS: Lagrangian surface current, longshore current, cross-shore current, sediment 
transport, beach erosion. 
 

 
INTRODUCTION 

Beach erosion on the eastern coast of the Korean Peninsula has 
been severe in recent years due to abnormally high waves and 
increase in high swell waves on account of global warming and 
climate change (Jeong et al., 2007, Kim et al., 2018, Lim et al., 
2018). High waves, one of the natural causes of the beach erosion, 
have been observed frequently due to an increase in the number 
of strong summer typhoons and winter storms on the eastern coast 
(Lim and Kim, 2017). Beach erosion at Anmok is mainly caused 
by offshore wave-induced currents under high-energy wave 
conditions. On the other hand, beach sedimentation is generated 
by onshore wave-induced currents under low-energy wave 
conditions (Kim et al., 2017, Lim et al., 2018). 

To understand the mechanism of sediment transport and 
processes of beach erosion in the surf zone near the eastern coast 
of the Korean Peninsula, acoustic current meters such as 
VECTOR and Aquadopp (Profiler) with optical backscattered 
sensors have been used to measure near-bottom currents and 
suspended sediment intensities on the crescentic bars in the surf 

zone and behind submerged breakwaters at Anmok. However, 
observing wave-induced currents using bottom-deployed acoustic 
current meters is not enough to analyze the variation of the 
longshore and cross-shore currents in the surf zone and swash 
zone close to the beach shore. 

In this study, surface nearshore currents and surface longshore 
currents in the surf zone and between submerged breakwaters and 
breakwaters at Anmok were measured with multiple GPS 
Lagrangian drifters. These drifters were developed specially for 
the project, which is funded by the Korean government to support 
the development of coastal erosion control technology (Lim et al., 
2017). The measured surface currents indicated the variation in 
surface currents interacting with incoming waves and local winds 
under different weather conditions. The analyzed result shows 
that the variability of longshore and cross-shore currents in the 
swash zone is also associated with incoming waves and local 
winds under different wave energy and wind conditions. The 
surface currents were compared with observations made by the 
bottom-deployed acoustic current meters. 

 
METHODS 

To understand the sediment transport mechanism at Anmok 
due to the high waves, one of the natural causes of beach erosion 
on the eastern coast of the Korean Peninsula, intensive current 
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and sediment measurements were conducted 4 times with bottom-
mounted instruments such as VECTOR and Aquadopp, located at 
20 cm from the bottom on the crescentic bars in the surf zone and 
behind submerged breakwaters at Anmok (Figure 1). The 
measured bottom currents observed at the horn and bay areas of 
the crescentic bars in the surf zone showed that the bottom wave-
induced currents changed depending on the incoming wave 
strength and direction (Lim et al., 2018). Figure 2 shows the time 
series of significant wave height and peak wave direction 
observed with long-term wave measurements at station W1 using 
an acoustic wave and current profiler (AWAC) deployed at the 
bottom, for a water depth of 18 m from February 7, 2015 to 
February 9, 2018. 

 
 

 
Figure 1. GPS drifter experiment sites at Anmok, located on the eastern 
coast of the Korean Peninsula. W1 shows the location of the long-term 
observation site with AWAC. S.-B. denotes the submerged breakwaters.

 
 

 

 

 
Figure 2. Time series of significant wave heights and peak wave 
directions observed at station W1 from long-term AWAC observations 
from February 7, 2015 to February 9, 2018. 

 
 
In this study, the surface currents were measured using multiple 

Lagrangian GPS drifters (Lim et al., 2017). The variability of 
surface nearshore currents was analyzed by comparison with the 
bottom wave-induced currents observed by bottom-mounted 
current meters. The drifter deployment experiments shown in 
Table 1 were conducted 9 times when significant wave heights 

were measured to be less than 1.5 m from January 15, 2016 to 
February 9, 2018, and they included the 2nd–4th intensive 
measurements in the surf zone with long-term wave 
measurements at station W1. Surface wind data were derived 
from the Mukho tidal weather station located at about 30 km 
southeast of Anmok. 
 

RESULTS 
Variation in Bottom Wave-induced Currents 

In winter (summer), offshore bottom wave-induced currents 
were analyzed flowing eastward (northward) due to the incoming 
high waves from the NNE (ENE) direction when significant wave 
heights (Hs; more than 2 m) were recorded. However, onshore 
bottom currents were observed flowing toward the beach shore 
due to the incoming low waves (Hs < 0.5 m) from the NE direction, 
which were normal to the shoreline. A rip-circulation pattern of 
bottom wave-induced currents developed in the onshore direction 
in the horn area. However, intermediate waves (Hs = 0.5–2.0 m) 
were recorded offshore in the bay area of crescentic bars in the 
surf zone. The direction of bottom longshore currents also 
changed to SE (NW) in winter (summer) due to the incoming high 
waves from NNE (ENE). Figure 3 shows the measurements of 
offshore waves (W1) and bottom wave-induced currents using 
VECTOR (V1, V2 and V3) and Aquadopp (A1 and A2), deployed 
at 20 cm from the bottom in the surf zone during in 1st intensive 
measurement.  

 
 

 
(a) Location of the 1st intensive measurement site 

 
(b) Time series of observed waves and current vectors 

Figure 3. Location of bottom-mounted instruments and time series of 
wave and current vector plots during the 1st intensive deployment from 
February 8, 2015 to March 7, 2015 at Anmok.

 
 
The bottom wave-induced currents in the surf zone show that the 
variability of the longshore and cross-shore currents depended 
on the incoming waves and was especially affected by the 
variation in wave direction from the NE (approximately 45°). 
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Variation of Surface Nearshore Currents 
Multiple Lagrangian GPS drifter experiments showed that 

surface nearshore currents, including longshore currents and 
cross-shore currents in the surf zone and near submerged 
breakwaters and breakwaters of the Kangneung port (K-port) at 
Anmok, were affected by the incoming wave and local wind 
conditions (Figure 4). The offshore (onshore) surface currents 
were generally observed in the presence of low (high)-energy 
waves with local strong (weak) land (sea) winds. 

The highest offshore surface current was measured to be 0.39 
m/s in the 5th and 7th deployment experiments when local seaward 
wind speeds were stronger than 3 m/s (Figure 4e and Figure 5c, 
respectively). The onshore surface currents were measured with 
incoming waves in the 3rd, 6th, and 9th deployment experiments 
under local weak sea winds in fair weather conditions (Figure 4c, 
4f, and 4h). The offshore surface currents were measured in the 
5th deployment experiment and showed that strong cross-shore 
currents could be generated between submerged breakwaters and 
breakwaters of the K-port due to the interaction of waves and 
local seaward winds (Figure 4e). Figure 4a shows that onshore 
currents behind submerged breakwaters were separated in the 
middle of the submerged breakwaters and changed longshore 
currents along the shoreline. This variation in wave-induced 
currents, especially the weak (strong) currents in the middle (at 
both ends) of the submerged breakwaters, causes the beach to 
advance (retreat). 

 
Offshore Channel Flows due to Waves and Local Winds 

Strong bottom wave-induced currents by high waves were 
observed at stations V3 and V1 located in the deep water channel 
for the 4th intensive measurement (Figure 5b). The deep water 
channel was generated within the bay area of the crescentic bars 
in the surf zone by Typhoon Lionrock in late August 2016 (Lim 
et al., 2017). Due to significant wave height (> 2 m), incoming 
from NNE, the bottom cross-shore currents at station V3 changed 
direction eastward, showing a maximum current speed of about 
1.0 m/s when significant wave heights (> 4 m) were reached. In 
the other case, the bottom wave-induced currents were not 
generated offshore when significant wave heights were below 2 
m (Figure 5b). 

 
Compared to the bottom wave-induced currents by high waves, 

surface currents measured by multiple GPS drifter deployments 
at the same stations (V1 and V3) showed that surface currents 
developed toward the east due to local winds even though 
incoming significant wave heights of about 0.2 m were measured. 
However, the directions of the offshore bottom wave-induced 
currents and surface currents were almost similar and in the 
eastward direction, following the deep water channel shown in 
Figure 5a. The variation in surface currents measured by GPS 
drifters showed that incoming waves were low (high), offshore 
(onshore) currents were developed and that these were affected 
by wave strength and local wind direction. 
 

DISCUSSION 
Beach erosion on the eastern coast of the Korean Peninsula is 

known to be mainly caused by high waves from the NNE (ENE) 
in the winter (summer) stormy (typhoon) seasons. Offshore 
bottom wave-induced currents on the crescentic bars in the surf-
zone at Anmok were generated by high incoming waves (Hs > 2 
m) with a NE wave direction, almost normal to the shoreline (45°). 
However, surface offshore currents were mainly affected by local 
seaward winds under weak wave-energy conditions. 
Surface offshore currents between the submerged breakwaters 
and breakwaters of K-port were also developed by local seaward 
winds even though the currents were wave-induced behind 
submerged breakwaters. 

The variability of surface currents in the surf zone of Anmok 
was also analyzed using multiple GPS drifter experiments from 
January 15, 2016 to February 9, 2018. Surface onshore currents 
were measured in the presence of waves with weak seaward 
winds. However, surface offshore currents were measured in the 
presence of comparatively low waves with strong seaward winds. 
The surface offshore currents in the surf zone were predominantly 
developed by strong land winds that opposed the direction of the 
low waves. However, surface onshore and longshore currents 
were developed by wave-induced currents generated by high 
waves accompanied by sea winds. 

No. Measurement Period 
Wind 

speed (m/s) 

 

 

Wind 
direction(°) 

Wave 
height (m) 

 

Wave 
direction(°) 

Wave 
period (s) 

Current 
speed 
(m/s) 

Current direction 

1st 15:01–17:16, 01/15/2016 0.94 202.8 0.79 16.3 5.8 0.25 Onshore 

2nd 08:22–11:25, 01/16/2016 0.86 211.2 0.76 45.6 6.9 0.25 Offshore 

3rd 13:21–16:03, 07/13/2016 1.56 105.1 0.23 90.8 4.7 0.12 Onshore 

4th 11:00–12:34, 09/22/2016 1.69 271.9 1.02 81.6 7.3 0.35 Onshore 

5th 10:16–14:31, 01/11/2017 4.05 279.8 1.20 92.0 7.2 0.39 Offshore 

6th 14:15–14:44, 05/17/2017 1.14 127.7 0.38 62.8 7.2 0.27 Onshore 

7th 14:26–13:15, 06/09/2017 3.11/4.62 222.5/243.2 0.22/0.16 121.8/82.4 5.6/5.7 0.39/0.28 Offshore 

8th 11:39–17:08, 08/18/2017 0.9 90.1 1.38 106.0 7.6 0.38 Onshore 

9th 12:00–13:15, 02/09/2018 1.11 94.4 0.49 52.6 7.8 0.24 Onshore 

Table 1. Lagrangian surface currents estimated from multiple GPS drifter measurements at Anmok compared with measured surface wind data at Mukho 
tidal station and wave data at station W1. 
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(a)   1st deployment                                  (b) 2nd deployment 

 

    
(c)   3rd deployment                                     (d) 4th deployment 

 

    
(e)   5th deployment     (f) 6th deployment 

 

    
(g)   8th deployment              (h) 9th deployment 

Figure 4. Surface current measurements using multiple GPS drifters at Anmok for intensive currents and long-term waves. 
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(a) Location of 4th intensive measurement site 

 
(b) Time series of observed waves and current vectors 

 
(c) Observed surface current (7th deployment) 

Figure 5. (a) Location of bottom-mounted instruments, (b) time series of 
waves and current vectors for the 4th intensive measurement from May 11 
to June 9, 2017, and (c) surface currents in the 7th deployment. 

 
 

CONCLUSIONS 
This paper analyzes measurements of surface nearshore 

currents, observed using multiple GPS drifters at Anmok, located 
on the eastern coast of the Korean Peninsula. Compared to the 
bottom offshore wave-induced currents generated by high waves 
(Hs  > 2 m) from the NE, surface offshore currents were developed 
by local seaward winds even though incoming waves were weak. 
However, surface onshore currents were measured for incoming 
waves with local sea winds. 

The surface offshore currents between the submerged 
breakwaters and breakwaters of K-port at Anmok were generated 

by wave-induced currents and intensified by the local seaward 
winds (Figure 4e). Moreover, the surface offshore currents 
generated by seaward winds with low waves were observed in the 
eastward direction, following the deep water channel affected by 
the breakwaters of K-port (Figure 5c). The direction of the surface 
longshore currents near the swash zone, located close to the shore, 
changed to the SE (NW) due to the waves from the NNE (ENE). 
This observation was similar to that of the measured bottom 
wave-induced currents. 

These experimental results can not only help researchers 
understand the sediment transport mechanism in the area but can 
also be used for calibration and validation of the coastal sediment 
transport modeling system for the eastern coast of the Korean 
Peninsula. Thus, the findings of this study contribute to the 
development of coastal erosion control technology in Korea. 
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ABSTRACT 
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In this study, two-dimensional hydraulic model tests were conducted to investigate the characteristics of the force of 
tsunami waves on the simplified box-type elevated structure. The vertical elevation of the structure was changed to 
investigate the relation between the wave force and the air gap. The tsunami waves were generated by using the error 
function with the full-stroke of the wave paddle to maximize inundation. The horizontal and vertical wave forces and 
pressures on the structure by the tsunami waves were measured, and the relation between the maximum wave force, 
air gap and the incident wave condition was derived. Using the measured maximum horizontal wave force from the 
different wave conditions, the empirical formula of the non-dimensionalized horizontal wave force as a function of the 
surf similarity parameter was obtained. It was found that the horizontal wave force is inversely proportional to the surf 
similarity parameter in the case of the unelevated structure. The experimental results also showed that the ratio of the 
horizontal force to the vertical force is larger in the case of broken and breaking wave conditions in the case of the 
elevated structures. 

  
ADDITIONAL INDEX WORDS:  Tsunami, wave force, elevated structure, physical modeling. 
 

 
INTRODUCTION  

Coastal communities are vulnerable to natural hazards such as 
wave impact, surge, and inundation by storms, tsunamis, and 
climate change. 

An elevated structure is a kind of a building that has no 
basement and has the lowest elevated floor raised above ground 
level supported by foundation and shear walls, or columns. In the 
flood-prone area, especially in coastal cities, the elevated 
residential structures are somehow effective against the flood 
damage, but the effective design is important (FEMA, 1984). 
FEMA (2008) described the design considerations of the various 
types of coastal buildings in terms of effectiveness against 
tsunamis. 

A number of researchers have done studies on the tsunami 
loads on the coastal structures through laboratory experiments, 
especially in the wave flume with both small and large scales. 
Ramsden (1996) classified a tsunami wave as a solitary wave, 
bore, and surges and observed the wave pressure, wave load, and 
overturning moment in a small scale experiment. Lukkunaprasit 
and Ruangrassamee (2008) found that low seawalls and openings 
in walls of the building could reduce the tsunami damage. 
Arikawa (2009) conducted a large-scale experiment to find out 
the failure mechanism of over land structures by an impulsive 
tsunami load. Oshnack et al. (2009) studied the effects of seawalls 
in reducing tsunami loads through a large-scale wave flume test. 

Shin et al. (2012) used solitary waves as a tsunami wave to 
conduct two-dimensional large-scale laboratory experiments and 
measured the horizontal wave pressure and force on a vertical 
wall. Cho et al. (2017) used a numerical model based on the 
Reynolds-Averaged Navier-Stoke solver to compare the results 
with the experimental results by Shin et al. (2012), and suggested 
an empirical formula of maximum horizontal force on the vertical 
wall as a function of the cross-shore location of the wall.  

Most of the previous studies as mentioned above focused on 
the simplified vertical structures or unelevated structures, but at 
the same time, studies on elevated structures were needed as well. 
Most of the studies used a bore type tsunami or a solitary wave 
suggested by Goring (1978). However, a solitary wave typically 
underestimates inundation, and therefore has a limitation in 
simulating tsunami damage on the overland structure (Thomas 
and Cox, 2012). 

In order to overcome the limitations of tsunami wave 
generation, a modified tsunami wave recently has been used in a 
few studies to maximize the inundation by controlling wave 
generator displacement using an error function (Baldock et al., 
2009; Thomas and Cox, 2012; Park et al., 2013). 

In the present study, two-dimensional large-scale wave flume 
tests were conducted to investigate the horizontal and vertical 
tsunami impacts on the elevated structure by using modified 
tsunami waves. Moreover, the experiments were extended to the 
unelevated structure to obtain an empirical formula of the 
horizontal wave force and to compare the results of the horizontal 
wave force on the unelevated structure with those on the elevated 
structure. 
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METHODS 
Experimental Setup 

Two-dimensional laboratory experiments were conducted at 
the Large Wave Flume at the Hinsdale Wave Research 
Laboratory, Oregon State University (Park et al., 2017). Park et 
al. (2017) described the detailed setup of this experiment by 
regular, irregular, and tsunami waves and showed the results of 
the wave forces by irregular wave cases only. Figure 1 shows a 
side view of the Large Wave Flume including the locations of the 
model and the instruments. The flume dimension is 104 m long, 
4.6 m deep, and 3.7 m wide. A piston type wavemaker with the 
full stroke of 4 m is installed on the left side of the flume, as 
shown in Figure 1. As shown in Figure 1, a box type structure (a 
black square) was placed on the flat section, and three resistance 
type wave gauges (black circle) and five ultrasonic wave gauges 
(black triangles) were deployed to measure the water surface 
elevations. 

Figure 2 shows detailed views of the specimen (box-type 
structure) and the locations of pressure sensors and load cells on 
the structure. The size of the specimens is 1.02 m long, 1.02 m 
wide, and 0.61m high. The specimen was installed 0.63m from 
the beginning of the flat section and was movable vertically. A 
total of fourteen pressure transducers were mounted on the front 
of the structure (number 1 to 9), the bottom of the structure 
(number 11 to 14), and the lee of the structure (number 10). Four 
load cells (number 1 to 4) and one load cell (number 5) were 
installed on the top and lee of the structure to measure vertical 
and horizontal wave forces respectively. The detailed instrument 
locations can be found in Park et al. (2017). All the measurements 
were synchronized and recorded with the sampling rate of 500 Hz 
to capture the peak values of the impulsive breaking waves. 

As shown in Figure 2a, the still water level was 0.3 m from the 
flat bottom. The air gap (a) was defined as the distance from the 
still water level and six different air gap cases (a1 = -0.15 m; a2 = 
-0.05 m; a3 = 0.05 m; a4 = 0.10; a5 = 0.15 m; a6 = 0.20 m) were 
used for the elevated structure experiments to consider the various 
scenarios in terms of flooding level and elevation of the structure. 
In the case of the unelevated structure, the still water level was 
the same elevation as the flat bottom level as shown in Figure 2(b). 

 
Wave Condition 

Tsunami waves were generated by using error functions to 
provide the time series of wave paddle displacement by changing 
the movement time (Terf) of the paddle. The maximum stroke was 
fixed as 4 m and the paddle movement time (Terf) was changed to 

control the amplitude of the wave (A) as shown in Table 1. TR 
denotes the representative period of the wave measured at the 
wave gauge 1. As the paddle movement time (Terf) increases, due 
to the decrease in the speed of the paddle, the amplitude of the 
wave (A) decreases and the representative period (TR) increases. 
As shown in Table 1, eight different wave conditions were used 
for both elevated (Case A) and unelevated (Case B) structures. 

 

 
Figure 2. Side view of the specimen and instrumentation (pressure sensors 
and load cells): (a) elevated structure; (b) unelevated structure; (c) 
location of the sensors. 

 
 

Table 1. Input wave conditions for elevated structure (Case A) and 
unelevated structure (Case B). 

Wave 
condition 

Terf 
(s) 

Case A Case B 

Amax 
(m) 

TR 
(s) 

Amax 
(m) 

TR 
(s) 

X1 10.00 0.55 9.10 0.51 7.50 
X2 15.00 0.36 12.70 0.33 10.80 
X3 20.00 0.28 16.20 0.25 15.20 
X4 25.00 0.22 21.20 0.20 19.70 
X5 30.00 0.18 24.80 0.18 23.30 
X6 35.00 0.17 28.80 0.15 27.60 
X7 40.00 0.15 32.70 0.14 31.50 
X8 45.00 0.14 39.80 0.13 37.80 

 

 
Figure 1. Side view of the Large Wave Flume at Oregon State University including the model and wave gage setup.  
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RESULTS 
Wave Pressures and Forces on the Elevated Structure 

Figure 3 shows the snapshots of the experiments for X1 (Figure 
3a through 3c), X2 (Figure 3d through 3f), X3 (Figure 3g through 
3j). The snapshots show that the incident wave is already broken 
before hitting the structure in X1. X2 can be categorized as a 
breaking wave condition because the wave breaks on the front of 
the structure. On the other hand, a non-breaking wave condition 
can be found in X3. Therefore, X4 to X8 can be considered 
similar to the case of X3. 

 

 
Figure 3. Snapshots of the experiments in the different wave conditions: 
(a), (b), (c): X1; (d), (e), (f): X2; (g), (h), (i): X3. 

 
  
Figure 4 shows the example time series of the water surface 

elevation at each wave gauge for X1, X2, and X3. Figure 4a 
shows that the incident wave starts breaking near the wave gauge 
3 (wg3), which is about 4 m from the location of the specimen. In 
Figure 4b, the wave breaks near the ultrasonic wave gauge 2, 
which is located at 0.63 m from the specimen. However, Figure 
4c shows that the incident wave does not break even at the 
location of the specimen. Therefore, Figure 4 proves that the 
broken, breaking, and non-breaking wave conditions are X1, X2, 
and X3 respectively. 

Figure 5 shows the nondimensionalized maximum horizontal 
forces as a function of the air gap for six wave conditions. The 
maximum horizontal forces were normalized by the incident 
wave energy (ρgAmax2) over the width of the specimen (W), where 
ρ is the density of water and g is gravity. Figure 5 indicates that 
the maximum horizontal force is insensitive to the air gap in the 
broken wave condition (X1) while the force in the other cases 
linearly decreases as the air gap increases. In broken (X1) and 
breaking (X2) wave conditions, the normalized maximum 
horizontal forces are greater than one while non-breaking cases 
show lower values. 

Figure 6 shows the normalized maximum vertical forces as a 
function of the vertical air gap. When the air gap is negative 
(partially submerged cases), the maximum forces are steady 
regardless of the air gap for all six waves including broken, 
breaking, and non-breaking wave conditions. When the air gap is 
positive, the maximum vertical forces for all the wave conditions 
decrease with the different slopes depending on the wave 
condition while those for X2 are independent of the air gap. 

Figure 7 shows the ratio of the maximum horizontal force to 
the maximum vertical force on the elevated structure. It is clear 
that the results of X1, X2, and the others show different patterns 

as the air gap increases. In the broken wave condition (X1), the 
forces rapidly increase after the air gap is positive because the 
vertical force decreases as shown in Figure 6. The energy decay 
of the broken wave may give more effect on the vertical force in 
X1.  In the breaking wave condition (X2), the relative forces 
decrease slowly but stay in larger value (around 1) compared with 
the others (X3 to X6).  

From Figure 5 to Figure 7, it can be found that the horizontal 
force and the vertical force are insensitive to the broken wave 
condition (X1) and the breaking wave condition (X2) respectively. 
 

 

 
Figure 4. Time history of water surface elevation at each wave gage 
locations in the case of X1 (a), X2 (b), and X3 (c). 

 
 

 

 
Figure 5. Nondimensionalized maximum horizontal forces on the elevated 
structure. 
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Figure 6. Nondimensionalized vertical forces on the elevated structure. 

 
 

 

 
Figure 7. The ratio of the horizontal force to the vertical force on the 
elevated structure. 

 
 
Horizontal wave forces on the unelevated structure 

Figure 8 shows the example time series of the horizontal force 
on the unelevated structure for eight different wave conditions. 
Unlike the case of the elevated structure, X1 and X2 are both 
classified as broken wave conditions due to the lower water level. 
However, as shown in Figure 8, the structure received impulsive 
loads in the two broken wave conditions.  

Figure 9 shows the vertical distribution of the horizontal wave 
pressure at each pressure transducer location when the horizontal 
force reaches the maximum for each wave condition. In X1 and 
X2, the vertical distributions of the instantaneous horizontal 
pressure are uniform at the moment of the maximum horizontal 
force on the structure. Therefore, these results explain that 
uniform vertical distribution of the horizontal pressure affects the 
impulsive horizontal force on the structure. 

Figure 10a shows the normalized horizontal forces and the 
fitted curve as a function of the surf similarity parameter. A 

simple empirical formula was obtained by the least square method 
as shown in Figure 10a. Figure 10b shows the normalized 
maximum horizontal force as a function of the surf similarity 
parameter for the elevated structure cases, and the results are also 
compared with the results of the unelevated structure case. This 
figure describes that the maximum horizontal forces on the 
elevated structures in broken and breaking wave conditions are 
larger than the results on the elevated structure. On the other hand, 
the maximum horizontal forces on the elevated structures in the 
non-breaking wave condition (or surge type) are smaller than 
those on the elevated structure. Therefore, it is found that the 
hydrostatic pressure located in the lower parts can be reduced by 
the vertical gap of the elevated structure due to the flow 
underneath the structure, and this affects the reduction of the 
maximum horizontal force.  

 
 

 
Figure 8. Time series of horizontal force on the unelevated structure from 
the different wave conditions. 

 
 

 

 
Figure 9. Vertical distribution of horizontal pressure on the unelevated 
structure at the moment of the maximum force. 
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Figure 10. Nondimensionalized horizontal force as a function of surf 
similarity parameter: (a) Case B; (b) Case A vs Case B 

 
 

CONCLUSIONS 
In the present study, two-dimensional large-scale laboratory 

experiments were conducted to investigate the tsunami loads on 
the elevated structure.  

The results show that, in the strong broken and breaking wave 
conditions, the maximum force is insensitive to the vertical 
elevation of the structure. However, in the non-breaking wave 
condition, the vertical elevation of the structure can reduce the 
tsunami force on the structure. 

The maximum horizontal forces on the elevated structure, in 
broken and breaking wave conditions, is much larger when 
compared with those on the unelevated structure. However, in the 
non-breaking wave condition, the elevated structure is more 
effective than the unelevated structure in terms of the horizontal 
force.    

This dataset can be useful for numerical modelers to verify the 
model performance. Future study should include the numerical 
simulation to figure out the mechanism of the wave force and flow 
pattern through computed hydrodynamics. 
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The accuracy of numerical calculations is highly dependent on the grid spacing, and the smaller the grid spacing the 
better the accuracy. However, the portion requiring high accuracy often corresponds to only a part of the entire model 
domain. Setting a small grid interval for the entire model domain to study the calculation region is undesirable from 
the viewpoint of computation load and computation time. In this study, we illustrate the efficiency of the adaptive mesh 
refinement method for wave run-up modelling in terms of computational time and accuracy using numerical 
experiments. In this study, we conducted numerical experiments of wave run-up to verify the efficacy of the Adaptive 
Mesh Refinement (AMR) method in terms of accuracy and computation load for typhoon Chaba (1618). We 
determined that wave propagation modelling with storm surge height using the AMR method might be a good 
alternative to calculated wave run-up height. The difference between the observed and AMR model values for wave 
run-up height was calculated to be less than 1 m. Compared to the results of non-adaptive experiments with fixed 
spatial resolutions, those with the AMR method produced highly accurate results, while requiring only 75% of the 
computation time. The estimation of wave run-up height using AMR is expected to allow the accurate estimation of 
coastal inundation if more accurate topography and input conditions are given. 
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INTRODUCTION  

Inundation and flood modeling by waves can be understood as 
a part of coastal disasters that lead to the spread of waves to the 
ocean, coasts and flooding in coastal areas by wave run-up height. 
High resolution wave propagation modeling is a very effective 
method of considering wave run up height for disaster prevention 
measures. The numerical modeling of wave propagation requires 
changing the numerical algorithm and the discretization method 
of the numerical model, depending on wave dispersion and 
nonlinearity, which are important in the coastal propagation 
process, and in the accuracy of the reconstruction result. 

In general, the governing equations are the shallow water 
equations, which do not consider the dispersion and nonlinearity 
of waves; the nonlinear shear equation, which considers the 
important nonlinearity in the coastal wave propagation; and the 
boussinesq approximation type governing equation, which 
considers the wave dispersion. There are computational fluid 
dynamics models such as the Reynolds-averaged Navier-Stokes 
equations (RANS), Smoothed-Particle Hydrodynamics (SPH), 
and Large Eddy Simulation (LES). In such numerical models, the 
computation accuracy of a shorter wavelength short wave is high 
but the computation time increases exponentially depending on 
the mesh interval and the particle size. 

The wave propagation modeling generally uses a nonlinear 
shallow water equation. In order to reproduce the phenomenon of 
wave breaking and attenuation in a coastal region, the lattice 
spacing of the calculation region has to be subdivided according 
to a discretization process. The accuracy of the numerical 
calculation depends largely on the lattice spacing, and the smaller 
the lattice spacing, the better the accuracy. However, it is not 
desirable from the viewpoint of computation time to improve 
accuracy by reducing the grating in all of the regions of the 
numerical model. 

High level accuracy for wave run-up in coastal zones requires 
small grid intervals on the order of 10 meters or even less, 
resulting in a significant increase in computing times. As a result, 
such numerical models are difficult to use in practice. Adaptive 
Mesh Refinement (AMR) is one of the proposed methods to solve 
this problem, and it is possible to perform valid calculations with 
less computational load (Lee et al., 2013). 

In this study, we illustrate the efficiency of the adaptive mesh 
refinement method for wave run-up modeling during typhoon 
Chaba (1618) in the Busan Marine City in South Korea, in terms 
of accuracy and computational time, using numerical experiments.  

 
METHODS 

Busan Marine City (BMC) 
Marine City is an expensive and prestigious residential area in 

Haeundae District, Busan, South Korea. Most of the buildings are 
very luxurious skyscrapers. BMC is built on reclaimed land 
between the popular areas of Haeundae Beach and Centum City. 
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BMC is less than 50 m from the sea, and frequent damage by 
wave overtopping occurs every time a typhoon approaches. BMC 
has suffered great damage, such as from Maemi (2003), 
DIANMU (2010), VOLAVEN (2012) and SANBA (2012), and 
coastal roads have been destroyed and subterranean settlements 
in nearby residential and commercial facilities have been flooded. 
Especially when typhoon Chaba (1618) hit, not only the first 
floors of the Marine City buildings adjacent to the coast were 
inundated, but the seawater also spread 200 ~ 300 m in the rear, 
threatening property and the lives of residents. Yoon et al. (2017) 
determined that the BMC flooding was caused by the overtopping 
of the seawall by storm surge and high waves during high tide, 
and the wave run-up height was about 5 m. The BMC has a 0.5 
km east-west coastal revetment and the ground level is E.L. 4.6 
m in all areas. Wave run-up height verification is described in 
Yoon et al. (2017), and the results were verified. (Figure 1). 

 
 

 
Figure 1. Waves overtopping the seawall during the passing of typhoon 
Chaba, and measurements of the heights (Yoon et al., 2017).

 
 
Typhoon Chaba (1618) 

Typhoon Chaba (1618) was the 18th typhoon that drove strong 
winds onto the Korean peninsula in 2016. It occurred in the 
Pacific Ocean on 28 September, 2016, and it disappeared on 
October 6. At the time of landing on the Korean peninsula, the 
typhoon center pressure was 955 hPa, and the maximum wind 
speed was 144 km/h on 05 October. 

 
 

 
Figure 2. Observation of tidal water level during typhoon Chaba near the 
BMC (KHOA, 2016) 

 

Table 1. National observation of ocean waves during typhoon Chaba near 
the BMC (KMA, 2016). 

 

According to national observations (KHOA and KMA, 2016) 
near the BMC, the maximum tidal level was 2.18 m at 1010 KST 
5 October, and the maximum wave height was 7.77 m at 1030 
KST 5 October. Figure 2 and Table 1 show the observed tidal and 
wave data at that time, which was used as the water level and 
incident wave condition for the model. 
 
Adaptive Mesh Refinement (AMR) 

AMR is a computational fluid analysis method that reduces the 
computational load by balancing the lattice size and computation 
time of numerical modeling using nesting techniques. 
Specifically, a portion where there is a change in physical 
quantity, such as the vicinity of a calculation region, or a change 
in physical quantity, such as where the water level and 
momentum are large, are portions where the lattice interval needs 
to be set in higher detail. (Popinet, 2003, 2011, 2012). 

It is a method used to perform calculations with high accuracy 
by tracking the grid interval according to changes in physical 
quantity. It is intuitive and numerically stable in terms of 
conserving physical quantities, since it subdivides the grating 
according to changes in physical quantities such as water level, 
momentum, and vorticity. AMR was originally proposed by 
Beger et al. (1984) as a numerical algorithm and discretization 
method of hyperbolic differential equations, and has been widely 
used in astrophysics and computational fluid dynamics. George 
et al. (2006) reported the results of inundation using seismic 
tsunami modeling by adopting an acceptance subdivision in the 
shallow water equation. 

 
 

 
Figure 3. Computational domain for the calculation of wave run-up height 
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The computational domain was constructed by considering the 
above conditions. The calculation area included BMC, and the 
area of 1,300 x 2,600 m was constructed so that waves of at least 
3 wave length (Tmax = 13.5 sec) could be propagated (Figure 3). 
The computational domain was generated using highly resolved 
topographic and bathymetric datasets from relevant government 
agnecies National Geographic Information Institute (NGII), 
Korea Hydrographic and Oceanographic Agency (KHOA), to 
accurately represent wave run-up due to surge and high waves. 
The detailed numerical model conditions and description are 
shown in Table 2 and Table 3. 

 
Table 2. Input conditions of numerical model during typhoon Chaba. 

Size (m)  Dept (m) 

X Y South East, 
West 
Solid 
wall 

North Time 
domain 

Time 
step Max Min 

(land) 

1300 2600 Input 
wave Outflow 0-600.0 1.0 20.03 -4.60 

 
Table 3. Description of model domain. 

Probe X (m) Y (m) 
Domain description Maximum 

fluid 
depth (m) 

 
Point Z (m) 

Input 650 0.001 Input wave generation 
p1 650 10 

Center of model domain (Ocean part) 

p2 650 600 
p3 650 1200 
p4 650 1800 
p5 650 2000 
P6 650 2200 
p7 650 2400 
p8 500 2200 Front of G 5.47 1.83 
p9 600 2080 Front of F 4.93 2.44 
p10 640 2060 Front of E 5.95 2.66 
p11 760 2020 Front of D 7.08 2.80 
p12 800 2000 Front of C 7.05 2.62 
p13 940 1960 Front of B 5.06 2.56 
p14 1020 1960 Front of A 3.70 2.54 
p15 500 2220 Site G   
p16 600 2100 Site F   
p17 640 2080 Site E   
p18 760 2040 Site D -1.24 No data 
p19 800 2020 Site C   
p20 940 1980 Site B   
p21 1020 1980 Site A   

 
RESULTS 

We tested the accuracy and efficiency of the AMR techniques 
for wave propagation, wave run-up and wave overtopping in the 
BMC by wave modeling of typhoon Chaba. 
 
Wave Run-up Height 

Figure 4 shows a 2D plan view of the depth and calculated fluid 
depth for wave propagation. The wave refractions and reflections 
appear in the fully developed wave, and it can be seen that the 
wave is deformed by refraction in the shallow central region. It 
overlaps with the reflected wave from the western side, the eastern 
boundary, and the land portion of the BMC, to form partial 
standing waves. 

Figure 5 provides 3D snapshots of sea level variations. The 
wave propagated to the front of the BMC at 100 sec after the input 
wave, and was flooded by wave run-up at 110 sec. After 180 sec, 
inundation occurred up to 300 m behind the BMC, and after that, 
it remained flooded. Inundation depth varied at each site, but on 
average, 2 m of inundation occurred. The calculated situation 
reproduced the real situation in BMC during the typhoon well 
(Yoon et al., 2017). 

Figure 6 shows that the calculated temporal variations in water 
level at probe (a) input to 7, (b) 8 to 14, (c) 15 to 21. Probe 1 is 
the input wave point, and probes 2-7 are the middle of the model 
domain. Sites A to G, which are on the land area, are probes 21 to 
15. Probes 14-8 are the front water surface levels from Site A to 
G. As a result, the fluid depth in front of each verification vertex 
ranged from 1.83 to 2.8 m. Table 4 shows a comparison of wave 
run-up heights as observed (Yoon et al., 2017) and from the 
model calculation. The wave run-up heights (R) differ from the 
observation values by about 1 m without considering the exact 
shape of the breakwaters. There are some differences in each area, 
but these results can provide good results for the design of 
revetment and for estimating flooding range. 

 
 

 
Figure 4. 2D plan view of depth and calculated fluid depth at 180 sec. 

 
 

 

 
Figure 5. Snapshots of water level variations 100 sec, 120 sec, 140 sec, 
160 sec, 180 sec, 200 sec. 
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Table 4. The results of wave run-up height (R). 

Probe Observation 

Wave run-up height (R, m) 
Deviation (m) 
(Obs. – Cal.) 

Obs. 
(Yoon et al., 

2017) 
Cal. 

p15 Site G 4.00 3.40 0.6 
p16 Site F 4.50 3.84 0.66 
p17 Site E 4.50 4.26 0.24 
p18 Site D 5.00 4.37 0.63 
p19 Site C 5.00 3.96 1.04 
p20 Site B 5.00 4.17 0.83 
p21 Site A 4.50 3.68 0.82 

 
Figure 6 shows that the calculated temporal variations in water 

level at probe (a) input to 7, (b) 8 to 14, (c) 15 to 21. Probe 1 is 
the input wave point, and probes 2-7 are the middle of the model 
domain. Sites A to G, which are on the land area, are probes 21 to 
15. Probes 14-8 are the front water surface levels from Site A to 
G. As a result, the fluid depth in front of each verification vertex 
ranged from 1.83 to 2.8 m. Table 4 shows a comparison of wave 
run-up heights as observed (Yoon et al., 2017) and from the 
model calculation. The wave run-up heights (R) differ from the 
observation values by about 1 m without considering the exact 
shape of the breakwaters. There are some differences in each area, 
but these results can provide good results for the design of 
revetment and for estimating flooding range. 

 
 

 
Figure 6. Calculated temporal variations of water level at probe (a) input 
to 7, (b) 8 to 14, (c) 15 to 21. 

 

Computational Time 
When the refinement 6 level was applied, the difference 

between the AMR application and the refinement 9 level 
application was large. However, there was no difference between 
the AMR application and the refinement 9 level calculation on 
land. (Figure 7) 

Table 5 shows a summary of the total computational times for 
numerical experiments, indicating the efficiency of the adaptive 
mesh refinement method. In this case, the adaptive runs only 
required less than 75% of the computational time of non-adaptive 
level 9 runs, while providing comparable accuracy in results. 

The AMR technique computational times vary greatly 
depending on machine performance. And since multiple CPUs 
are available, it is necessary to optimize the computation 
performance relative to the machine. After initial optimization, 
AMR automatically optimizes and models the lattice. Using the 
AMR technique is also more convenient in terms of algorithm, 
considering numerical model discretization, than using a high 
resolution grid structure or the nesting grid technique. 

 
 

 
Figure 7. Snapshot of fluid depth at each refinement level (Adaptive: level 
6-9, Low: level 6, High: level 9). 
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Table 5. Required computational time for each numerical experiment. 
They are relative values obtained by a single CPU run with Dual Intel 
Xeon E5-2670v2 2ea with 128Gb RAM memory. 
 
Adaptive mesh (sec) 

(refine 6 ~ 9) 
Non-adaptive (sec) 

Low level (refine 6) High level (refine 9) 

15978.439 432.165 21060.855 

 
DISCUSSION 

The results of the wave run-up modeling using the AMR 
technique confirm it was able to simulate the flooding by typhoon 
Chaba in BMC. Considering a wave propagation velocity of 
2,600 m in the south and Hmax = 7.77 m and Tmax = 13.75 sec in 
the south, the wave starts to occur at site A at 140 sec. 

Sohn (2001) showed that, in the case of the BMC Reef, the 
permissible wave of 0.01 m3/m·sec was exceeded for the 
experimental conditions of H1/3 = 4.5 m, T1/3 = 13.5 sec. It has 
been emphasized that due to the limited depth of water during 
wave invasion, an increase in wave amplitude can be caused by 
the wave breaking conditions of an overlapping wave and 
interference with an extreme nonlinear wave. After the onslaught 
occurred, the area was flooded continuously, and the area around 
the 100 m breakwater in front of the BMC was completely 
flooded. If the maximum waves last more than 10 minutes, the 
entire BMC may be flooded. If the waves are generated by a 
typhoon with greater intensity than Chaba and the wave 
propagates at a time where Hmax = 7.7 m, Tmax = 13.75 sec overlap, 
the BMC may be repeatedly flooded. The BMC front is equipped 
with TTP as a sandstone breakwater, but this may cause the height 
of the wave to rise even more when it is high. In order to prevent 
this disaster, it is necessary to reduce the propagation of waves by 
implementing a soft construction method for area protection in 
the open sea near the BMC. For this, it is necessary to prepare a 
wave numerical model that considers the interaction between 
water depth and structure. 
 

CONCLUSIONS 
Wave run-up modeling using the AMR technique reproduces 

the wave run-up phenomenon, even though the breakwater is not 
considered. Generally, wave height is affected by beach slope and 
breaking wave height at the front of the breakwater. However, 
because typhoon Chaba occurred during a high high tide period, 
energy was transferred from the ocean to the land regardless of 
slope and breaking waves. Regular waves were generated and 
shown, but the flooded area was similar to the actual case when 
the heights of the verified waves are taken as a reference. 

In future, more precise terrain conditions can be utilized, and 
experiments will be conducted using actual, observed irregular 
waves. In addition, by optimizing the computation time for 

refinement in relation to the performance of the computer, the 
method can be used for real coastal disaster prevention planning 
and seamless real-time disaster evacuation. The results of this 
study will help improve the quality of BMC's large breakwater 
construction (to be completed in 2020) and the disaster prevention 
plan of Busan Metropolitan City. 
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ABSTRACT 
 
Kim, H.; An, H.-Y., Jeong, J.-H., Kang, Y.-H., Song, S.-K., and Kim, Y.-K., 2019. The causes of sudden windstorm 
inducing a deadly threat to coastal safety: A case study for the fishing boat overturning on February 28, 2018. In: Lee, 
J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of 
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The incidence of overturning fishing vessels was approximately 2.7% of the total number of incidents involving fishing 
vessels in 2017, which is much smaller than that of engine failures or collisions, but it cannot be overlooked easily 
considering the damage scale (property and human life). In particular, after the sinking of the MV Sewol, also referred 
to as the Sewol Ferry Disaster, in 2014, the ship incident along with the casualties has been a great shock and trauma 
to the Korean people so far. On the afternoon of February 28, 2018, the fishing boat, Keun-Ryong, overturned in the 
open sea in front of Wando Island, causing seven casualties (two deaths and five missing persons) that also caused the 
shockwaves through the social community in Korea. According to media reports, the national coast guard deduced that 
the fishing vessel faced an unexpected condition and the crews could not press the distress signal button. In addition, 
bad weather condition due to wind gusts was considered the main cause. The instantaneous maximum wind speed in 
the shore near the accident area reached 20.7 m/s, but the quantitative wind speed at the accident spot was not known 
due to the absence of weather observations. To determine if a strong wind gust can overturn a fishing boat and to 
overcome the limitation due to the absence of weather observations in the open sea, high-resolution modelling was 
carried out using the WRF model in this study. A range of observation data were used to verify the model prediction 
as well as performance and to analyze the atmospheric instability between the upper and lower levels. Efforts need to 
be made prevent such accidents from recurring by predicting when similar weather conditions occur in the future.  

  
ADDITIONAL INDEX WORDS: Wind storm, gust, overturning, WRF, atmospheric instability. 
 

 
INTRODUCTION 

The Sewol Ferry Disaster on the morning of the 16th of April 
2014, approximately 2.7 km north of Byeongpungdo near 
Cheongsando in Korea, resulted in the deaths of 304 passengers 
and crew members. This incident provided an opportunity to 
rethink the importance of safe navigation and safety management 
of ships and the previously insensitivity to safety. According to 
the statistics, the incidence of overturning of fishing vessels is 
approximately 2.7% of the total number of incidences involving 
fishing vessels, which is much smaller than the rate of engine 
failures or collisions. On the other hand, considering the scale of 
damage (e.g. property and human life), these incidents cannot be 
overlooked easily (MOF, 2018). The cause of an overturning 
fishing vessels may be man-made disaster due to lack of safety 
management (Vajda et al., 2014), such as the sinking of the Sewol, 
but it may be caused by natural disasters, such as meteorological 
causes that interfere with the safe operation of a ship. Therefore, 
it is necessary to study natural disasters because it is possible to 
avoid or at least minimize damage by preparing in advance. 

Accordingly, it is important to look closely at disaster events 
caused by natural disasters. 

On February 28, 2018, the incident of the fishing boat, Keun-
Ryong, which was overturned on Wando Island and caused seven 
casualties (two deaths and five missing persons), made a great 
wave on Korean society. According to media reports, the Korean 
Coast Guard presumed that the fishing boat was in an unexpected 
state in that the captain of the fishing boat could not press the 
shipwreck button, and that the deterioration of weather caused by 
the wind storm was the main reason. At the time of the accident, 
the maximum wind speed observed at the nearby land of the 
overturning point reached 20.7 m / s, but the quantitative speed of 
the wind gust near the incident point was unknown due to the lack 
of observation over the ocean. 

Unlike land, the wind speed over the ocean is generally 
stronger than on land because the surface roughness of the ocean 
is significantly lower than that on land without obstacles (Carniel 
et al., 2009). Moreover, the atmospheric structure in the marine 
atmospheric boundary layer (MABL) is influenced easily by 
physical and mechanical causes, and the change in wind tends to 
be significantly faster than on land(Holland and McPhee, 2010; 
Skyllingstad et al., 2000). Even considering the wind 
characteristics in the MABL, there are considerable difficulties in 
quantifying the offshore wind depending on the observation 
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values due to the absence or insufficient number of the 
observation sites. Therefore, it is almost impossible to know how 
the wind at the time of the incident was blowning by observations 
alone. 

In this study, weather research and forecasting (WRF) 
modeling applying the high resolution was performed to 
determine if a strong wind gust could have overturned a fishing 
vessel at the time of an incident. The modeling results were 
verified by a statistical comparison with the observation sites 
around the incident point and analyzed spatiotemporally. The 
results showed that the fishing boat could have been overturned 
due to weather conditions at the incident point. 

 
METHODS 

In this study, the synoptic weather analysis was given priority 
to understand the weather condition of the event day. The 
synoptic analysis revealed the state of the overall atmospheric 
condition of the incident area. The data used for synoptic analysis 
were mainly the surface and upper layer weather charts produced 
by the Korea Meteorological Administration (KMA) and 
supplementary weather charts were also used as needed. On the 
other hand, because the spatial and temporal resolution of the data 
used in the synoptic analysis is low, it is difficult to find the exact 
meteorological causes of the accident. Therefore, to solve the 
problem of low resolution and lack of observation information, 
this study used the WRF model, which is used widely around the 
world for regional weather and climate prediction studies. 

Numerical simulations were carried out using the Advanced 
Research WRF (Weather Research and Forecast) model, which is 
used widely to predict the atmospheric condition on the 
mesoscale or regional scale. The WRF is based on fully 
compressible non-hydrostatic equations with a hydrostatic option 
and is expressed as a differential grid using Arakawa-C horizontal 
grid staggering (Skamarock, et al., 2008). The 48 vertical layers 
were set closer to the ground to consider the instability of the 
lower and middle layers in the synoptic analysis. The modeling 
area was composed of five nesting domains, as shown in Figure 
1, centering on the area where rollover occurs. D1 (Domain 1) 
was set as a grid of 27km for the East Asian region and the final 
find domain was set as an ultra-high resolution grid of 0.33km 
centered on the 3.3 dike point in the southeast of Cheungsan-
do(CS). 

Table 1 lists all the physical parameterizations used in the 
integration process of WRF. Because the point of the accident is 
at sea, the parameters that are commonly used to simulate the 
atmospheric instability effects due to an interaction between the 
atmosphere and ocean have been considered. The background 
field used as input data for the WRF model was the NCEP FNL 
(Final) Operational Global Analysis data produced by the Global 
Data Assimilation System (GDAS) in the National Centers for 
Environmental Prediction (NCEP). These data are on 1-degree by 
1-degree grids prepared operationally every six hours. In addition, 
the sea surface temperature (SST) data of the FNL was replaced 
with real time global (RTG) SST data to reduce the error of the 
initial conditions. The RTG-SST data has a spatial resolution of 
0.5 ° × 0.5 ° and a time resolution of 24 hours. The modeling 
period was set to 24 hours (2100LST Feb 27 - 2100LST Feb 28), 
taking into account the model stabilization period with the spin-
up time (15h) centered on the incident time (1628LST Feb 28). 

The observation nudging (OBSGRID) technique of the WRF 
was also used to improve the prediction accuracy of the model. 
The process of the model prediction performance was verified by 
comparing the prediction and the observation values (e.g. AWS, 
ASOS) as shown in Figure 1. 
 

 

 
Figure 1. Map showing some horizontal grid nests used for the WRF 
(upper panel) and AWS observation sites around the incident point (lower 
panel) (BG: Bogil-do, CS: Cheongsan-do, CH: Cho-do, GI: Geumil, GM: 
Geomun-do, SJ: Sinji-do, YS: Yeoseo-do, WD: Wan-do). The yellow star 
indicates the point of accident. 

 
 
Table 1. Physical parameterization of the WRF model. 
 

 D01 D02 D03 D04 D05 

Horizontal Grid 64×58 91×64 115×79 94×58 79×64 

Horizontal 
Resolution (km) 27 9 3 1 0.33 

Vertical layers 43 
Microphysics WSM3 Mibrandt-Yau double-moment 7-class 
Longwave 
Radiation RRTMG 

Shortwave 
Radiation RRTMG 

Surface Layer Revised MM5 
Land Surface Thermal diffusion 

Planetary 
Boundary Layer MRF 

Cumulus Kain-
Fritsch  
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RESULTS 
To evaluate the accuracy of the WRF, the predicted values 

were compared with the observation values around the accident 
point. Figure 2 and Table 2 show the results of the time-series 
analysis and statistical analysis on the surface temperature and 
wind speed of the representative observation points: Cho-do (CH), 
Geomun-do (GM), and Bogil-do (BG). Statistical analysis was 
performed on the Root Mean Squared Error (RMSE), Mean Bias 
Error (MBE), and Mean Absolute Gross Error (MAGE), which 
are suitable for expressing precision as an appropriate measure 
when dealing with the difference between the observed values 
(OBS) and predicted values (MOD). 

First, in the time-series analysis of temperature, the model 
showed high prediction accuracy compared to the observed 
values. On the other hand, the model does not simulate the 
characteristics of the observed values in the time-series analysis 
of wind speed. The statistical values also clearly distinguish the 
prediction accuracy of the model for surface temperature and 
wind speed. 

The statistics for the surface temperature were low because of 
the small difference between the predicted and observed values, 
whereas it was high for the wind speed. Most weather observation 
sites around the incident area are located inside the island and 
surrounded by a low mountains and hills (not shown). Because 
the model does not fully reflect these complex geographical 
features in the initial input field, it appears that the prediction 
accuracy of the wind speed is lowered, unlike the surface 
temperature.  
 

 

 
Figure 2. Time-series of the surface temperature (℃) (left panel) and the 
wind speed (m/s) (right panel) to compare the observed (solid line) and 
model-predicted (dashed line) values in the representative AWS stations 
during the fishing boat overturning event (Feb 28 2018). The red solid line 
is denoted as the time of the incident. 

 
 

Table 2. Mean statistics of the surface temperature and wind speed for 
the WRF model evaluation in all observation sites. 
 

Statistics Temperature Wind speed 

RMSE 1.33 4.82 
MBE 0.58 2.94 

MAGE 0.84 2.93 
 

Figure 3 shows the spatial distribution of the wind vector and 
wind speed around the incident site before or after the incident 
occurrence time (1628 LST). Although not shown in the figure, 
before 1500 LST, the easterly and south-easterly winds were 
relatively strong at a maximum speed of 14-18 knots (7-9 m / s). 
At 1500LST, the wind speed at the incident point suddenly 
weakened to 2-6 knots (1-3 m/s), indicating a relatively stable 
tendency. This shows the general synoptic character stabilizing 
just before the strong low pressure system with the cold front 
passed. In 1530 LST, the wind speed increased gradually from the 
southern boundary of the domain and the wind direction also 
changed to the southwesterly direction. From 1600 LST, the 
southwest wind dominated and the wind speed increased to 10-18 
knots. At the time of the accident, 1630LST, the maximum wind 
speed at the incident point increased rapidly to 24-28 knots (12-
14 m/s) in only 20-30 minutes. This supports the possibility of a 
sudden wind gust at the incident point, which is likely to be the 
main cause of the fishing ship overturning. At 2100 LST, the 
northwest wind blew strongly up to 30 knots (15 m/s), which was 
not the main cause of the difficulty in incident handling (data not 
shown).  

 
 

 
Figure 3. Spatial distribution of wind vector (black arrow) and wind speed 
(contour) (m/s) at 10 m simulated by WRF model on Feb 28, 2018. The 
yellow X mark indicates the point of accident. 

 
 
The horizontal divergence at 10 m height clearly indicates 

when the atmospheric instability in the boundary layer by the 
wind vector shown in Figure 3 is concentrated (Figure 4). The 
horizontal divergence around 1500 LST was shifted to the north-
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east direction in the form of a band extending in the northwest-
southeast direction, and that the convergence and divergence 
were repeated based on the incident point. This pattern lasted up 
to 1600 LST and the strong convergence zone finally passed 
through the incident site at the overturning time, about 1620 LST, 
which is consistent with the blast shown in Figure 3. This supports 
the possibility that strong gusty winds, where the wind direction 
is not constant, may have been blowing at the incident point.  

 
 

 
Figure 4. Same as Figure 3 except for divergence (10-6s-1) at 10 m. 

 
 
Strong convergence and divergence zones did not appear after 

1700 LST. Even if the wind speed was strong, the convergence 
and divergence intensity were low due to the constant wind 
direction. This is a representative example of how atmospheric 
convergence and divergence appears based on the cold front of 
the low pressure system. To determine when the strongest wind 
blows, this study analyzed the spatio-temporal distribution of the 
rain rate observed by radar in KMA (Figure 5).  

 
 

 
Figure 5. Spatial distribution of rain rate (mm/hr) observed by radar in 
KMA on Feb 28, 2018. The yellow X mark indicates the point of accident. 

 

The images for rain rate are good for identifying where the 
precipitation is as well as the precipitation intensity, and in the 
case of a low pressure with a cold front, it is useful for indicating 
the cold front location. Figure 5 shows the rain rate of radar 
observations before and after the blast had occurred. The spatial 
and temporal distribution of the radar maximum reflectivity 
predicted by the model, which is not shown in the figure, was 
found to be in agreement with the observed values. In the figure, 
the position of the cold front accompanying the low pressure was 
comparatively accurate. The red line on the east side of Jeju Island 
is the cold front line; the cold front did not pass directly to the 
incident point. Rather, as shown in Figure 3, from 1600 LST, after 
passing the cold front, a strong gust blew to the back of the cold 
front. 

Figure 6 shows the time-series of the wind speed predicted by 
the model in the point where the incident occurred. Shortly after 
1500LST, the wind speed at the incident site was very moderate 
at approximately 1 m/s. On the other hand, as the strong air 
pressure system extends to the back of the cold front, the wind 
speed at the 1630LST increased dramatically to 11 m/s. The rapid 
increase in wind speed over a short period of time can be an 
important reason for the high likelihood of a wind storm. 

 
 

 
Figure 6. Time-series of the wind speed (m/s) in the incident point when 
the fishing boat overturned (Feb 28 2018). The red solid line is denoted 
as the time of the incident.  

 
 

DISCUSSION 
Overall, the wind storm that caused the fishing boat to overturn 

occurred just after the cold front passed through the incident point. 
At the time of the incident, the wind speed in the modeling area 
was estimated to be 14 m/s (28 knots) and the wind speed at the 
incident site approximately 11 m/s (22 knots). Through an 
analysis of the air pressure system and various data, it was 
estimated that the fishing boat, Keun-Ryong, was located in the 
atmospheric unstable zone accompanied by precipitation before it 
was overturned. The wind speed in that area would be not strong 
and the wind direction would be variable. 

Before the cold front passed through the area where it was 
located, it was expected to be overcast without rain and the wind 
was calm. After the cold front passed through that point, it appears 
that a very strong southwesterly wind suddenly blew and the 
fishing boat overturned. In other words, rather than being caused 
by very strong atmospheric instability, the sudden change in the 
atmosphere was presumed to be the main cause of the overturning 
fishing boat (Vethanomy et al., 2013). In other words, a sudden 
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wind storm that occurred in a very short time, rather than being 
caused by very strong atmospheric instability, was the main cause 
of the overturning fishing boat. The limitation of this study is that 
ocean modeling was not carried out and the changes in wave 
height were not examined closely. On the other hand, because this 
sudden wind storm can cause drastic oscillations in sea level, 
small-scale fishing boats need to be alerted when these severe 
weather events are expected. In addition, weather forecasters 
should be aware of the meteorological properties of a the wind 
storm beforehand to provide the optimal information for safety. 
 

CONCLUSIONS 
This study was carried out to understand how ship overturning 

accident could be caused by the weather through meteorological 
principles. Weather observations over the ocean area are 
important factors that can prevent fishing accidents over the 
ocean. On the other hand, meteorological data over the ocean are 
generally lacking compared to the land because it is difficult 
physically and expensive to obtain meteorological data over the 
ocean. Because of the small number of observation sites, 
meteorological data over the ocean is obtained mainly through the 
use of regional weather models to efficiently obtain the weather 
information of the sea. This study, which identifies the 
meteorological causes of the abrupt overturning of the fishing 
boat on the afternoon of Feb 28, 2018, was also analyzed in detail 
using the WRF weather model.  

As a result, the wind storm that caused the incident occurred 
immediately after a cold front passed through the incident area, 
and the maximum wind speed at the time of the accident reached 
approximately 14 m/s (28 knots). The value predicted by the 
WRF model should be lower than the maximum wind speed (20.7 
m/s) observed in the surrounding land, even if the prediction error 
range of the model is taken into consideration. This may be higher 
due to the convergence caused by terrestrial causes on land. 
Nevertheless, the wind speed at the accident site increased rapidly 
within a very short time after the cold front passage accompanied 
by low pressure. When comparing the results of modeling, it is 
likely that the fishing boat, Keun-Ryong, was instantly overturned 
by a sudden wind storm in a steady state close to calm rather than 
an absolutely strong wind speed. If similar weather conditions 
occur in the future, the results of this study will help predict the 
possibility of a fishing boat rollover due to a wind storm over the 

ocean as well as prevent the damage to poverty and human life. 
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The coupled analysis of a particle method and a wave field model was conducted to examine numerically the 
characteristics of sand behaviors at the bottom and in the rear side of a revetment. The two-way coupled analysis 
used in this study can not only consider the interaction among the wave, revetment, and ground but also represent 
sand behaviors at the bottom and in the rear side of a revetment under waves. The validity and usefulness of the 
two-way coupled analysis was ensured by comparing hydraulic characteristics around an impermeable 
revetment with the results of a hydraulic model experiment. In the coupled analysis, characteristics of sand 
behaviors at the bottom and in the rear side of a revetment were numerically analyzed according to the 
installation of an incident wave and submerged breakwater. As the wave energy increased, the sand transport 
from the bottom of the revetment also increased. The transport rates of sand from the bottom of the revetment 
to the open sea decreased by 14-93% when a submerged breakwater was installed under the tidal condition of 
this study. In addition, the two-way coupled analysis was also effective in numerically examining the stability 
of the bottom and rear side of a revetment according to the characteristics of sand behaviors.  
 
ADDITIONAL INDEX WORDS: DEM-WASS-2D, backfill, sand suction, submerged breakwater, discrete element 
method. 
 

 
INTRODUCTION 

As the use and development of coastal areas have recently 
become more important, increasingly more coastal reclamation 
and construction projects are being implemented. In particular, 
many revetment structures have been used to protect the land 
from waves. However, because a complete revetment can be 
affected by waves for many years, the ground below the bottom 
of the revetment can be scoured, and the reclaimed land in the rear 
side can erode. This results in degenerated stability and collapse.  

Several experimental studies have used numerical and 
hydraulic models to identify the runoff mechanism of reclaimed 
land in the rear side of a revetment caused by scouring at the 
bottom (Nakamura, 2008). The majority of those studies 
examined hydraulic characteristics in the interaction between 
wave and revetment by performing a hydraulic model experiment. 
However, acquiring data for a specific point was not sufficient to 
identify the runoff mechanism of the reclaimed land in the rear 
side of a revetment. In addition, there are no studies using a 

numerical model that considered the scouring at the bottom and 
the runoff of the reclaimed land in the rear side of a revetment 
resulting from waves to examine the interaction among wave, 
structure, and ground. However, many other studies used a 
particle method for numerically analyzing the scouring at the 
bottom of a revetment and the runoff of reclaimed land in the rear 
side. Among various particle methods, a discrete-element method 
(DEM) has been developed to analyze large deformations of rock 
masses and it is still used in diverse fields, including structural 
engineering and geotechnical engineering. In hydraulic 
engineering, a DEM was recently used to simulate numerically 
the behaviors of seabed ground under variable wave pressures, 
analyze the flow of the ground around a revetment in a variable 
water pressure field by using a DEM and finite-element method 
(FEM) (DEM–FEM) model (Bierawki et al., 2002), and examine 
the scouring in the front side of the breakwater (Hur and Jeon, 
2011; Hajivalie et al., 2012). 

Accordingly, this study applied a coupled analysis, including a 
particle method and a wave field model, to examine numerically 
sand transport at the bottom and in the rear side of a revetment. 
In other words, this study aims to examine numerically sand 
transport at the bottom and in the rear side of a revetment by using 
a two-way coupled analysis model (DEM-WASS-2D), which  
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Figure 1. Coordinate of two-dimensional element. 

 
 

consists of a two-dimensional wave field model LES-WASS-2D 
(Hur and Choi, 2008) calculating fluid forces from a wave field 
around a revetment and a DEM for numerically analyzing 
dynamic behaviors of each component for sand transport. In 
addition, a coastal structure was installed to reduce sand transport 
and was numerically verified.  
 

METHODS  
Overview of LES-WASS-2D 

LES-WASS-2D is a two-dimensional strong nonlinear wave 
field model developed by Hur and Choi (2008). This model is 
used to calculate wave fields at the bottom and in the rear side of 
a revetment. Because LES-WASS-2D is a revised Navier–Stokes 
(N–S) solver for considering nonreflected wave generation and 
impermeable structures, it can calculate fluid forces acting on the 
ground at the bottom and in the rear side of a revetment. 
 
Overview of discrete-element method (DEM) 

The DEM was first proposed by Cundall and Strack (1979). 
Because each element is based on an equation of motion, the 
DEM can consider static and dynamic matters. Force 
transmission between elements follows the law of action and 
reaction. Interaction caused by contact and collision between 
elements can be expressed by an elastic body or an elastic spring 
and a plastic body, that is, a viscous dashpot. The DEM can 
numerically represent dynamic behaviors of granular materials 
and is based on the Lagrangian analysis. 

Figure 1 shows a two-dimensional coordinate system 
schematically, showing the DEM’s principle of evaluating 
contact between particles. The contact between 𝑟𝑟𝑖𝑖 and 𝑟𝑟𝑗𝑗, which 
are the radii of two elements 𝑂𝑂𝑖𝑖(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) and 𝑂𝑂𝑗𝑗(𝑥𝑥𝑗𝑗 , 𝑦𝑦𝑗𝑗), is judged 
based on Equation (1).  
 

𝑟𝑟𝑖𝑖 + 𝑟𝑟𝑗𝑗 ≥ �(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑗𝑗)2 + (𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑗𝑗)2                                    (1) 

 
Each element should satisfy the following equations of 

motion. 

 
(𝑚𝑚 + 𝑚𝑚′)�̇�𝑢 = ∑ [𝐹𝐹𝑥𝑥]𝑖𝑖𝑗𝑗 + [𝑓𝑓𝑥𝑥]𝑖𝑖                                            (2) 

(𝑚𝑚 + 𝑚𝑚′)�̇�𝑤 = ∑ [𝐹𝐹𝑧𝑧]𝑖𝑖𝑗𝑗 + [𝑓𝑓𝑧𝑧] + 𝑉𝑉(𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤)𝑔𝑔𝑖𝑖                 (3) 

(𝐼𝐼 + 𝐼𝐼′)�̇�𝑤 = ∑ [𝑀𝑀]𝑖𝑖𝑗𝑗𝑖𝑖                                                          (4) 

 
where 𝑚𝑚 is the mass of an element. �̇�𝑢 and �̇�𝑤 are the horizontal 

and vertical velocity components of the element 𝑖𝑖, respectively. 
𝑉𝑉 and 𝜌𝜌𝑠𝑠 are the volume and density of 𝑖𝑖, respectively. 𝑚𝑚′ and 𝐼𝐼′ 
are the additional mass and inertial moment of 𝑖𝑖, respectively. 
∑[𝐹𝐹𝑥𝑥]𝑖𝑖𝑗𝑗  and ∑[𝐹𝐹𝑧𝑧]𝑖𝑖𝑗𝑗  denote the horizontal and vertical 
components, which are a sum of contact forces, respectively 
(elastic spring and viscous dashpot), acting on the element 𝑖𝑖 . 
∑[𝑀𝑀]𝑖𝑖𝑗𝑗  is the sum of moments of each element. 

 
Two-way Coupled Analysis 

For a numerical analysis of the characteristics of sand 
behaviors at the bottom and in the rear side of revetment, a two-
way coupled analysis method that could consider the interaction 
among the wave, revetment, and ground was applied. In the wave 
field model, the Morison equations — Equations (5) and (6) — 
are used to calculate the fluid forces 𝑓𝑓𝑥𝑥 and 𝑓𝑓𝑧𝑧 of the horizontal 
and vertical components, respectively, that act on each element of 
the ground at the bottom and in the rear side of a revetment.  
 

𝑓𝑓𝑥𝑥 = 1
8
𝐶𝐶𝐷𝐷𝜌𝜌𝑤𝑤𝜋𝜋𝐷𝐷2𝑢𝑢√𝑢𝑢2 + 𝑤𝑤2 + 1

6
𝐶𝐶𝑀𝑀𝜌𝜌𝑤𝑤𝜋𝜋𝐷𝐷3�̇�𝑢                    (5) 

𝑓𝑓𝑧𝑧 = 1
8
𝐶𝐶𝐷𝐷𝜌𝜌𝑤𝑤𝜋𝜋𝐷𝐷2𝑤𝑤√𝑢𝑢2 + 𝑤𝑤2 + 1

6
𝐶𝐶𝑀𝑀𝜌𝜌𝑤𝑤𝜋𝜋𝐷𝐷3�̇�𝑤                   (6) 

 
where 𝐶𝐶𝐷𝐷 is the drag coefficient, 𝐶𝐶𝑀𝑀 is the inertia coefficient, 

𝐷𝐷 is the diameter of an element, and 𝜌𝜌𝑤𝑤 is the density of water. 𝑢𝑢 
and 𝑤𝑤  are water particle velocities in the 𝑥𝑥 - and 𝑧𝑧 -directions, 
respectively. �̇�𝑢 and �̇�𝑤 are differentials of water particle velocities 
with respect to time. The fluid forces (𝑓𝑓𝑥𝑥, 𝑓𝑓𝑧𝑧) thus calculated are 
put into the equations of motion, Equations (2) and (3), of the 
DEM. In this way, the shift displacement of each element is 
obtained, and the location coordinates of the next time step, which 
are attributable to contact forces, are determined. The location 
coordinates of each element thus determined are reflected in the 
N-S solver. By repeating this process during the calculation time, 
the ground consisting of elements arranged at the bottom and in 
the rear side of a revetment is considered in the wave field model. 
 
Verification of Model 

The numerical wave tank of Figure 2 is configured based on an 
existing hydraulic model experiment (Nakamura, 2008) to verify 
the wave field used in this study. The nonreflection of the wave 
is prevented by installing an added dissipation zone and wave 
source in the open sea. The wave field model was verified by 
comparing wave heights (W1, W2) in the front of the revetment 
and pore water pressures (P1, P2, P3, P4) in the rear side of the 
revetment. To analyze sand transport in the rear side of the 
revetment numerically, the DEM is used to arrange elements at 
the bottom and in the rear side of the revetment. Table 1 presents 
the calculation conditions and specifications. 

The wave field model used in this study is verified using a 
comparison with the results (wave heights and pore water 
pressures) of the hydraulic model experiment of Nakamura 
(2008). Figures 3a and b illustrate the comparison results of the 
wave height distribution at W1 and W2 in the front of the  
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Figure 2. Definition sketch of numerical wave tank based on the 
experiment by Nakamura (2008). 

 
 
Table 1. Condition of numerical simulation for verification. 
 

𝐻𝐻𝑖𝑖  [cm] 𝑇𝑇𝑖𝑖  [s] 𝐷𝐷50 [cm] ℎ [cm] 

5 1.2 0.045 25 
 

 

  

  

  
Figure 3. Comparison between measured (Nakamura, 2008) and 
calculated (DEM-WASS-2D) results. 

 
 

revetment. Figures 3c-f compare the pore water pressures at P1-
P4 in the rear side of the revetment. The red circles (○) indicate 
the results of the hydraulic model experiment, whereas the black 
line (―) represents the results of the wave field model of the two-
way coupled analysis.  

Figures 3a and b indicate that the nonlinearity of the wave is 
well reproduced, which is attributable to the reflected wave of the 
impermeable revetment slope and the slope at the bottom. From 
Figures 3c-f, the model seems to represent well the fact that pore 
water pressures measured on the rear ground tended to decrease 
toward the land. Consequently, the wave field model of the two-
way coupled analysis method is valid and effective in numerically 
examining the characteristics of sand behaviors at the bottom and 
in the rear side of a revetment. 
 

RESULTS AND DISCUSSION  
Numerical Aanalysis 

Figure 4 shows the numerical wave tank structure. It was 
constructed to examine the characteristics of sand behaviors 
obtained from the two-way coupled analysis, which has been 

proved to be valid and effective, according to the incident wave. 
An additional dissipation zone and wave source are installed in 
the open sea to prevent nonreflection of the wave. DEM elements  

 
 

 
Figure 4. Definition sketch of numerical wave tank. 

 
 
Table 2. Conditions of numerical simulation used in this study. 
 

𝐻𝐻𝑖𝑖   
[cm] 

𝑇𝑇𝑖𝑖   
[s] 

𝐷𝐷50  
[cm] 

ℎ  
[cm] 

Submerged 
Breakwater 

B 
[cm] 

R 
[cm] 

Y 
[cm] 

S 

2.0, 3.5, 5.0 1.0, 1.2, 1.4 0.045 46 50 2 200 3:1 
 

 
are arranged to represent numerically sand behaviors at the 
bottom and in the rear side of a revetment. Based on the hydraulic 
model experiment of Nakamura (2008), the sand behaviors at the 
bottom and in the rear side of the revetment are analyzed 
according to the installation of a submerged breakwater marked 
by a red line (―) and incident waves. Table 2 presents the 
calculation conditions and specifications. 

 
Characteristics of Sand Behaviors at the Bottom and in the 
Rear Side of Revetment 

Figure 5b illustrates the wave fields, flow fields, and sand 
runoff with t/Ti of 0, 5, 10, 15, and 20 when a submerged 
breakwater is installed in the front of the revetment. Figure 5a 
shows the results obtained by installing the revetment alone. The 
black arrows (→) indicate the flow velocities of a flow field. 

The blue line (—) represents the free water surface of a wave 
field, and a brown circle (●) indicates sand. The two-way coupled 
analysis involves performing calculations at the moment at which 
the wave arrives at the front of the revetment. Figure 6 presents 
the spatial distributions of wave heights according to installation 
of a submerged breakwater in the front of the revetment. The 
black line (—) indicates the absence of the submerged breakwater, 
whereas the red line (—) represents wave heights when the 
breakwater is installed. 

In comparison with Figure 5a, Figure 5b reveals that the 
submerged breakwater decreases wave energy and, thus, the fluid 
forces acting on sand at the bottom of the front of the revetment. 
Figure 6 illustrates the decrease in wave height in the rear side of 
the revetment, which is attributable to the submerged breakwater. 
As shown in Figure 5a, the cave-in of the reclaimed land in the 
rear side of the revetment, which is attributable to the sand runoff 
at the bottom of the revetment, can be numerically represented. 
Long-term exposure to wave action results in a cave-in that was 
observed in the hydraulic model experiment of Nakamura (2008). 

(a)                                                                             (b) 

 

 

 

 
 

(c)                                                                             (d) 

 

 

 

 
 

(e)                                                                             (f) 
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Sediment Transport Rates at the Bottom and in the Rear Side 
of Revetment 

Figure 7 shows the sand transport amount caused by waves. 
The results were calculated for the sand runoff at the bottom of 

revetment, as illustrated in Figure 5. The Lagrangian analysis is 
the only method that can be applied to this case. A comparison 
between with or without the submerged breakwater is made. 
Figure 7 presents the transport amount of sand moving from 

 
 

  

  

  

  

  
(a) Only revetment (b) With submerged breakwater 

Figure 5. Spatial distribution for behavior in rear of revetment under wave action. 
 

 

 

 
Figure 6. Spatial distribution of non-dimensional wave heights. 

 

 

the bottom of the revetment to the open sea under different 
conditions of incident waves. Squares (□) indicate the installation 
of the revetment alone, whereas diamonds (◇) mean that the 
submerged breakwater is installed.  

As is clear from Figure 7, when the submerged breakwater is 
installed, the transport amount of sand moving from the bottom 
of the revetment to the open sea tends to decrease. In this case, 
the transport amount of sand can be controlled between 14% and 
93%. As the incident wave height (Hi) or incidence cycle (Ti) 
increases, waves are less controlled by the submerged breakwater, 
and the transport amount of sand runoff increases. 
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Figure 7. Spatial distribution of non-dimensional wave heights. 

 
 

CONCLUSIONS 
 In this study, the characteristics of sand behaviors at the 

bottom and in the rear side of a revetment were numerically 
examined by conducting a two-way coupled analysis including a 
particle method and a wave field model. The simulation results 
were compared with the results of the hydraulic model 
experiment of Nakamura (2008). In this way, the validity and 
effectiveness of the wave field model were confirmed. Wave 
fields and flow fields around the revetment and the transport 
amount of sand runoff were analyzed according to installation of 
a submerged breakwater. The results of this study can be 
summarized as follows. 

(1) The results of the proposed numerical model were 
compared with those of a previous hydraulic model experiment. 
In this way, the validity and effectiveness of the numerical model 
could be demonstrated with respect to both the wave height in the 
front of a revetment and pore water pressure in the rear side of the 
revetment.  

(2) A two-way coupled analysis was performed to examine 
numerically the characteristics of sand behaviors at the bottom 
and in the rear side of the revetment according to incident waves. 
As the incident wave height (Hi) or incidence cycle (Ti) increased, 
fluid forces acting on the bottom of the revetment also increased, 
which resulted in an increase in the sand transport amount, 
indicating an increase in the sand runoff. 

(3) The characteristics of sand behaviors were numerically 
analyzed according to the installation of a submerged breakwater 
that could reduce sand runoff at the bottom and in the rear side of 
a revetment. When the submerged breakwater was installed, the 

run-up of waves in the revetment decreased. Consequently, the 
transport amount of sand moving from the bottom of the 
revetment toward the open sea decreased by approximately 14% 
to 93% under the conditions of external forces that were adopted 
by this study.  

(4) When the incident wave height (Hi) or incidence cycle 
(Ti) increased, the wave field model of the coupled analysis 
showed that waves were less controlled because of the wave–
structure interaction, and the transport amount of sand runoff 
increased.  

No other studies have succeeded in numerically examining the 
characteristics of sand behaviors at the bottom and in the rear side 
of a revetment. However, this study applied the proposed two-
way coupled analysis method for numerically representing the 
transport amount of sand runoff in those places. To improve upon 
previous qualitative studies on sand behaviors at the bottom and 
in the rear side of a revetment, planned future work will improve 
the applicability of the two-way coupled analysis by making a 
comparison with the results of the quantitative hydraulic model 
experiments. 
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ABSTRACT 
 
Kim, M.-S.; Kim, H.; Eom, H.-M.; Yoo, S.-H., and Woo, S.-B., 2019. Occurrence of hazardous meteotsunamis coupled 
with pressure disturbance traveling in the Yellow Sea, Korea. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, 
J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 71-
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Several unexpected abnormal waves occurred near the west coast of Korea on March 31, 2007, May 4, 2008, April 26, 
2011, and caused enormous damage to property and human lives. None of the events reported at the time were 
noticeably large, such as earthquakes or typhoons. However, in all reported events, it was observed that sea-level 
pressure disturbances combined with clusters of the atmospheric instability were propagated from China to the west 
coast of Korea. After these atmospheric disturbances were observed along the coast, significant meteorological 
tsunamis were also observed at tidal stations near the accident site. On the hazardous meteotsunami dates, arrival time 
and duration of the high-frequency sea-level oscillations were correlated with the pressure disturbance and high rain 
rate. To analyze the interaction between the pressure disturbance and the following sea-level oscillations, their 
propagation characteristics were also compared. As a result, they traveled to the eastward crossing over the Yellow 
Sea with coupled propagation on the dates of the accident. This process made the sea-level fluctuated by rapid pressure 
changes and amplified by Proudman resonance in a specific range of depth. 
 
ADDITIONAL INDEX WORDS: Abnormal waves, pressure disturbances, coupled propagation. 
 

 
INTRODUCTION 

Meteotunami is similar to tsunami and storm surge but 
characterized as a different type of hazardous phenomenon. 
Period of the signal during meteotsunami has a typical period 
range from a few minutes to a few hours, which is similar to the 
tsunami (Monserrat, S. et al., 2006). Also, both resulting signal 
pattern is characterized by localized peaks and attenuate non-
periodically. Unlike the tsunami, which is caused by seismic or 
volcanic activity, meteotsunami is generated by atmospheric 
disturbances. Storm, a category of other surges, is similar to a 
tsunami in that it is induced by atmospheric disturbance, but it is 
categorized as a different phenomenon mainly due to its different 
temporal and spatial scales. The meteotsunami is locally known 
as "Rissaga" in the Balearic Islands (Spain), "Marrobbio" in 
Sicily (Italy), "Milghuba" in Malta, and "Abiki" in Japan. In 
Korea, it is called "Abnormal wave" due to the characteristic of 
the sudden occurrence in the coastal area. 

The dates of hazardous meteotsunamis having the meteo- 
tsunami related casualties and property damage were on 31 March 
2007, 4 May 2008, and 26 April 2011. Meteotsunami case on 31 
March 2007 is known as the case that recorded the largest 
amplitude and oscillated the longest so far. In addition to the 
deaths of four people, the property damage caused by flooding, 

ship loss, vehicle flooding, and damage to farms amounted to 
about 2,245 million won (Yoon and Eom, 2013). Jukdo (Figure 1, 
JD) was struck by sudden meteorological tsunamis on Sunday 4 
May 2008 which caused the most human casualties (9 dead and 
15 injured) in the reported case. Accident scenes that the several 
people were swept away by unexpected waves were captured in 
the surveillance videos (Figure 2). At 10:55 KST on 26 April 
2011, tsunami-like sea-level oscillations occurred and they 
caused many of the farms and vessels located in the harbor to be 
damaged. 

The study of meteotunamis in the Yellow Sea has been focused 
on March 31, 2007, which was the largest wave observed. Kim et 
al. (2014) suggested that a cold front with low pressure crossed 
the Yellow Sea several times, and the meteotsunamis arrived 
during the unstable meteorological condition on 31 March 2007. 
Choi et al. (2008) and Eom et al. (2012) analyzed the growth 
process and amplification of the abnormal waves through 1-D and 
2-D ocean modeling in ideal conditions. On May 4, 2008, the case 
occurred only in the local area, unlike the case on March 31, 2007. 
The exact cause of the human casualty has not been determined. 
Through analysis of the CCTV image recorded at the time of the 
accident, Yoo et al. (2010) quantitatively derived the 
characteristics of the abnormal waves (maximum wave height, 
period, speed) at the point of accident occurrence. Choi and Lee 
(2009) reported that the pressure jump was detected in the Yellow 
Sea during the meteotsunami, but it was not powerful enough to 
cause the accident, and there could be other causes for the 
amplification of the abnormal waves. The event of 26 April 2011 
has not been studied yet. 
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Figure 1. Maps showing bathymetry and locations of CCTV, AWS 
(Automatic Weather System), and TS (Tidal Station) used to analyze the 
meteotsunami case in the Yellow Sea. Black square marks the CCTV 
installed near the meteotsunami damaged area (JD: JukDo). Red circles 
indicate KMA (Korea Meteorological Administration) AWS (KR: 
KyukRyulbeedo, BR: BoRyeong, DH: DaeHeuksando). Blue cross 
markers represent KHOA (Korea Hydrographic and Oceanographic 
Agency) TS (WD: WiDo, YG: YeongGwang, DH: DaeHeuksando). 

 
 

When considering the meteotsunami research in the Yellow 
Sea which has been performed to date, much of the prior research 
was mainly focused on analyzing the cause of each meteotunami 
case. Still, there remains the meteotsunami case which has not 
been analyzed, and the similar characteristics for the 
meteotsunamis have not yet been studied. The primary goal of 
this study is to analyze the common cause and the amplification 
process of the significant sea-level oscillations which were 
observed in the reported meteotsunamis. 
 

METHODS 
To examine the interaction between the pressure disturbance 

and the resulting the sea-level oscillations during the 
meteotsunami cases, we analyzed 1-min sampling sea-level 
pressure in AWS and 1-min sampling tide level in tidal stations 
located near the accident zone (Figure 1).  

Rapid pressure jump can be detected based on an analysis of 
the rate of change of air pressure (Sepic' et al., 2011). The rate of 
sea-level pressure surpassing 1.2-1.5 hPa/10-min in the Yellow 
Sea has been considered as pressure disturbance in KMA. In our 
study, the criterion of the pressure disturbance was rigorously 
determined as 1.5 hPa/10-min over the region (Figure 4 red lines). 
The same criterion was applied over the Yellow Sea since the 
magnitude of the pressure disturbance is not dependent on 
observation points.  

The tsunami frequency range (for periods of 2-min to 2-hour) 
about 99% of the energy of background oscillations is related 
meteorological forcing (Monserrat et al., 2006). High-frequency 

 

 
Figure 2. CCTV images which captured (a) the propagation of sudden 
waves (red rectangle) on 4 May 2008 (12:37:51 KST, M-20s), and (b) 
significant human casualties (red dashed circle) on 4 May 2008 (12:38:11 
KST, M: time of the accident due to the Meteotsunami in JD).

 
 
oscillations have been filtered by the wavelet decomposition 
(Torrence and Compo, 1998) with a cut-off period of 2-hour. As 
the magnitude of the meteotsunami is dependent on the location 
of each observation point (Monserrat, S., 2006), the relative 
criterion of the meteotsunami was determined as 3-sigma value 
of the amplitude (Figure 3 red lines; YG: 47.3 cm, (b) WD: 8.6 
cm, (c) DH: 18.7 cm) in the tsunami frequency band for 1-day 
before and after the meteotsunamis (Kim et al., 2017). The 
duration of time the pressure disturbances and the meteotsunamis 
lasted was calculated as the periods exceeding each criterion. 

To estimate the source location and propagation direction of 
the atmospheric instability related to the pressure disturbances, 
we analyzed the leading clusters which exceed 20 mm/hr in the 
10-min interval radar images by visual inspection (Figure 5). 
 

RESULTS AND DISCUSSION 
Meteorological Tsunamis 

The meteotsunamis on 31 March 2007 propagated all over the 
west coast of Korea when the tide level rose the maximum (Figure 
3a). About 2.5 m, the largest ever wave height of the reported 
meteotsunami wave heights in the Yellow Sea recoded at YG tidal 
station, and the sea-level oscillations lasted for about 8-hour with 
the 3-sigma value of the meteotsunami amplitude. It can be 
presumed that the magnitude of the wave height was amplified as 
the incoming waves propagated into the direction of a breakwater 
located in front of the tidal station.  
On 4 May 2008 at 11:46 KST, the first significant tide level 
residual was detected at WD tidal station, about 75 km south-
southwest away from the Jukdo (JD) where the casualty occurred 
(Figure 1, Figure 3b). The maximum amplitude of 18.1 cm was 
analyzed, 52-min before the time of the casualties in the CCTV 
deployed at JD when assuming time synchronization between 
WD tidal station and the (Figure 2b, Figure 3b, Table 1). The 
high-frequency sea-level oscillations from -14.1 to 18.1 cm 
propagated toward north-northeast with 23.1 m/s speed, and 
caused the considerable human loss at JD. 
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Figure 3. Raw tide level and 2-h high pass filtered tide level from the tidal 
stations located near the damaged area during the reported meteotsunamis 
of (a) 30-31 March 2007 (YG), (b) 3-5 May 2008 (WD), and (c) 25-27 
April 2011 (DH). Red circles represent meteotsunami arrival time when 
the amplitude of tide level residual was the maximum. Red lines indicate 
the 3-sigma limits of the wave amplitude in each tidal station. 

 
 

When comparing prior two meteotsunami cases, the sea-level 
oscillations on 26 April 2011 were observed locally at DH tidal 
station. In contrast to the signals of other tidal stations attenuated 
for several hours, the sudden fluctuations with the wave height of 
1.3 m (-75.3-56.8 cm) at DH tidal station sharply attenuated to an 
amplitude of less than 3-sigma in just 20-min (Figure 3c, Table 
1). It is possible to identify the influence of the local topography 
of DH tidal station located in a semi-closed harbor of 
approximately 800 m radius. In all the reported meteotsunami 
events, the magnitude, attenuation, and duration of the sea-level 
oscillations were also heavily dependent on each location of the 
tidal stations. 
 
Pressure Disturbances 

The significant sea-level pressure oscillations of about 4.1 
hPa/10-min first arrived at KR AWS at 00:38 KST 31 March 
2007 (Figure 4a1, Table 1). The duration of the pressure 
disturbances was approximately 8-hour, which is almost the same 
as the duration of the tsunamis on 31 March 2007 because the 
pressure disturbances surpassing the critical limit in the Yellow 
Sea continuously propagated at KR and BR AWS (Figure 3a, 
Figure 4a1, Figure 4a2 shaded region). When the sea-level 
oscillations were weakened or dissipated over the Yellow Sea, 
regardless of the pressure disturbances that caused the accident, 
pressure disturbance of about 1.7 hPa/10-min arrived late at DH 
AWS (Figure 4a3, Table 1). 

At 12:15 KST 4 May 2008, pressure disturbance having the 
maximum 1.9 hPa/10-min rate of sea-level pressure change 
arrived at BR AWS located the nearest to the accident areas 
(Figure 4b2, Table 1). A few minutes after the pressure 
disturbance arrived at BR AWS located at 5.9 km east from JD, 
the hazardous meteotsunamis propagated. On the daytime of 4 
May 2008 between 12:15 and 12:38 KST, the meteorological 
tsunami with several minutes of the time lag presumably 
propagated after the pressure disturbance. Any pressure 
disturbance was not detected at DH AWS at that time (Figure 4b3). 

During the meteotsunamis on 26 April 2011, the continuous 
pressure disturbances were detected only at DH AWS among the 
AWS located in the Yellow Sea, and the sea-level pressure 
oscillations lasted for about 4-hour (Figure 4c3 shaded region, 
Table 1). The maximum pressure disturbance having a 2.2 
hPa/10-min rate of sea-level pressure change generated at 14:00 
KST, but the peak of pressure disturbance (1.8 hPa/10-min) 
closest to the time of the accidents arrived at 11:00 KST. The 
pressure disturbance followed by the rapid sea-level fluctuations 
without time lag (Figure 3 red marker, Figure 4c3, Table 1). 
 
Coupled Propagation with Atmospheric Instability 

In all the reported events, the cluster of the high rain rate 
propagated eastward from China during the pressure disturbances 
in the Yellow Sea (Figure 4, Figure 5). However, the source 
locations (Shandong, Shanghai, between Shandong and Shanghai) 
and propagation direction (east, north-northeast, east) of the 
atmospheric instability were estimated differently in each 
meteotsunami case. 

On the event of 31 March 2007, atmospheric disturbances at 
the Shandong Peninsula propagated easterly toward the Yellow  
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Figure 4. The rate of sea-level pressure change at KR (1), BR (2), and DH 
(3) AWS during (a)  30-31 March 2007, (b) 3-5 May 2008, and (c) 25-27 
April 2011. Red lines represent the limit of the pressure disturbance in the 
Yellow Sea (1.5 hPa/10-min). Shaded regions indicate the duration of 
pressure disturbances.

 
 
Sea of higher latitude than the latitude at which DH AWS located 
(Figure 4a1-2, Figure 5a1-2). The meteotsunamis were detected 
not only at DH tidal station but also other tidal stations throughout 
the Yellow Sea (Choi et al., 2008; Kim et al., 2014). Kim et al. 
(2016) reported that the meteotsunamis due to the harbor 
resonance after Proudman resonance occurred as the sea-level 

Table 1. Maximum magnitude and arrival time of the meteotsunami and 
pressure disturbance on each date of the accident. 
 

Type Date Station 
ID 

Maximum 
magnitude 

Arrival 
time 

(HH:MM) 

Meteo- 
tsunami 

(cm) 

2007/03/31 YG 140.0 01:31 
2008/05/04 WD 18.1 11:46 
2011/04/26 DH -75.3 11:02 

Pressure 
disturbance 
(hPa/10-min) 

2007/03/31 
KR 4.1 00:38 
BR 4.8 06:18 
DH 1.7 07:20 

2008/05/04 
KR 1.8 09:15 
BR 1.9 12:15 
DH - - 

2011/04/26 
KR - - 
BR - - 
DH 2.2 14:00 

 
oscillations entering the DH harbor corresponded with the eigen-
period of the DH harbor. During the meteotsunamis, forced waves 
arrived in most tidal stations of the Yellow Sea where the 
meteotsunamis coupled with the pressure disturbances 
propagated, and free waves were observed at DH tidal station 
where sea-level oscillations propagated after the disturbing force. 

Similar to the propagation pattern of the pressure disturbances, 
the atmospheric instability near the Shanghai propagated to north-
northeast direction toward the accident areas on 4 May 2008 
(Figure 4b1-2, Figure 5b1-2). When the leading clusters of high 
rain rate in the radar images were assumed to be the direction of 
the pressure disturbances, the distance traveled by the pressure 
disturbances from KR AWS to BR AWS was approximately 40 
km. The time difference of the peak of the maximum pressure 
disturbance closest to the time of the accidents was 27-min 
between KR and BR (Figure 4b1-2). Therefore, the pressure 
disturbance propagated from KR to BR at an average speed of 
about 24.7 m/s, which approximated to the average speed (23.1 
m/s) from WD to JD. The speed of the pressure disturbance near 
the accident area is approximated to 22.8 m/s, which was derived 
by Choi et al. (2009). The clusters of high rain rate, the pressure 
disturbance, and the meteotsunamis arrived at JD with the 
coupled propagation having a time lag, based on the time 
difference of arrival and the discrepancy of propagation speed 
between them. 

In contrast with the propagation pattern on 31 March 2007, the 
atmospheric instability on 26 April 2011 propagated toward the 
direction of DH only (Figure 5c1-2). When the meteotsunamis 
arrived, the spatial pattern of the observation stations where the 
pressure disturbances were detected corresponded to the spatial 
pattern of the atmospheric instability in the radar images (Figure 
3c, Figure 4c1-3, Figure 5c2). At 11:10 KST 26 April 2011, 
which was the time when the pressure disturbances arrived at DH, 
the rain rate near DH was relatively higher than the rain rate in 
other areas. We found that the propagation pattern of atmospheric 
instability, pressure disturbance, and meteotsunami was 
correlated with each other, based on the similar spatial pattern and 
arrival time between them. 
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Figure 5. Rain rate of the composite KMA radar images which represents 
the maximum reflectivity in each column on (a) 31 March 2007, (b) 4 
May 2008, and (c) 26 April 2011. Radar images indicate a few hours 
before (left panel) and during (right panel) the meteotsunamis along the 
west coast of Korea. Red circles and arrows mark leading clusters of the 
atmospheric instability which is more than 20 mm/hr and their 
propagation, respectively. 

 
 

CONCLUSIONS 
The hazardous waves on the dates of the accident were 

generated by the meteotsunamis in the Yellow Sea coupled with 
the propagation of atmospheric instability such as rapid pressure 
changes (1.7-4.8 hPa/10-min) and clusters of high rain rate 
exceeding 20 mm/hr. Coupled propagation of pressure 
disturbances and sea-level oscillations with similar arrival time 
and duration amplified the amplitude of the waves, and thus 
caused sudden unexpected losses along the west coast of Korea.  

In the present, it is hard to ensure the timely warning of the 
sudden meteotsunamis which propagate with the atmospheric 
instability because most of the observation points are located on 
the coast. To detect the coupled propagation in advance, we need 
at least more than 3 points (located in the northwest, the west, and 
southwest of the Yellow Sea) of "Meteotsunami safety beacon" 
installed in the open sea. 
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ABSTRACT 
 
Yoon, J.-S.; Lee, J., and Ha, T., 2019. Development of a numerical algorithm considering tide–tsunami interaction. In: 
Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal 
of Coastal Research, Special Issue No. 91, pp. 76-80. Coconut Creek (Florida), ISSN 0749-0208. 
 
The perimeter of the Pacific Ocean Basin, known as the Ring of Fire, has several sources that can produce strong 
earthquakes of magnitude ≥7.0. The earthquake of magnitude 9.0-9.1, occurred in 2011 off the Pacific coast of Tohoku, 
produced a devastating tsunami that affected the Pacific Basin. The lead time before the subsequent tsunami of such 
an earthquake reaches the coastal areas of the Korean peninsula varies. A tsunami from a distant location like Chile or 
California, USA, will take 12 h or more to reach the Korean peninsula, while that from Japan or the Ryuku Trench will 
take only 1–4 h. The tide–tsunami interaction may be strengthened significantly in some regions with very strong tides 
and could be used to predict tsunami hazards in Korea. Therefore, to develop a plan for mitigating tsunami hazards 
around the Korean peninsula, the tide–tsunami interaction that occurs during the propagation of a tsunami over regions 
with strong tides and tidal currents should be properly evaluated and its impact on a local community should be 
considered during numerical simulations. We developed a new numerical algorithm that includes tide–tsunami 
interactions for the national tsunami forecasting system. Numerical experiments using this tsunami forecasting 
algorithm were conducted to investigate the impact of tide–tsunami interactions as the tsunami propagates toward 
coastal areas of the Korean peninsula. 

  
ADDITIONAL INDEX WORDS:  Tsunami forecasting system, distant tsunami, conjunction. 
 

 
INTRODUCTION 

A tsunami can propagate at hundreds of kilometers per hour in 
the open ocean and strike coastal areas with abnormally high 
waves. Waves travel outward in all directions from where the 
tsunami originates. As a wave approaches the shore, its height 
increases. The topography of the coastline and the ocean floor 
affects the size of the wave. If there is more than one wave, the 
following wave may be larger than the preceding wave, which is 
why there can be a small tsunami at one beach and a giant wave 
a few kilometers away (FEMA, 2004). 

The perimeter of the Pacific Ocean Basin, known as the Ring 
of Fire, has several earthquake sources that can produce 
earthquakes of magnitude ≥7.0. Over the last few decades, there 
have been four earthquakes of magnitude ≥9.0, the last of which 
was the 2011 earthquake off the Pacific coast of Tohoku. That 
magnitude 9.0-9.1 earthquake produced a devastating tsunami 
that affected the Pacific Basin. The lead time before the 
subsequent tsunami of such an earthquake reaches the coastal 
areas of the Korean peninsula varies. A tsunami from a distant 
location like Chile or California, USA, will take 12 h or more to 
reach the Korean peninsula, while that from Japan or the Ryuku 
Trench will take only 1-4 h. 

 

 

 
Figure 1. The ocean tides for harmonic M2 constituent (period of 12 hours 
and 25 minutes). 

 
 
A distant tsunami undergoes various physical processes during 

its journey in the open ocean, including interactions with tides and 
tidal currents that may play a significant role in transforming the 
tsunami. However, most of these interactions can be omitted 
when predicting the behavior of a tsunami because the force of 
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the tsunami dominates over the background water motion. On the 
other hand, in some regions with very strong tides, for example, 
the Yellow Sea and the East China Sea, the tide–tsunami 
interaction may be significantly strong and should be included 
when predicting a tsunami in Korea (Figure 1; Ha and Cho, 2015; 
Ha et al., 2015). Because the propagation of a tsunami is greatly 
affected by tidal elevation in a shallow water zone with dominant 
tidal signals, tide–tsunami interaction should have a significant 
effect on the tidal and tsunami currents. Furthermore, the increase 
in water depth caused by tides should be included in the run-up 
process because near-shore bathymetry plays a significant role in 
the run-up computation (Kowalik and Proshutinsky, 2010; 
Kowalik et al., 2006; Tolkova, 2012). Therefore, tide–tsunami 
interaction during tsunami propagation over regions with strong 
tides and tidal currents should be properly evaluated when 
developing a mitigation plan against tsunami hazards around the 
Korean peninsula. In addition, the impact of tide–tsunami 
interaction on the local community and public property near the 
coast of the Korean peninsula should be included in numerical 
simulations. 

Scientists and engineers prefer shallow water equation models 
to simulate tsunami propagation and run-up because they are 
capable of efficient computation while being fairly accurate. 
Shallow water equation models have been used in many 
successful tsunami case studies (Apotsos et al., 2011; Cheung et 
al., 2011; Kilinc et al., 2009; Lee et al., 2015; Nandasena et al., 
2012). The recently released new version of COMCOT (COrnell 
Multigrid COupled Tsunami model), a well-known tsunami 
model based on the shallow water theory with improved 
dispersion effects (Wang and Liu, 2011), has been applied to 
various tsunami cases (Chai et al., 2014; Ha and Cho, 2015; Ha 
et al., 2015; Lynett et al., 2012; Son et al., 2011; Wijetunge, 2012). 
We used the COMCOT-based numerical model to develop a new 
numerical algorithm that includes tide–tsunami interactions for 
the national tsunami forecasting system. Numerical experiments 
using the new tsunami forecasting algorithm were conducted to 
investigate the impact of tide–tsunami interactions during 
tsunami propagation over strong tides and tidal currents on the 
coastal areas of the Korean peninsula. 

 
METHODS 

We developed a tsunami forecasting algorithm that includes 
tide–tsunami interaction dynamically. The new algorithm was set 
up on three different numerical domains and numerical results 
were efficiently manipulated to be applied as an initial and 
boundary conditions to the linked numerical domain. Detailed 
description of the new algorithm has been well summarized in the 
following paragraphs. 

 
Tide Model 

TPXO8 is a recent tidal solution produced using the 
representer-based variational scheme described by Egbert, 
Bennett, and Foreman (1994) and Egbert and Erofeeva (2002) 
that assimilates altimetry data into a global shallow water model. 
The TPXO8-atlas solution represents a further refinement that 
incorporates a series of over 30 regional assimilation solutions to 
increase the resolution in coastal areas and shallow seas. The base 
global solution has a resolution of 1/6°, with bathymetry for the 

dynamical model derived from the GEBCO 1′ database (GEBCO 
Digital Atlas, 2003). For the nonlinear quarter-diurnal 
constituents, the two-stage scheme of Egbert et al. (2010) was 
used. Regional solutions were obtained with a resolution of 1/30° 
for 33 rectangular areas, including all major enclosed or 
semienclosed seas and most coastal areas with significant 
continental shelf width (Stammer et al., 2014).  

We used the TPXO8 model to predict ocean tidal heights and 
currents in the northwestern area of the Pacific Ocean, including 
the Korean peninsula, at the initial stage of tsunami generation 
and provide free-surface profiles at lateral computational 
boundaries during numerical modeling of tsunami propagation. In 
general, ocean tidal heights are strongly affected by local sea 
conditions, so the locations of high tide and low tide vary near the 
Korean peninsula. To establish a countermeasure against an 
unexpected tsunami attack, the highest run-up is usually used to 
estimate the potential danger to coastal areas. Therefore, for the 
initial stage of the tsunami generation model, low tide had passed 
and high tide was approaching near the Korean peninsula. Then, 
the maximum threat of a tsunami to the coastal areas was 
examined and the effects of tides near the Korean peninsula were 
identified. 

 
Numerical Modeling 

First, we simulated the far-field and near-field propagation of 
different tsunamis in the Pacific Ocean (GS1) using a 9-arcmin-
resolution numerical domain in which cyclic lateral boundary 
conditions can be applied. The computational grids were 
constructed using the one arc-minute global relief model 
ETOPO1 bathymetry data and the GEBCO 1´ database (GEBCO 
Digital Atlas, 2003). The governing equation was modified to 
include the Coriolis effect, which has often been ignored in 
numerical simulations of near-field tsunami propagation. Second, 
we simulated tides and tidal currents using the TPXO8-atlas 
solution in the second domain (RT2) to calculate the initial stage 
and lateral boundary conditions of the third domain (RST3). 
Finally, we simulated the propagation of different tsunamis to 
include tide–tsunami interactions in the northwestern area of the 
Pacific Ocean (RST3) using the initial and boundary conditions 
calculated in the GS1 and RT2 domains (Figure 2). 

 
RESULTS 

We simulated a devastating historical tsunami to verify the 
numerical algorithm that includes tide–tsunami interaction and 
analyzed numerical results that include propagation of a tsunami 
and dynamic tide–tsunami interaction in a qualitative point of 
view.   

 
The 2011 Tohoku Tsunami 

The traditional approach to initialize a tsunami propagation 
model was based on the Okada (1985) model. In the finite fault 
models, which were derived using seismic inversion, the Okada 
model was applied to many subfaults on the basis of the inverted 
slip distribution (Grilli et al., 2013; Ha and Cho, 2015). Many 
inverted slip distributions have been published since the 2011 
Tohoku tsunami. Of those, the final USGS (U.S. Geological 
Survey) distribution showed the best fit with the data obtained 
using our model. Overall, 325 subfault parameters were used in 



 78 Yoon, Lee, and Ha 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

the numerical simulation to determine the initial shape of the 
tsunami (Ha and Cho, 2015). 

Figure 3 presents the horizontal distribution of calculated tidal 
elevations in the regional tide model (RT2) after 2 days of spin-
up simulation, and the variation over time of tidal elevations 
around the Korean peninsula. Using our numerical algorithm, the 
new tsunami forecasting system qualitatively calculated 
reasonably well the variation over time of tidal elevations around 
the Korean peninsula without unexpected wave reflection on four 
horizontal boundaries. The new model seems to have avoided 
significant accumulation of tidal wave energy and erratic 
oscillation in the numerical domain. In general, tidal elevations 
circulate the Yellow Sea, starting at the southern end of the 
Korean peninsula, moving to the eastern coast of China, and up 
along the western coast of the Korean peninsula. Figure 3 shows 
that the new model calculates these large high-tide movements in 
the Yellow Sea reasonably well. 

 
 

 
Figure 2. Computational domains for a numerical algorithm considering 
tide–tsunami interaction (GS1: Global tSunami model; RT2: Regional 
Tide model; RST3: Regional tSunami–Tide model). 

 
 

Figure 4 presents the horizontal distribution of tidal and 
tsunami elevations in the regional tsunami-tide model (RST3) and 
their variation over time calculated using the initial and boundary 
conditions calculated in the RT2. The new model yielded 
reasonably controlled lateral boundaries without significant 
errors and calculated the propagation of the 2011 Tohoku tsunami 
qualitatively well.  

Figure 5 presents the horizontal distribution of the differences 
between the calculated tidal and tsunami elevations in RST3 over 
time. Some wave energy was slightly reflected along the eastern 
lateral boundary and small fluctuations occurred in the numerical 
domain. However, despite these small discrepancies, the new 
model simulated the propagation of the tsunami over the 
northwestern area of the Pacific Ocean reasonably well, and the 
unwanted wave energies reflected along the boundary seemed to 
have weakened and gradually dispersed in all directions during 
propagation.  

 

 

 

 

 

 
Figure 3. Horizontal distribution of calculated tidal elevations in the 
regional tide model (RT2) after 2 days of spin-up simulation. 
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Figure 4. Horizontal distribution of calculated tidal and tsunami 
elevations in the regional tsunami–tide model (RST3). 

 

 

 

 

 

 
Figure 5. Horizontal distribution of differences between calculated tidal 
and tsunami elevations in the regional tsunami–tide model (RST3). 
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CONCLUSIONS 
We developed a new numerical algorithm that includes 

tide-tsunami interactions for the national tsunami forecasting 
system. Numerical experiments using the new tsunami-
forecasting algorithm were conducted to investigate the impact of 
tide-tsunami interactions during tsunami propagation on the 
coastal areas of the Korean peninsula. Although there was some 
numerically unwanted wave reflection, the results obtained with 
the new algorithm seemed to be quite reasonable and the 
numerical results qualitatively represented well propagation of a 
tsunami in the ocean. However, our model should be applied to 
previous tsunami events using a high-resolution grid system to 
quantitatively verify it before employing it in the tsunami 
forecasting system. In general, wave reflection results in mostly 
high numerical errors during long simulations, so the model 
should be improved to minimize these numerical errors. 
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ABSTRACT 
 
Duong, T.T.; Jung, K.-H.; Lee, G.-N.; Kim, D.-S.; Suh, S.-B., and Kim, M.-S., 2019. Experimental study on wave 
impact under deck due to regular waves. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 81-85. Coconut Creek 
(Florida), ISSN 0749-0208. 
 
Wave forces acting on the lower decks of offshore platforms can cause significant structural damage and play an 
important role in the design of offshore structures. In this study, the wave impact phenomena under horizontal decks 
of offshore structures were investigated with a series of laboratory experiments measuring vertical global forces and 
local pressure distributions on fixed horizontal plate subjected to regular waves varying wave height, wave period, and 
deck clearance. The local pressure data under the deck was used to assess the impulsiveness at each location for various 
wave conditions and deck clearances. Particle image velocimetry (PIV) technique was employed to obtain the velocity 
fields under the deck, which were synchronized with vertical forces and local pressure data. The water velocity profiles 
during wave loading under deck were compared with velocity profiles of incoming regular waves without the deck and 
presented the deformation of wave kinematics at each phase of the predominant vertical force change to understand 
the wave impact phenomena. 
 
ADDITIONAL INDEX WORDS: Vertical force, pressure distribution, wave kinematics, wave impact. 
 

 
INTRODUCTION 

The safety of offshore structures can be endangered due to the 
large wave loading on deck under extreme ocean environment. 
For example, during the period from 2004-2005, 126 offshore 
structures were destroyed, and more than 183 other structures 
were damaged in the Gulf of Mexico due to the hurricanes Ivan, 
Katrina and Rita (Kaiser, Yu, and Jablonowski, 2009). A larger 
deck clearance between the lowest deck and the still water level 
is prone to reduce the damage induced by the wave impact under 
deck. API suggested to add a deck clearance (air gap) of at least 
1.5 m to the highest crest elevation to prevent wave loading on 
the lowest deck due to platform settlement, uncertainty of water 
depth, and extreme wave conditions (API, 2002). 

A number of researchers have studied wave-in-deck force 
phenomena through experimental and numerical methods. 
Kaplan (1992) introduced a momentum approach to calculate 
wave forces on flat plate decks. Baarholm and Faltinsen (2004) 
employed three numerical methods to estimate the wave impact 
force underneath horizontal decks. They concluded that the 
boundary element method provided a relatively better prediction 
for the time-history of the vertical impact force with the 
application of Kutta condition at aft deck-free surface intersection. 
Baarholm (2009) also extended this work to study the three-

dimensional effects on the vertical wave-in-deck forces, which 
indicated the significant reduction of wave loads due to the three- 
dimensional flow. Abdussamie et al. (2014a) performed the 
experimental study in 2-D wave tank to measure the vertical and 
horizontal wave forces and the local pressure distribution along 
the deck and compared the vertical wave force with the integrated 
results of local pressure distribution. The pressure integration 
results were good matched with upward vertical force but showed 
the discrepancy with downward forces due to weak sensitivity of 
pressure sensors. And, Abdussamie et al. (2014b) employed 
Kaplan’s method and commercial CFD program (FLUENT) with 
volume of fluid technique to estimate wave loading on a deck and 
validated those results with experimental measurement. CFD 
results showed in good agreement with the experimental data, but 
the results of Kaplan’s method were underestimated. 

In this study, a series of experiment in 2-D wave tank was 
performed to measure vertical forces on and local pressure 
distributions along the deck subjected to regular waves having 
three wave heights and three wave periods. Four different deck 
clearances were tested to understand the wave impact effect due 
to the proximity between the deck and the mean sea level. The 
method proposed by Ariyarathne, Chang, and Mercier (2012) was 
applied to assess the impulsiveness of wave loading under the 
deck using the local pressure data along the centerline. The 
velocity fields under the deck were obtained with particle image 
velocimetry (PIV) technique during the wave striking under the 
deck, and all measurement system including the force transducers, 
pressure sensors, PIV system, and wave gauges were 
synchronized with the wave maker trigger signal to figure out the 
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relationship between the water wave kinematics and the wave 
loading phenomena. 

 
METHODS 

The model tests were conducted in the two-dimensional wave 
flume, which was 32 m long, 0.6 m wide. The schematic view of 
the experimental setup is shown in Figure 1. There was a piston-
type wave maker at one end of the flume and an artificial beach 
with the slope of 1:3 at the other end to reduce the wave 
reflections. The water depth D was kept at constant 0.6 m during 
the experiments. The acrylic flat deck was built with scale factor 
of 1:56 from the dimensions of fixed jacket platform (Raheem, 
2016) in the Gulf of Suez including water depth, deck clearance, 
and wave condition as shown in Table 1. The breadth of the model 
was fitted to the width of 2-D wave tank. The longitudinal center 
of deck was placed at 15.0 m location away from the wave maker, 
and the deck was rigidly fixed by the alloy frame shown in Figure 
1. 

 
 

 
Figure 1. Schematic view of the experimental setup. 

 
 

Table 1. Principle dimensions of the prototype and the model. 
 

            Prototype                     Model 
Length (m)   22.00  0.40 
Breadth (m)  18.00  0.60 
Thickness (m)  N/A  0.008 
Water depth (m) 33.50  0.60 
Deck clearance (m) 4.56  0.08 

 
In order to directly measure the vertical forces acting on the 

model, four load cells were used and connected to the support 
system. The local pressures were measured by five Kistler 
4043A2 piezo-resistive pressure sensors equally spaced along the 
centerline of the deck model. Figure 2 shows the positions of the 
pressure sensors and the load cells on the model. All pressures 
and forces were obtained at the sampling frequency of 5 kHz with 
NI data acquisition system from a convergence test of pressure 
with varying DAQ rate. 

The particle image velocimetry was employed to measure the 
velocity fields under the model with the field of view (FOV) of 
0.43×0.32 m2. The particles with mean diameter of 57 μm and 
specific gravity of 1.02 were illuminated by the continuous laser 

(Max. 8 Wat, 532 nm of wave length). PIV images were obtained 
at the acquisition rate of 500 Hz by the digital CCD camera 
(Redlake Y5). The camera was equipped with a 105-mm, f/1.8 
macro focal lens set at f/2.8. The spatial resolution between 
velocity vectors was 5.86 mm with the interrogation area of 
64×64 pixels and 50% overlap. To calculate velocity vectors, the 
adaptive correlation was applied (Theunissen, Scarano, and 
Riethmuller, 2007) and spurious vectors were removed by the 
median filter (Westerweel, 1994). In addition, the velocity fields 
in the absence of the deck were also measured to compare the 
flow kinematics with and without the deck. Simultaneously, a 
two-wire wave probe was placed at the position of center of the 
deck model to measure the wave elevation. 

 
 

 
Figure 2. Positions of load cells and pressure sensors on the model. 

 
 
The deck model was subjected to regular waves with wave 

heights exceeding the deck clearance. Table 2 provides all 
conditions used in the experiments. The wave conditions used in 
the experiments were selected to model the conditions for the 
100-year return period of Gulf of Suez with the wave height of 
7.92 m and the wave period of 8.00 s (Raheem, 2016). To study 
wave impact with different deck clearances, four values of 
clearance ranging from 0.04 m to 0.07 m were tested. 

 
Table 2. Experimental conditions. 
 

Wave period T (s)    Wave height H (m)       Deck clearance c (m) 
1.1, 1.2, 1.3      0.14, 0.15, 0.16       0.04, 0.05, 0.06, 0.07 

 
RESULTS 

In this study, the vertical forces were normalized by the group 
𝜌𝜌𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚

2 𝑏𝑏𝑏𝑏, where 𝜌𝜌, 𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚, 𝑏𝑏 and 𝑏𝑏 are water density, maximum 
vertical particle velocity obtained from linear wave theory, 
breadth and length of the model, respectively. 

In order to verify the consistency of the force and the pressure 
distribution, the pressure distribution along the deck was 
integrated using the trapezoidal rule for the areas between two 
consecutive pressure sensors. The integrated result was compared 
with the measured vertical force and showed a good agreement 
between them thorough consecutive wave trains as shown in 
Figure 3. But, the vertical forces integrated of pressure 
distribution showed a higher peak and spiky pattern than the 
measured vertical force, which could be caused by the coarse 
spaces (7 cm) between consecutive pressure sensors. Note that the 
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pressure integration reasonably agreed with the measured force at 
the phase of downward loading as well. 

FIR (finite impulse response) low pass filter with the cut-off 
frequency of 150 Hz and order of 600 was applied to remove 

 
 

 
Figure 3. Comparison between integrated pressure and measured force 

(T = 1.3 s, H = 0.16 m, c = 0.04 m). 
 

 
background noise from the measured pressure data. Figure 4 
presents time histories of the normalized vertical force, the wave 
elevation (η) of incoming regular wave without the deck at the 
center of the deck model as well as the filtered pressures 
normalized by 𝜌𝜌𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚

2 . The phase in radian was used together 
with time, the zero phase corresponded to the instant of the zero 
up-crossing at the center of the deck. 

 
 

 
Figure 4. Time histories of wave elevation, vertical force and pressures 
(T = 1.3 s, H = 0.16 m, c = 0.04 m). 

 
 

To describe the wave loading with the water kinematics under 
the deck, five phases of predominant wave loading process in 
Figure 4 were chosen at the instant of contact at the leading edge 
Figure 4a, the complete submergence (Figure 4b at the maximum 
vertical force moment, Figure 4c at the incoming wave crest), the 
emergence of the leading edge Figure 4d, and the emergence of 
the whole deck (e). Figure 5 shows the shadowgraph images 
captured at these phases. 

When the water surface approached the pressure sensor 
position, the pressure rose very sharply to highest value in short 
duration. After that the pressure decreased moderately to a 
negative value when the wave receded from the deck. All 
normalized pressure time histories showed the similar trends, and 
the peak pressure reached up to 1.8 – 4.3 along the deck. The peak 
pressure and the maximum upward vertical force occurred under 
the deck during the water surface rising to the wave crest after the 
instant of contact at the leading edge. The pressure fluctuation 
following the peak of pressure histories (P1, P2, and P3 in Figure 
4) could be happened by the trapped air under the deck as shown 
in Figure 5b. 

 
 

 
Figure 5. Shadowgraph images at five phases in Figure 4 (T = 1.3 s, H = 
0.16 m, c = 0.04 m). 

 
 
Figure 6 shows the variation of measured vertical forces for 

four deck clearances, three wave heights, and three wave periods. 
It was shown that the normalized upward force peak increased as 
the deck clearance decreased in Figure 6a. When the deck was 
located closer to the mean water level at the same wave condition, 
the momentum (water mass × vertical water velocity) of water 
would be larger and the wetted length extended under the deck. 
The maximum magnitude of the downward vertical force was not 
sensitive to the deck clearance variation, but it was obvious that 
its acting duration under deck was increased at the lower deck 
clearance. 

 
 

 
Figure 6. Time histories of measured vertical forces; (a) different deck 
clearances (T = 1.3 s, H = 0.16 m) (b) different wave heights (T = 1.3 s, c 
= 0.04 m), (c) different wave periods (H = 0.16 m, c = 0.04 m). 
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There was no significant difference in the time histories of 
normalized vertical force with different wave heights as shown in 
Figure 6b. This result indicated that the magnitude of vertical 
force had a linearly proportional relationship with the square of 
the maximum vertical water particle velocity, but the upward and 
downward vertical force acting duration was consistent for all 
wave heights. Figure 6c showed that the normalized vertical force 
decreased in both upward and downward direction as the wave 
period increased. It would be caused by the less wave energy of 
the shorter wave than the longer wave having the same wave 
height.  

To understand the deformation of the water kinematics due to 
the deck, the instantaneous horizontal and vertical velocity 
profiles under each pressure sensor with the deck at the chosen 
five phases in Figures 4 and 5 were compared with measured 
velocity profiles under the incoming wave without the deck in 
Figure 7 for the experimental condition of T = 1.3 s, H = 0.16 m, 
and c = 0.04 m. The horizontal and vertical velocities normalized 
by the wave celerity C (1.86 m/s) were plotted with respect to the 
vertical axis normalized by the water depth D. 

 
 

 
Figure 7. Instantaneous velocity profiles under pressure sensors at five 
phases (a) 0.06𝜋𝜋, (b) 0.22𝜋𝜋, (c) 0.45𝜋𝜋, (d) 0.60𝜋𝜋, (e) 1.20𝜋𝜋 (T = 1.3 s, 
H = 0.16 m, c = 0.04 m). 

 

The difference between two velocity profiles with and without 
deck presented the deformation of water kinematics during the 
wave loading duration under the deck. Figures 7 a-1 and 7a-2 
shows the horizontal and vertical velocity profiles under each 
pressure sensors at Phase Figures 7a of the instant of contact at 
the leading edge. At Phase Figures 7a, the water did not reach to 
the first pressure sensor (P1). There was the discrepancy between 
velocity profiles of with and without deck due to the remaining of 
the water disturbed from the previous wave loading process. 

When the regular wave run along the deck underside, the 
upward vertical force began to increase as shown in Figure 4. At 
Phase (b) at the maximum vertical force moment of the complete 
submergence, the upward vertical velocities recessed to zero 
velocity near the deck, but the horizontal velocity was increasing 
to the trailing edge of deck. It meant the upward momentum of 
water was transmitted to the upward force to the deck and 
converted to the horizontal direction due to the deck.  

At Phase (c), both horizontal velocities were similar, but the 
vertical velocities were sustained near the zero velocity through 
the water depth. The vertical force was almost zero in the middle 
of changing loading direction to the downward. At the moment of 
the leading edge emergence, Phase (d), the horizontal velocity 
started to be faster and the water moved to the downward under 
P1. Then, the vertical force reached at the largest magnitude to 
downward direction. At Phase (e), the whole deck emerged and 
only some water remained under the deck. Then, the water moved 
obliquely downward. 

 
DISCUSSION 

 From the experiments of wave loading under the deck induced 
by regular waves, the deck clearance and the wave period were 
dominant factors of the upward vertical force. It was consistent 
with Murray and Winsor’s (1997) results which was the upward 
force was more sensitive to the deck clearance and the wave 
period than the downward force. And, they concluded that the 
measure peak forces were linearly increased with the wave height. 
In this study, it was shown that the upward and downward forces 
had a linear relationship with the square of the maximum vertical 
water velocity. 

In order to classify the wave loading phenomena under the deck 
whether its local pressure belonged to the impact criteria, the 
impulsiveness IP (Equation 1) of each local pressure was 
calculated and compared with the threshold value (Ariyarathne, 
Chang, and Mercier, 2012). 

2log 2
0.5P

dp
dtI

C
T
ρ

= >
  

 
where the term 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄  was calculated based on the peak 

pressure modeling as triangle shape (DNV-GL, 2014). 
Figure 8 shows the impulsiveness values with respect to the 

pressure sensor position for all test cases. For longer and higher 
waves and lower deck clearance, it was noted that the 
impulsiveness was relatively larger and more local pressures 
satisfied the impact criteria (IP>2). 

 
 

(1) 
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Figure 8. Impulsiveness of local pressure measurement. 

 
 

CONCLUSIONS 
This paper investigated the wave impact phenomena under the 

horizontal decks of offshore platforms with a series of laboratory 
experiments conducted in the two-dimensional wave flume. The 
global forces and local pressure distributions were measured 
under different wave conditions and deck clearances. The 
velocity fields under the deck were also obtained using the PIV 
technique to understand the deformation of the wave kinematics 
during the impact phenomena. 

The deck clearance and the wave period were found to be 
dominant parameters on the normalized upward forces. It was 
noted that the normalized maximum upward forces increased as 
the deck clearance and the wave period decreased. The duration 
of downward forces increased with the reduction in deck 
clearance and the its magnitude increased with the increase in the 
wave period. A linear relationship was found between the vertical 
force and the square of maximum vertical particle velocity 
computed from linear wave theory. 

The velocity profiles under the deck in comparison of those 
without the deck showed that the vertical velocity decreased 
during the wave impact phenomena and reached the zero value at 
the instant of maximum vertical force. At the moment of wave 
contact under the deck, the horizontal velocity increased in the 
direction of wave propagation. Then, the horizontal movement of 
water particles was changed to the obliquely downward direction 
with the receding of the wave from the deck. 

The impulsiveness was adopted to classify the wave loading 
phenomena whether belonged to the impact criteria. The larger 
number of pressures satisfied the impact criteria with the test 
conditions having smaller clearance and longer wave period and 
larger wave height. 

The future investigations which are planned will include to 
evaluate the wave loading under the deck with harsher wave 
conditions, i.e., focused waves. 
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The coastal process in a surf zone is very complicated, especially when the wave breaks and it associates 
turbulence. In a coastal area with wave angle influence the cross-shore process, the energy dissipated per unit 
water volume by breaking waves generate seabed sediment suspension then drive the materials to offshore along 
with the undertow in the swash zone. This situation could lead beach profile evolution due to the sediment 
erosion and deposition across an area in the surf zone. As a result, a sand bar located around the breaking line 
and berm at the landward region caused by overwash are formed. Furthermore, the beach profile is presumed to 
be in an equilibrium condition when the total positive and negative littoral transport approaches zero. The 
equilibrium stage which commonly used is expressed with a power of 2/3 which provide the best representative 
to the natural beach profile shapes. Under this concept, an analysis on the correlation between the beach profile 
response due to the incident wave energy and suspended sediment transport in a cross-shore view is carried out. 
Furthermore, this study develops a simple equilibrium beach profile prediction by analyzing the sediment 
characteristics and is supported by numerical modeling. Lastly, this study is expected to be practically used for 
coastal infrastructure design works, especially in the process of mean shoreline position prediction as the basis 
of the design judgements. 
 
ADDITIONAL INDEX WORDS: Beach erosion, cross-shore sediment transport, equilibrium beach profile, 
numerical modelling. 
 

 
INTRODUCTION 

The phenomena of wave transformation from the offshore and 
propagates towards the coastal area indicates a very complicated 
hydrodynamic process, especially when it reaches the surf zone. 
As the wave shoals to the shallower water depth, it becomes 
unstable and breaks at a certain point of the breaking line. Thus, 
large amounts of energy are released and turned into turbulence 
when the wave breaks on a gently sloping beach (Fredsoe and 
Deigaard, 1992; Svendsen, 1992).  

The effect of wave forces due to the turbulence acting on 
sediment along the swash zone associates the particle motion and 
lift the material from its resting place if the amount of energy flux 
is strong enough. On the other hand, the swash uprush generated 
by breaking waves as the water pushed up on the beach face 
followed by gravity pulls downslope the beach as backwash is 
carrying the lifted sand mixture along the process (Leatherman, 
2012). Consequently, recession and advancement are acted on the 
beach profile as the impact of the wave’s destructive and 
constructive forces. In many cases, erosion of a sandy beach 
during a single storm event can result in various meters of 

coastline recession (Leont’yev, 1996) which could affect the loss 
of land and properties.  

Furthermore, numerous field observation and laboratory works 
have been pursued to understand the science of beach profile 
evolution. It is believed that the beach profile tends to maintain 
its equilibrium shape which represented in an equivalent state of 
destructive and constructive forces performed on the beach (Dean, 
2002). Thus, the rate of sediment transport carried by the 
undertow can be assumed in balance with the sediment deposition 
through the water column, which means a condition of no net 
transport changes in the equilibrium state. 

Based on the field beach profile observation of Denmark coast 
as well as California, Bruun (1954) identify the relation between 
a 2/3-power to measure the profile in equilibrium condition, 
where energy dissipation and bottom shear stress is assumed as 
constant. The study is supported by Dean (1997) who suggests the 
equilibrium shape after conducting a large-scale beach profile 
measurement throughout the United States Atlantic and the Gulf 
coast as derived in Equation 1. 

 
h(y) = Ay2/3                                                                     (1) 

 
where, the still-water depth is expressed by h in the function of y 
which is the distance to the offshore direction from the mean 
water line. Moreover, the sediment scale parameter A is a 
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function of the beach grain size and is a function of the energy 
dissipation. (Bruun, 1954; Dean, 1977).  

In spite of it, the uniformity of the wave-energy dissipation 
scheme is expected to be increasing as the beach profile grew 
toward an equilibrium across the swash zone (Wang and Krauss, 
2005). Yates et al. (2009) develops the correlation between the 
mean shoreline (msl) rate with wave energy and the change of msl 
position based on field observation within 65-km at four study 
sites of San Diego County, California, the United States. 
Unfortunately, the result has limitation on small wave height 
values. Therefore, this study will discuss the development of Kim 
and Lee’s (2018) formula of curve slope to understand the 
relationship between wave energy and position of the mean 
shoreline.  

Furthermore, a prediction of mean shoreline evolution as a 
result of the cross-shore sediment movement caused by 
turbulence is the main concern in this study. The mean shoreline 
is defined as the shoreline position in a continuous wave attack 
condition. Nevertheless, the energy dissipation model does not 
develop the landward erosion even though the sand bar is 
associated in the offshore area. On the other hand, the landward 
erosion is very important to predict the amount of sand loss as the 
basis for coastal protection design. Thus, a concept of energy 
dissipation induced suspended sediment transport is considered to 
simulate the landward erosion as the main concern of this research.  
 

THEORETICAL BACKGROUND 
The theory related to wave energy, shoreline position and 

suspended sediment transport is analyzed in this section to 
explain the main governing equations of the model. Hence, the 
concept will be implemented using the dataset presented in this 
section.  

 
Yates et al. (2009) Observation 

A 5-years dataset of sand levels and wave conditions used in 
the study to demonstrate the shoreline movement and investigates 
the cross-shore beach profile development into equilibrium states. 
The data observed in weekly and monthly surveys, such as beach 
width as the distance between msl and back shore, beach slope, 
and the median grain diameter (D50). 

The analysis of such extensive dataset marks the rate of cross-
shore msl evolution has a big impact from the wave energy and 
the initial msl position, which the relation is presented in Figure 
1. The diversity of beach response shows accretion (blue-dot) and 
recession (red-dot) at the sites separated by the black equilibrium 
line that implies the equilibrium energy with no msl amendment 
for a particular msl position.  

For simplicity, the linear function of equilibrium wave energy 
with msl position is expressed in Equation 2.  

 
Eeq(S)=aS+b       or     Seq(E) = (E-b)/a                          (2) 

 
in which Eeq and S is wave energy in equilibrium state and the 
msl position, respectively. Moreover, the parameter a expresses 
the slope and factor b indicates the y-intercept.  

However, the dataset limited in average wave height around 
0~2.19 m as shown in Figure 1 with maximum wave energy 
approximately 0.3 m2. On the other hand, the prediction of msl 
position change due to high wave energy attack is very important 

on a coastal structure design. In this case, several wave heights in 
30 to 50 years return period, which value can be twice or three 
times the significant wave height, used to design a high durability 
of the structure.  
 

 

 
Figure 1. Msl amendment rate versus initial msl position and average 
energy (Yates et al., 2009). 

 
 
Kim and Lee (2018) 

Kim and Lee’s (2018) study is a development of Yates et al.’s 
(2009) and Dean’s (1997) researches by presenting the 
relationship between scale factor A and the msl slope m. Based 
on the linear relation between incident wave energy and shoreline 
response, Kim and Lee (2018) develops a simple mathematical 
expression to determine the curve slope written as a (γ, f, hb, m) 
as shown in Equation 3, where m equals to fA3/2 and the average 
value of f is taken as 1.18. Moreover, by using the observation 
data shown in Table 1, two values of scale factor A are obtained 
in the research from the grain size D50 and the beach slope m 
approximation. 

 
a = γ2f (hb/(f- √hb))/(16m)                                               (3) 

 
in which the water depth hb at breaking point can be determined 

using the Equation 4 introduced by Miche (1944) with Hb is the 
wave height at breaking point. 

 
hb=Hb/γ                                                                            (4) 

 
Assuming the breaking point occurs along any inclination of 

the sea, the inflow wave energy is a function of wave height in 
irregular wave as shown in Equation 5 is used to find the location 
of converging coastline.  

 
E=Hs2/16                                                                         (5) 

 
Applying equation 4-6, the shoreline position in equilibrium 

can be determined with Equation 3 by assuming b yields to 
average wave energy. Therefore, the msl position can be 
predicted by using sediment grain size data at the survey location 
without performing long and massive beach profile field 
observation. 
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Suspended Sediment Transport 
The sediment particles within the water column can be lifted 

when the submerged particle weight is equal or higher than the 
upward forces yields the particle into a suspension mode. Then it 
carried by forces generated from turbulence as the result of the 
momentum (eddy viscosity) and the eddy diffusivity transfer 
(Fredsoe and Deigaard, 1992). This phenomenon effects the 
conservation of mass as the foundation of the morphological 
evolution in the cross-shore divergence (Hsu, 2006). Hence, the 
basis mass-balanced formula for a suspended sediment transport 
in a two-dimensional flow can be written as Equation 6, with 
concentration c, falling velocity wf, and turbulent diffusion 
coefficient 𝜖𝜖𝑧𝑧  (Gallapati and Vreugdenhil, 2010). Here, the 
velocity component of the cross-shore flow (x direction) 
expressed as u and w with z direction is normal to the seabed. 
This concept of mass-balanced formula to simulate suspended 
sediment also used in Xbeach model.  

 
δc/δt + u δc/δx + w δc/δz = wf δc/δz + δ/δz (ϵz δc/δz)    (6) 

 
At the large-scale free surface, the upward diffusive flux is 

balanced with the downward settling flux. Thus, the vertical 
sediment flux can be assumed as zero. In addition, the diffusion 
in horizontal direction can be assumed as negligible. Based on 
this condition, Equation 6 at the surface boundary condition in a 
steady condition can be expressed as Equation 7.  
 

ϵz δc/δz + wf c = 0                                                           (7) 
 

Under the equilibrium concept, the seaward sediment transport 
is balanced with the net sedimentation through a water column 
and occurred when the active net cross-shore transport 
approaches zero (Bowen, 1980). This process associates sandbar 
deposit as a response to the eroded sediment resuspension near 
the breaker line named the null point (Dean and Dalrymple, 2002). 
In this case, the positive and negative littoral transports have the 
same magnitude in the equilibrium condition as expressed in 
Equation 8. 

 
δh/δt = SE - SD =0                                                           (8) 

 
SD is deposition rates and SE is erosion rates in the function of 

the water depth h. The parameters respectively defined as 
Equation 9 and 10. 

 
SD = wf cb [1- τD/τ]                                                          (9) 

 
SE = M (τ- τE)                                                                (10) 

  
The concentration of suspended sediment at the bottom layer is 

cb, and M is the erodibility coefficient which depends on the grain 
size. The τD and τE are shear stresses regarding to deposition and 
erosion, respectively. Based on the governing equations, an 
analytical process is performed in order to find a simple solution 
for suspended sediment transport prediction in a planar beach 
profile. The process taking into account on the correlation 
between energy dissipation per unit surface with the suspended 
sediment impact in equilibrium profile.  

 

Beach Profile Model with Suspended Sediment Concept 
In the turbulent flow condition, the concentration of suspended 

sediment decreasing with distance up from the bed. The 
theoretical solution of concentration at certain level z above the 
bed consequently gives Equation 11, in which cb contributes to 
the near bed concentration at reference level z=b. 

 
c = cb exp [-(wf (z-b))/ ϵz]                                            (11) 

 
If the concentration at the surface is assumed as zero (wf h/ϵz 

>> 1), the mean concentration c̅ is given in terms of the bottom 
concentration as stated in Equation 12. 

 
c̅ = [ϵz/(wf/h)] cb (12) 

 
Assuming that Equation 9 is a steady state and no water depth 

change in equilibrium (δh/δt=0), by using Equation 9 and 10, the 
relation of SE = SD provides erodibility coefficient expression as 
Equation 15. 
 

τ = [wf 2h/ϵzM] c̅                                                           (13) 
 

The shear stress parameter τD and τE, are assumed here to be 
ignorable. The energy dissipation per unit surface area may be 
considered proportional to the magnitude of shear stress ((∂F/(∂y') 
~ τ) leads a term as given in Equation 14. 
 

(1/8) d(ρg3/2κ2h5/2)/dy’= -C [wf 2c̅/ϵzM] h (14) 
 
The boundary condition is based on long wave celerity C=√gh. 

In the condition when the concentration is uniform through the 
surf zone, the modified beach profile equilibrium expression that 
affected by suspended sediment is constructed in Equation 15. 

 
h(y) = [(24S*(d,hb))/(5ρgκ2)]2/3 y2/3 = A(d, hb) y2/3 (15) 

 
Hence, the suspended sediment (Equation 16) is the function of 

sediment settling, concentration, erodibility, and diffusion 
parameter. The equation implies that the right side mainly 
depends on sediment characteristics. 

 
S* (d,hb) = [wf2 c̅/ϵzM] (16) 

 
This simplified equation is important on the beach profile 

response due to the suspended sediment phenomenon. In this case 
determination of the sediment characteristics could yield to the 
prediction of beach profile change in actual case.  

 
Dean’s (1997) Energy Dissipation 

Dean’s (1997) investigation shows the equilibrium profile stated 
in Equation 1 depends on the wave energy dissipation per unit 
water volume in the surf zone. Hence, the relation between the 
wave-energy dissipation per unit volume D* and the profile scale 
factor A in the correlation with the linear wave theory is presented 
in Equation 17. 

 
h(y)=[(24D*(d))/(5ρg3/2κ2)]2/3 y2/3 = A(d) y2/3  (17) 
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in which κ is the breaker index defined as wave height over water 
depth (H/h). The value of 0.78 is commonly used and supported 
by a wide dataset of regular waves (Kaminsky and Kraus, 1993). 
The sea water density and the gravity acceleration are presented 
in ρ and g, respectively. In addition, the amount of msl position 
change Δy after the beach profile reaches its equilibrium stage 
could be obtained by calculating the distance between the 
equilibrium position and the initial shoreline as expressed in 
Equation 18.  
 

Δy = (hb/A)3/2 - (hb m)                 (18) 
 

Study Area 
Two beaches located at the eastern coast of Korea are analyzed 

using the msl change due to the wave energy model and the 
suspended beach profile model. Both beaches located in 
Gangwon-do, Korea, named Jeongdongjin and Naksan beach as 
shown in Figure 2. Furthermore, the coast characteristic data such 
as: sediment grain size D50, scale factor, the wave height in 30 
years return period H30, the breaking depth hb and the wave height 
at breaking point Hb are presented in the Table 1. In this case, the 
calculation of wave height at the breaking point assumes that the 
refraction coefficient is 1.  

 
 

 
Figure 2. The location of the study area in (a) the map of Korea and zoom 
in for each location: (b) Jeongdongjin and (c) Naksan beach. 

 
 
Table 1. Observation data summary at Jeongdongjin and Naksan Beach (Beach 
and Shore Management Centre, SKKU). 
  

Survey Site D50 at MSL [mm] Scale Factor A H30 [m] hb [m] Hb [m] 

Jeongdongjin 0.6 0.173 5.78 7.34 5.72 
Naksan 0.4 0.145 5.21 6.69 5.22 

 
MODEL RESULT 

 
Generally, the energy dissipation model using Dean’s (1997) 

concept presents the equilibrium concave of beach profile and 
simulates the sand bar association in the offshore. The model 
shows an increasing amount of the sediment that eroded off the 
seabed if the scale factor A is higher and the sand bar associated 
near the shore also indicates a bigger amount of deposition. In 

addition, the profile presents a further position of the sand bar 
generation to the offshore direction when the beach hits by greater 
wave height. However, the landward recession could not be 
simulated by the model. Therefore, the theoretical concept of 
energy dissipation induced sediment transport is simulated to 
presents the landward recession.  
 
Suspended Sediment Model 

The beach profile changes due to the suspended sediment 
transport process was simulated using Equation 15 and is 
presented in Figure 3 and 4 which stands for Jeongdongjin beach 
and Naksan beach, respectively. In this simulation, the sediment 
characteristics are considered in the equilibrium expression. The 
input wave height is calculated from the wave height at the 
breaking wave condition which generated from 30 years return 
period incident wave in the offshore. In addition, the initial beach 
profile is simulated as a planar beach at mild climate (green line). 
The slope of the planar profile is taken as 1 m with the value of m 
are 30 and 40 for both Jeongdongjin and Naksan beaches, 
respectively. Thus, Jeongdongjin has steeper slope rather than 
Naksan beach. The result proves that the beach with coarser 
sediment grain size has a steeper profile. Moreover, the blue line 
represents the beach profile change and the red line shows the 
Dean’s equilibrium beach profile line.  

Furthermore, the result shows that the seabed changes its shape 
when a high incident H30 attack the beaches. It can be seen that the 
profile evolution follows the equilibrium line and fit the boundary 
of the mild climate planar profile. The phenomenon shows that 
the sediment within the planar profile retreated into the landward. 
The calculation of the msl position change was performed using 
the theoretical solution expressed in Equation 18 with the results 
show approximately 56.13 m and 45.79 m for Jeongdongjin and 
Naksan beaches, respectively. The result also shows that the 
beach with coarser sediment grain size experience a higher 
amount of msl position retreats for a nearly similar number of 
wave energy attack. In this case, the beach with high msl position 
retreat presents a consistent higher amount of landward erosion 
which indirectly deposited to the offshore direction.  

 
 

 
Figure 3. Suspended sediment transport model result for Jeongdongjin 
beach. 
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Figure 4. Suspended sediment transport model result for Naksan beach. 

 
 

CONCLUSIONS 
In this research, the model presents the beach profile evolution 

by generating the suspended sediment transport concept with 
Dean’s energy dissipation principle in seabed change view. 
Generally, the energy dissipation model using Dean’s (1997) 
concept provides the equilibrium concave of beach profile and 
simulates the sand bar association in the offshore. However, the 
landward recession could not be simulated by the model. 
Therefore, a theoretical concept of the suspended sediment 
transport process was simulated to predict the landward recession 
phenomenon.  

The models indicate that each shore with different grain size 
D50 shows a different response if a certain number of wave height 
continuously hits the shore. The simulation of Jeongdongjin and 
Naksan beaches with a 30-year return period wave height shows 
the beach profile evolution with the landward recession area. 
Therefore, the mean shoreline position change due to high wave 
energy can be obtained. Furthermore, the study is expected to be 
a foundation of mean shoreline position prediction for the 
development of coastal protection strategy. Nevertheless, further 
research needs to be developed to create a model that could 
portray both the sand bar in the offshore and the landward 
recession.  
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In recent times, coastal damage has been on the increase due to rising sea levels as a result of global warming and the 

increasing frequency of high waves as a result of climate change. High swells and waves directly invading the coastline 

propagate more energy onto the shoreline than preexisting waves, causing physical damages such as coastal erosion as 

well as human casualties. However, an alarm system that can predict high waves by analyzing weather forecasts and 

transmit the information to a user in real time does not yet exist. Such a technology is necessary to prevent damage and 

human loss to ever increasing high swells and waves. This research aims to successfully predict high waves by using 

real time weather data in its simulations to detect potential danger in a user's location, as part of the larger research for 

the development of a high wave alarm system technology. 

 

ADDITIONAL INDEX WORDS: Global warming, high wave prediction, water safety, coastal risks. 
 

 

INTRODUCTION 

In recent times, coastal damage has been on the increase due to 

rising sea levels as a result of global warming and the increasing 

frequency of high waves as a result of climate change. This is 

especially the case with high swells and waves directly invading 

the coastline, as they propagate a larger amount of energy onto 

the shoreline than preexisting waves, causing not only physical 

damages such as coastal erosion, but also human casualties. It is 

a fact that every year, accidents involving visitors to the beach, 

tourists, and anglers on breakwaters and coastal rocks being swept 

away by the high waves (Kobayashi and Kim, 2017). In this 

regards, there are no actual alarm systems that can simulate high 

waves using weather forecasts in a numerical simulation to 

transmit the data to a user in real time. Assessing and predicting 

wave conditions through numerical simulations are a topic of 

great importance in coastal areas. Thus, it is necessary to 

construct a system that uses real time position information to 

predict the occurrence of high waves through simulations, and 

then transmits the data to a user to prevent damage when danger 

is predicted through its numerical simulations. 

To realize this system, South Korea, sitting on a peninsula 

surrounded by three seas, was chosen to test out the accuracy of 

third generation numerical models for wave prediction to provide 

environmental support in the effort to reduce accident risks in 

oceanic and coastal areas. Phase-averaged numerical wave 

models are currently used in nearshore areas to assess wave 

propagation and transformation towards the coast (Rusu et al., 

2011). This study aims to predict high waves by using real time 

weather data in a simulation to detect dangers in a user's location 

as part of the development of a high wave alarm system 

technology. 

On the Korean Peninsula, all three sides of the sea (East Sea, 

Yellow Sea, and the South Sea) have unique characteristics. The 

East Sea has a deeper depth, almost no tidal difference, and a 

monotonous coastline which allows waves to invade the coast 

without great interference. On the other hand, the Yellow Sea has 

a depth of about 100 m, comparatively lower than the East Sea, 

and its tidal difference is very large. Also, because of its complex 

ria-form coast and numerous islands, deep sea waves that invade 

the coast face heavy interference. Lastly in the case of the South 

Sea, because it is located between the East Sea and the Yellow 

Sea, the characteristics of both can be found. As such, since the 

three seas around the Korean Peninsula have unique 

characteristics, it is necessary to consider the characteristics of the 

sea area when performing wave hind-casting modeling. 

 

METHODS 

The high wave alarm system technology is a system that 

predicts waves with a high level of credibility and sends alerts to 

those located in danger zones. As shown in Figure 1, this system 

can be largely divided into the wave simulation branch, the alert 

application development branch, and the risk assessment branch. 

This research was conducted with a focus on the wave simulation 

branch, the first step in constructing a high wave alarm system 

technology. The most important aspect in constructing a wave 

simulation system is how fast and accurately a wave in the future 

can be predicted. To predict waves, information of the seafloor 

layout, weather forecasts, and such are used as essential input data. 

In particular, because wind data affects wave calculation results 

the most, a highly credible set of data has to be used. Normally 
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the wind data used in wave calculations are mostly data obtained 

through calculating weather forecast models. To calculate waves, 

this research used the ECMWF data which has been applied 

before for design wave estimations in the seas around the Korean 

Peninsula (Lee and Jun, 2006). 

 

 

 
Figure 1. Algorithm of High Wave Alarm System. 

 
 

Past Weather Data Analysis 

Weather data judged to be from the period when high waves 

had invaded the coastline were analyzed. Figure 2 shows the 

weather forecasts of August 30th 9:00am and August 31st 9:00am. 

On August 30th 2016, there was a low pressure (central pressure 

of 986 hPa) on the East Sea, and the typhoon “Lionrock (1610)” 

on the seas east of Japan. It was confirmed that the typhoon on 

the east coast of Japan had disappeared between the night of 

August 30th 2016 and the dawn of August 31st 2016, and after the 

extinction of the typhoon the central pressure of the low pressure 

on the East Sea developed up to 974 hPa. 

 

 

 
Figure 2. August 30 to 31, 2016 year pressure chart. 

 
 

Weather Forecast Data Analysis 

Data from the ECMWF was selected for use in this research 

because of its higher reproducibility of wind velocity and waves 

than the data from the NCEP and JMA-MSM. The ECMWF data 

used was reanalyzed through a Spectrum model, with lattice 

intervals of 0.125 calculated every 6 hours. The ECMWF wind 

data consists of east-west and north-south wind vector 

components at 10m above ground for 00Z, 06Z, 12Z, and 18Z, 

measured 4 times a day at 6-hour intervals. To interpolate wind at 

the designated grid point of the wave model, each component of 

the wind vector from the wind data at the Gaussian grid point of 

the ECMWF surrounding the designated grid point was made to 

be linearly proportional to the latitude and longitude 

 
Table 1. ECMWF data applied in the study. 

ECMWF Specification5 

Stream Atmospheric Model 

 
178 by 178 Grids 

Grid 0.125 x 0.125 

Area N 24.39 W 116 S 46.39 E 138 

Dataset Interim_daily 

Version 1 

Type of Level Surface 

Parameter 
10 m U wind 

10 m V wind 

Data 20160101 to 20160831 

 

Wave Hind-Casting Modeling 

In order to reproduce the waves during a high wave invasion, 

as previously mentioned, sea winds from past weather forecast 

data were collected and then used as the input data of SWAN, a 

wave transformation model. The lattice network for the 

reconstruction of the wave field, centered on the subject sea, was 

individually composed at Wide (1/8°) and Medium (1/16°) lattice 

networks, and another Detailed lattice network was subdivided 

into 2 stages of 1/32° and 1/128°, so that the calculations would 

be more accurate. The water depth and calculation area used in 

the numerical calculations are shown in Figure 4. The frequency 

spectrum of the SWAN model used in the wave estimation was 

of the JONSWAP type, the direction spectrum was divided into 

36 segments from 0 ~ 360°, and the frequency division number 

applied was Default (0.04~1.0). 

 

 

 
Figure 3. Bathymetry and validation points of wave simulation 

 
       

RESULTS 

The numerical simulation was calibrated by using buoy data 

provided by three different government agencies: the Korea 

Hydrographic and Oceanographic Agency, the Korea 
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Meteorological Administration, and the Ministry of Oceans and 

Fisheries. All the observed data provided from these three 

agencies were compared with the calculated results, and the 

RSME results of the 23 buoy locations around Korea shown in 

Figure 3 are listed in Table 2. Overall, it seemed that the observed 

and calculated results at the Yellow Sea coastline and the South 

Sea coastline showed good reproducibility, but in the case of the 

East Sea it was found that the two results had several differences. 

In particular, in the case of Samcheok in the East Sea, a discord 

of the results is very evident with the RSME of the frequency (T1/3) 

over 5. To the contrary, the RSME of the H1/3 and T1/3 of the 

Yellow Sea coastline in areas such as Incheon, Woeyeon, Buan, 

and Chilbaldo was very low and so it was possible to see good 

reproducibility of the observed and calculated results. The RSME 

at areas of the South Sea such as Chuja, Jejudo, Seogwipo, and 

Geojedo were also not that high, and so the observed and 

calculated results showed good reproducibility. 

 
Table 2. Wave simulation observed and calculated RSME. 

 

RSME of observed and calculated H1/3 and T1/3 

Place RSME of H1/3 RSME of T1/3 

Deokjeok 0.99 2.01 

Incheon 0.66 1.70 

Woeyeon 0.47 0.80 

Buan 0.63 0.57 

Chilbaldo 0.59 0.77 

Marado 0.31 1.22 

Seogwipo 0.29 0.89 

Geomundo 0.20 0.57 

Tongyeong 0.33 1.15 

Geojaedo 0.44 1.24 

Ulsan 0.80 1.43 

Pohang 0.73 4.25 

Uljin 0.94 3.95 

Donghae 1.08 3.35 

Uleungdo 1.57 2.97 

Jeju South 0.14 1.06 

Namhae East 0.42 1.25 

Uleung NorthWest 1.61 1.64 

Uleung NorthEast 1.39 1.88 

Goseong 1.12 3.76 

Samcheok 0.93 5.24 

Taean 1.43 0.94 

Gyeongju 0.35 5.35 
 

 

As an example, the good conformity between the Yellow Sea 

and the South Sea; the Buan buoy of the Yellow Sea which 

represents the disconformity of the East Sea; the validation of the 

wave simulation of the Geomundo buoy in the South Sea which 

shows good conformity; and the Goseong buoy of the East Sea 

that shows the least conformity are displayed in Figure 4. Figure 

5 and Figure 6 displays the results of the wave hind-cast with 

ECMWF from 12:00 am August 30th to 12:00 am on August 31th 

2016. 

 

 

 
Figure 4. Results of validation of wave simulation. 

 
 

 

 
Figure 5. Results of wave hind-cast with ECMWF (30/08/2016 12:00 am 
to 31/08/2016 12:00 am) – large scale. 
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Figure 6. Results of wave hind-cast with ECMWF (30/08/2016 12:00 am 
to 31/08/2016 12:00 am) – detailed scale. 

 

CONCLUSIONS 

This research is a part of the larger development of a high wave 

alarm system which uses weather forecast data to predict waves 

with high credibility. To acquire credibility for the wave 

calculation results, a total of 23 wave observation and calculation 

results from around the Korean Peninsula were compared. Results 

showed that at the Yellow Sea, South Sea, and the seas around 

Jeju, the RMSE of the wave calculation and observation results 

showed a range of 0.20~0.99, and if aspects such as time series 

comparison results are referenced, then the wave prediction 

results are in good conformity with the data from the actual 

observation site. On the other hand, in the case of the East Sea, 

the RMSE of the wave calculation and observation results turned 

out in a range of 0.73~1.61, and even on the time series 

comparison the status was in disconformity making the credibility 

of the wave calculations very low.  

That the wave results predicted across the same time frame 

could have such differences depending on the sea, especially at 

the East Sea with its low credibility could have many reasons, but 

there are largely two: First, this could be because the ECMWF 

wind data used in the wave predictions are of 6-hour intervals and 

thus with a low resolution. As this is a problem that can be solved 

by increasing the resolution of the wind data, it is judged that this 

can be compensated for in future researches. Secondly, on the 30th 

and 31st of August 2016 the typhoon ‘Lionrock’ moved towards 

the Korean East Sea forming a strong low pressure zone, and the 

problem could have been caused by the ECMWF failing to predict 

the progress of the typhoon very well. When using the ECMWF 

to predict typhoons, the speed of progression becomes somewhat 

slower, and it becomes possible to over-interpret (Froude, 

Bengtsson, and Hodges, 2007).  

From this research, wave observation results at the East Sea 

showed a trend of high waves between noon and midnight of 

August 30th, and a decrease in wave height after midnight; but the 

wave prediction results showed a trend of the wave height slowly 

rising from noon to midnight of August 30th, reaching a peak 

height around 6:00am on August 31st, then decreasing in wave 

height afterwards. This can be seen as counterproof to the 

argument that the ECMWF did not reproduce the typhoon 

‘Lionrock’ effectively. 

This research is the first step in developing a high wave 

prediction system, and thus places the construction of a highly 

credible wave prediction system as its main purpose. As shown in 

the research, the ECMWF showed some deficiencies in predicting 

waves around the Korean Peninsula under weather conditions 

accompanied by a typhoon. For wave predictions with higher 

credibility in future researches, weather forecast models other 

than the ECMWF should be used for wave predictions, and cross-

comparisons should be undertaken to produce more credible 

results. 
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ABSTRACT 
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During the recent decade, marine accidents and property damage due to high waves have frequently occurred on the 
coasts of East/Japan Sea, especially during the winter season. One of the major characteristics of the waves is its 
suddenness associated with rapid development of high waves from a calm state of sea. In 2016, Kim, Oh, and Suh 
named these waves ‘sudden high waves’ and proposed a criterion for sudden high waves by comparing the wave 
measurement data and the record of marine accidents and property damage on the east coast of the Korean Peninsula. 
Their intensity parameter of sudden high waves was proposed in terms of local wave height and wavelength. The 
criterion for sudden high waves is proposed as 2

0 0( ) / 130H L t∆ ∆ =  m3/hr. To enhance its generality, in this study, a 
similar analysis is made in terms of deepwater wave height and wavelength. It is also shown that the parameter can be 
forecasted if accurate wave forecast data is available. To show this, the spatio-temporal variation of the parameter is 
calculated using the wave hindcast data, and the wave measurement data and the record of damage are examined during 
the period when the parameter exceeds the criterion on the coasts.   

  
ADDITIONAL INDEX WORDS:  Abnormal high waves, high swell-like waves, sudden peculiar long period swell, 
yorimawari-nami. 
 

 
INTRODUCTION 

During the recent decade, marine accidents and property 
damage due to sudden high waves have frequently occurred on 
the coasts of the East/Japan Sea, especially during the winter 
season. These high waves are known to be associated with the 
storms due to the approach of strong extratropical low pressure 
systems generated in China’s interior or Korean Peninsula (Jeong 
et al., 2007, 2008). Because most of them occurred in good 
weather, the unpreparedness brought about a great loss of lives 
and property damage (Oh et al., 2010). The total casualties were 
45 since 2005, and the annual average property damage was over 
ten million dollars in Korea (Jeong and Oh, 2009). These high 
waves are called yorimawari-nami in Japan (Nagai et al., 2009; 
Lee et al., 2010), and Nagai et al. (2009) used the terminology of 
sudden peculiar long period swell. These high waves had a 
broader frequency band than a swell, and their significant heights 
were frequently greater than 5 m. Also, they had a wave period 
greater than 9 s, which exceeds that of ordinary wind seas. 
Therefore, they had characteristics of both swell and wind waves. 
Oh and Jeong (2013) used the terminology of high swell-like 
waves to describe the waves having a relatively long period 
( 9sT >  s) and large height ( 3sH >  m). This terminology, 
however, does not represent the suddenness of the waves. Kim, 
Oh, and Suh (2016) introduced the terminology of sudden high 

waves. Figure 1 shows an example of sudden high waves in which 
both wave height and period suddenly increased from a calm state 
of sea. Kim, Oh, and Suh (2016) proposed a criterion for sudden 
high waves in terms of local wave height and wavelength, i.e. 

2( ) / 88.6H L t∆ ∆ =  m3/hr. In this study, to enhance its generality, 
a similar analysis is made in terms of deepwater wave height and 
wavelength, i.e. 2

0 0( ) /H L t∆ ∆ . In addition, an examination is 

made for the possibility of forecasting 2
0 0( ) /H L t∆ ∆  using wave 

forecast data. Hereinafter, the notations for wave height ( 0H ), 
period ( T ), and length ( 0L ) are those of significant waves. 

 
 

 
Figure 1. Example of sudden high waves in October 21-26, 2005 at 
Gangneung, Korea. 
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METHODS 
To examine the characteristics of sudden high waves that 

caused marine accidents and property damage, investigations 
were made into the wave data at Gangneung and Wangdolcho on 
the east coast of Korea and the marine accidents reported on the 
coasts of Gangwon-do and Gyeongsangbuk-do Province of Korea 
during the winter season (October to February) for eight years 
from 2005 to 2013. See Fig. 1 and Table 2 in Kim, Oh, and Suh 
(2016) for the locations of wave measurement and reported 
marine accidents, respectively. The water depths at the wave 
measurement stations were 15.0 and 15.3 m, respectively, and 
wave observation was made every thirty minutes. Assuming 
negligible wave refraction, the deepwater wave height was 
calculated by dividing the measured wave height by the shoaling 
coefficient.  

 
Determination of High Wave Events 

A high wave event indicates a time span during which the calm 
sea surface becomes rough with increasing wave height and then 
retrieves a calm sea state. The slight sea of Douglas sea scale 
indicates the sea state of wave heights between 0.5 and 1.25 m. In 
this study, the median value of 0.875 m was taken as the criterion 
for calm sea state. If we only use the definition that the calm sea 
state becomes rough and retrieves a calm state, too many high 
wave events are counted. To resolve this problem, we use the 
comparison period of minimum wave height proposed by Kim, 
Oh, and Suh (2016). If the wave height at a time satisfies the calm 
sea state condition and it is the minimum between before and after 
the comparison period from the time, the time is determined as 
the start point of a high wave event. This procedure is repeated to 
find the start point of a new event.  
 
Intensity Parameter of Sudden High Waves 

As done by Kim, Oh, and Suh (2016), 2
0 0( ) /H L t∆ ∆  was used 

as the intensity parameter of sudden high waves, which is the rate 
of increase of deepwater wave energy in one wavelength. It 
represents not only the effects of wave height and period but also 
the suddenness of the high waves. To calculate the intensity 
parameter during the period of a high wave event, the point of 
maximum 2

0 0H L  is taken. In the case of more than two of the 
same maximum value, the first one is taken. The start point of 
sudden high waves is then taken as the point where 2

0 0( )H L∆  
becomes maximum among the points where 2

0 0H L  is smaller 
than 1/10 of its maximum value and where 0H  is smaller than 
1.25 m, i.e., the upper bound value of slight sea of Douglas sea 
scale. Even though the median value (i.e. 0.865 m) was used as 
the criterion of calm sea state, it is more or less conservative to be 
used as the criterion for the start point of sudden high waves. 
Therefore, the upper bound value, 1.25 m, was used. In addition, 
since the rapid increase of 2

0 0H L  is important for the suddenness 
of high waves, the points where 2

0 0H L  is smaller than 1/10 of its 
maximum value were considered as the candidates for the start 
point of sudden high waves. Among the candidates, the point 
which gives the maximum value of  2

0 0( ) /H L t∆ ∆  is selected as 
the start point of sudden high waves.  

RESULTS 
In order to forecast sudden high waves, the optimal comparison 

period of minimum wave height and the criterion for sudden high 
waves should be determined. 

 
Comparison Period of Minimum Wave Height 

To determine the optimal comparison period of minimum wave 
height, first, the number of high wave events was calculated for 
an arbitrary comparison period. Next, the possible maximum 
number of events was calculated for the comparison period. For 
example, if the comparison period is 60 hours, one event occurs 
every 120 hours, so the possible maximum number of events is 
calculated by dividing the total wave measurement period by 120 
hours. The optimal comparison period was decided such that the 
number of high wave events was as close as the possible 
maximum number of events. Calculations were made by 
changing the comparison period from 12 to 72 hours for the wave 
data at the Gangneung station. The ratio of the actual number of 
high wave events to possible maximum number of events was 
0.827, being the closest to unity, for the comparison period of 60 
hours. Therefore, the comparison period of minimum wave height 
was determined as 60 hours. 

 
Criterion for Sudden High Waves 

In this study, the data in Table 2 of Kim, Oh, and Suh (2016) 
are used for the marine accidents and property damage. The wave 
data at the Gangneung station gave 203 high wave events. The 
high wave events were then compared with the marine accidents 
and property damage on the coast of Gangwon-do Province in 
which the Gangneung station is located. Table 1 shows the 
characteristics of high wave events at the Gangneung station at 
the times when marine accidents and property damage occurred 
on the coast of Gangwon-do Province. It was observed that not 
only loss of lives but also severe property damage occurred over 
a wide area during the 2005 and 2006 events during which 

2
0 0( ) /H L t∆ ∆  showed the highest ranks. Therefore, 2

0 0( ) /H L t∆ ∆  
seems to be an appropriate parameter to measure the intensity of 
sudden high waves. 

 
Table 1. Characteristics of 2

0 0( ) /H L t∆ ∆  at Gangneung wave station. 
 

Date Value (m3/hr) Rank (Percent) 
2005/10/21 893.1 1 (0.49) 
2006/10/23 617.4 2 (0.99) 
2007/10/29 62.1 38 (33.5) 
2008/02/24 55.6 73 (36.0) 
2009/01/09 161.7 23 (11.3) 
2012/01/22 60.5 70 (34.5) 
2012/11/20 88.2 47 (23.2) 

 
On the other hand, the wave data at Gangneung and 

Wangdolcho stations gave 203 and 178 high wave events, 
respectively. Figure 2 shows the cumulative percentage curve of 
the 381 observed values of 2

0 0( ) /H L t∆ ∆  along with the 
generalized extreme value distribution estimated by L-moments. 
The estimated distribution is adequate at the level of significance 
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of 5% with the Kolmogorov-Smirnov goodness-of-fit test. The 
rapidly increasing curve for small values of 2

0 0( ) /H L t∆ ∆  levels 
off at about 80% of cumulative percentage. Therefore, we 
determined the criterion for sudden high waves as 

2
0 0( ) / 130H L t∆ ∆ =  m3/hr, which corresponds to the top 20% on 

the estimated distribution. 
 

 

 
Figure 2. Cumulative percentage curve of 2

0 0( ) /H L t∆ ∆ . 

 
 
Table 2 shows a comparison between sudden high wave events 

of 2
0 0( ) / 130H L t∆ ∆ ≥  m3/hr (at one or both of the two wave 

stations) and marine accidents and property damage occurred on 
the coast of Gangwon-do Province and Gyeongsangbuk-do 
Province. By specifying the period of each event, we examined 
whether the time of the accident was within the period of the event. 
The cells shaded grey in the table indicate either the case of 

2
0 0( ) / 130H L t∆ ∆ <  m3/hr or the case that the time of the accident 

is not included in the period of the event. It can be seen that 13 
out of 18 accidents occurred during sudden high wave events of 

2
0 0( ) / 130H L t∆ ∆ ≥  m3/hr. The other five accidents seem to occur 

due to ordinary high waves or other causes. 
The total number of high wave events at the Gangneung and 

Wangdolcho stations is 381. Since the criterion for sudden high 
waves was taken as 2

0 0( ) / 130H L t∆ ∆ ≥  m3/hr, which corresponds 
to the top 25.7% of the observed values, the total number of 
sudden high wave events is 98. However, as shown in Table 2, 
the number of events that caused accidents while satisfying the 
criterion of sudden high waves is only 9. This means that no 
accident occurred during the remaining 89 sudden high wave 
events. It can be seen, therefore, that in most cases no accident 
occurs even though sudden high waves occur. 

 
FORECAST OF SUDDEN HIGH WAVES 

The previous analysis is to propose a criterion for sudden high 
waves based on wave measurement data and the record of marine 
accidents and property damage. However, it also could be used 
for forecasting sudden high waves if accurate wave forecast data 
is available. To examine this possibility, the spatio-temporal 
variation of 2

0 0( ) /H L t∆ ∆  was calculated in the East/Japan Sea 
using the wave hindcast data provided by the KIOST (Korea 
Institute of Ocean Science and Technology). The data have been 
used to estimate the design wave height for the waters around the 

Korean Peninsula by Lee and Jun (2006). Figure 3 shows several 
snapshots taken from the spatio-temporal variation of 

2
0 0( ) /H L t∆ ∆  calculated during the period of February 2-3, 1987. 

The only difference from the previous analysis was that the value 
of 2

0 0H L  at each time step was considered as the maximum value 

to calculate 2
0 0( ) /H L t∆ ∆  using the preceding data of the time 

step. Note that the maximum value of 2
0 0H L  during a high wave 

event cannot be obtained beforehand if we use short-leadtime 
wave forecast data. As shown in Figure 3, the high values of 

2
0 0( ) /H L t∆ ∆  formed a string, which traveled southeastward 

across the sea, indicating that a high wave event can suddenly 
occur from a calm sea. The sudeen high waves arrived near the 
northwest coast of Honshu, Japan, around 2pm February 3, 1987, 
as shown in Figure 3(d). 

In order to validate the calculated results in Figure 3, we used 
the wave data measured along the coast of Japan by the 
NOWPHAS (Nationwide Ocean Wave information network for 
Ports and HArbourS) system. We used the wave data measured at 
three locations, i.e., Hamada (34° 54′ 07″ N; 132° 02′ 21″ E), 
Tottori (35° 33′ 16″ N; 134° 09′ 41″ E), and Kanazawa (36° 36′ 
50″ N; 136° 34′ 03″ E). Figure 4 shows the temporal variation of 

2
0 0H L  measured at these stations in February 1-5, 1987. The 

values of 2
0 0H L  were small until near the noon February 3rd, after 

which they increased rapidly to reach their maxima near the 
midnight. According to Figure 3, it is expected that the sudden 
high wave events would occur during the late afternoon or early 
evening February 3rd, which corresponds well with the results 
from the measurement shown in Figure 4. The values of 

2
0 0( ) /H L t∆ ∆  for the events shown in Figure 4 were 138.6, 222.8, 

and 35.8 m3/hr at Hamada, Tottori, and Kanazawa, respectively. 
According to the criterion proposed in the present study, a sudden 
high wave event would have occurred at Hamada and Tottori, but 
not at Kanazawa. 

It may be interesting to investigate if any marine accident or 
property damage had occurred in these areas during this period. 
Table 3 shows a part of the record of the disaster damage occurred 
in 1987 in Shimane Prefecture, Japan, in which Hamada is located 
(Shimane Prefecture, 1987). In February 3-4, 1987, there was no 
human casualty or injury, but property damage of 858,943,000 
Japanese Yen occurred by winter wind waves mostly for civil and 
fishery port facilities and marine products facilities. This 
indicates that the proposed intensity parameter is a good measure 
for sudden high waves and it could be used to forecast sudden 
high waves if accurate wave forecast data is available. 

 
CONCLUSION 

In this study, the criterion for sudden high waves was proposed 
in terms of deepwater wave height and wavelength. To do this, 
first, 2

0 0( ) /H L t∆ ∆  was selected as a parameter that describes the 
wave height, period (or wavelength), and required time for 
generation of sudden high waves. Then, by comparing the wave 
data measured at Gangneung and Wangdolcho stations with the 
marine accidents and property damage occurred on the coast of 
Gangwon-do and Gyeongsangbuk-do Provinces, Korea, 
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 (a) 

 (b) 

 (c) 

 (d) 

Figure 3. Snapshots of 2
0 0( ) /H L t∆ ∆  calculated during the period of 

February 2-3, 1987: (a) 9pm Feb. 2nd; (b) 1am Feb. 3rd; (c) 6am Feb. 3rd; 
and (d) 2pm Feb. 3rd. 

 

 

 (a) 

 (b) 

 (c) 

Figure 4. Temporal variation of 2
0 0H L  measured at three wave stations of 

NOWPHAS system in February 1-5, 1987: (a) Hamada; (b) Tottori; and 
(c) Kanazawa. 

 
 

between 2005 and 2012, 2
0 0( ) / 130H L t∆ ∆ ≥  m3/hr was proposed 

as the criterion, which corresponds to the top 20% on the 
estimated distribution of 2

0 0( ) /H L t∆ ∆ . It also could be used for 
forecasting and warning of sudden high waves if it is used along 
with accurate wave forecast data. This possibility was examined 
by comparing the intensity parameter of sudden high waves 
calculated from the KIOST wave hindcast data, NOWPHAS 
wave measurement data, and the disaster damage record in 
Shimane Prefecture, Japan. 
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Table 2. Comparison of sudden high wave events of 2
0 0( ) / 130H L t∆ ∆ ≥  m3/hr and marine accidents. 

 
Gangneung Wangdolcho Accident 

Period 
2
0 0( ) /H L t∆ ∆  

( 3m /hr ) 
Period 

2
0 0( ) /H L t∆ ∆  

( 3m /hr ) 
Date Area 

2005/10/21 17:30 – 
2005/10/24 06:30 893.1 2005/10/21 21:00 – 

2005/10/24 18:30 225.9 

2005/10/21 Pohang 
2005/10/22 Pohang 
2005/10/22 Donghae 
2005/10/22 Donghae 
2005/10/22 Gangneung 
2005/10/23 Sokcho 
2005/10/23 Sokcho 

2006/10/11 21:30 – 
2006/10/12 15:00  118.0 2006/10/12 01:30 – 

2006/10/12 20:00 71.9 2006/10/08 Pohang 
2006/10/09 Ulleng 

2006/10/22 21:00 – 
2006/10/25 18:00 617.4 2006/10/23 03:00 – 

2006/10/25 23:30 479.6 
2006/10/23 Entire East Sea 
2006/10/23 Sokcho 
2006/10/23 Goseong 

2008/02/23 04:30 – 
2008/02/25 20:00 55.6 2008/02/23 06:30 – 

2008/02/25 18:00 570.8 2008/02/24 Gangneung 

2009/01/09 01:30 – 
2009/01/11 08:30 161.7 2009/01/09 07:30 – 

2009/01/11 19:00 216.2 2009/01/10 Gangneung 
2009/01/13 Gangenung 

2012/01/01 18:00 – 
2012/01/03 10:30  169.2 2012/01/01 21:30 – 

2012/01/03 15:30 636.3 2012/01/01 Pohang 

2012/01/21 21:00 – 
2012/01/23 20:30 60.5 2012/01/22 09:30 – 

2012/01/24 12:00 144.6 2012/01/20 Samcheok 

2012/11/20 05:30 – 
2012/11/21 12:30 88.2 2012/11/23 06:30 – 

2012/11/24 15:30 130.6 2012/11/20 Gangneung 

 
Table 3. Disaster damage occurred in February 3-4, 1987, in Shimane Prefecture, Japan (unit = 1,000 Japanese Yen). 

Classification Civil facilities Fishery port facilities Agricultural products Fishery products and facilities Total 
Winter waves 139,249 300,340 18,665 400,689 858,943 
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This study is the validity examination of an equilibrium shoreline formula of parabolic type, which was 

introduced by Hsu in 1987, for real phenomena. Hsu’s formula of parabolic type is practical for estimation of 

shoreline change after coastal or harbor structure construction. The wave data observed at Maengbang beach of 

East Sea of Korea and the CERC formula on longshore sediment transport were used in the present study. 

Performance test was conducted for the case of a shoreline change after the construction of a groyne. It was 

reasonable between the observed wave data and the data obtained under a wave spreading parameter, S = 3.5. 

However, when S increased, significant changes were observed. Thus, it is required to apply an equilibrium 

shoreline formula of parabolic type carefully. 
 

ADDITIONAL INDEX WORDS: East Coast, groyne, wave directional spectrum. wave rose, littoral drift rose, 

shoreline gradient. 
 

 

INTRODUCTION 

Diverse kind of artificial structures including those for harbors 

or ports as well as coastal structures are installed on shores around 

the world to control sea waves or littoral drift. In case of 

installations of structures in harbors or in ports, the changes in 

wave field in peripheral sea area would occur and result in 

changes of shoreline eventually. However, the prediction of 

consequences to be resulted from installations of such structures 

involves many technological uncertainties. 

The poor arrangement of structures installed by the design of 

headland method that was applied to the Yeongrang beach of 

Sokcho city, Gangwondo Province, would be the representative 

case showing current level of domestic coastal engineering. 

Despite the case of failure above, the case of an application of 

headland method for similar structures installed in the 

Bongpyeong beach, Uljingun County, Gyeongsangbukdo 

Province, also resulted in similar consequences of coastal erosion. 

The construction of improper coastal structures could result in 

worse coastal erosion. Besides, the cases of indiscreet 

introduction of breakwaters into coastal areas requiring control of 

littoral drift reflect naked aspects of the poor level of domestic 

coastal engineering in respect of the design and arrangement of 

coastal structures to be installed to resolve coastal erosion 

problems. 

Recently, the studies employing simulations of actual 

topography, of experimental numerical modeling that reproduce 

site conditions similarly, and of development of numerical 

models by exploiting simulation technologies, are in progress to 

predict new changes in shorelines resulted from installations of 

coastal structures. Among them, Lee and Hsu (2017) have 

developed a model wherein the models of long-term littoral drift 

as well as short-term traversing drift are integrated by the 

combination of response relation of shoreline to high waves and 

the formula expressing the amount of littoral drift. 

In particular, through a convergence to equilibrium shoreline 

of Hsu, the model that enabled the illustration of shoreline 

changes, which is available as a means for practical pre-

examination on long-term changes involving uncertainties, was 

developed by taking results of simulation studies into account. 

The empirical formula presented by Hsu et al. (1987) renders the 

results similar to those obtained from numerical experiment 

conducted by Suh and Dalrymple (1987). And it has been 

acknowledged as a means of sufficient reliability applicable to the 

pre-examination on modification of shorelines to be resulted from 

the construction of coastal structures. (Lee and Hsu, 2017) 

The empirical formula of equilibrium shoreline presented by 

Hsu et al. (1987) is currently taken as a means rendering 

satisfactory predictions of changes in domestic shorelines. 

However, the proved utility of the empirical formula is yet to be 

introduced into the design of an arrangement of coastal structures 

which are designed as facilities reducing coastal erosion to be 

included in coastal maintenance projects. Gonzalez et al. (2010) 

employed the empirical formula of equilibrium shoreline of Hsu 

et al. (1987) for an application to actual beach of Poniente in 

Spain, and demonstrated its validity through derived 

experimental results quite similar to long-term changes in 

shoreline. The empirical formula will be used as a means to 
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develop beach nourishment plans or to predict changes in 

shorelines to be resulted from construction of coastal structures. 

In the present study, the validity of empirical formula of 

equilibrium shoreline presented by Hsu will be appraised through 

the use of observations of waves and the formula that expresses 

the amount of littoral drift. Besides, the responses of equilibrium 

shoreline, corresponding to varying distributive characteristics of 

wave directional spectrum, will be examined. 

 

METHODS 

Empirical Formula of Equilibrium Shoreline 

The empirical formula illustrating the equilibrium shoreline of 

parabolic type presented by Hsu et al. (1987) are as expressed in 

the following equations (1) and (2). 

 

R(θ) =
𝛼

𝑠𝑖𝑛𝛽
[𝐶0 + 𝐶1 (

𝛽

𝜃
) + 𝐶2(

𝛽

𝜃
)2]            for  θ ≥ β                  (1) 

 

 R(θ) =
𝑎

𝑠𝑖𝑛𝛽
                                   for  θ ≤ β                  (2) 

 

Here, R denotes the distance from parabolic focus to shoreline, 

and α denotes the distance from the wave crest baseline of 

principal wave crossing the focus to the parallel line (reference 

shore baseline) crossing the control point. β denotes the angle 

formed by the reference wave crest baseline and the line extends 

from the focus and crosses the control point, whereas θ signifies 

the angle configured by the reference wave crest baseline and the 

line originates from the focus and extends to the equilibrium 

shoreline. C0, C1, and C2 are the fitting coefficients. For the bay 

interval of θ ≥ β and the interval of straight line of θ ≤ β to be 

connected together, the sum of three coefficients shall be 1. 

 

 

 
Figure 1. Definition sketch of parabolic equilibrium shoreline formula. 

 
 

From the empirical formula of equilibrium shoreline presented 

by Hsu et al. (1987), the equilibrium shoreline for the east coast 

of Korean peninsula can be estimated. The angle of rotation of 

equilibrium shoreline for the direction θ, derived from the 

empirical formula for equilibrium shoreline of Hsu, the equation 

(1), can be expressed as in the following equation (3). 

 
𝜕𝑅

𝑅𝜕𝜃
= 𝑆 = −

1

𝑅

𝑎

𝜃𝑠𝑖𝑛𝛽
[𝐶1

𝛽

𝜃
+ 2𝐶2(

𝛽

𝜃
)2]                     (3) 

 

CERC Formula for Littoral Drift 

Coastal sands drift alongshore by incident sea waves inflowing 

obliquely toward shoreline. The integration of total longshore 

sediment transport rate Q along the entire shore profile is 

determined by terms of the magnitude of wave force at the point 

of wave breaking, the angle between shoreline and wave crest 

baseline, and unit weight of drifting sands etc. 

 

𝑄𝑦 = 𝐶′𝐻𝑏
5 2⁄ 𝑠𝑖𝑛2𝛼𝑏                             (4) 

 

Here, the constant 𝐶′ =
𝐾√

𝑔
𝜅⁄

16(𝑠−1)(1−𝑝)
 has a value approximating 

0.167 for most kinds of sands. And, the following values of 

K=0.77, g=9.81m/s2, s=2.57, and p=0.35, which are applicable to 

most of beach sand, were employed.  

Direct estimation of littoral drift from data of deep-sea wave 

would be quite useful. It can be expressed as in the following 

equation (5) with the use of the information of deep-sea wave if 

the bathymetric line is straight and parallel to the shoreline.  

 

𝑄𝑦 = 𝐶𝑜
′𝐻𝑜

2.4𝑐𝑜𝑠𝛼𝑜
1.2𝑠𝑖𝑛𝛼𝑜                         (5) 

 

Here, 𝐶𝑜
′ =

𝐾𝑔0.6

16(𝑠−1)(1−𝑝)(2𝜋)0.2𝜅0.4
; it approximates 0.142 for 

most kinds of sands. In general, the effect of cycle over the 

amount of drifting sands is negligible. 

Since the incident wave direction varies depending on the 

direction of shoreline, the amount of drifting sands per unit time 

can be expressed as follows by taking the oblique angle of 

shoreline χ to true north into account. The direction of shoreline 

χ becomes χ=0° if the shoreline goes toward true north (N); thus, 

the direction was set for the sea to be placed eastward. Thereby, 

the shoreline of χ=180° going southward to true south (S) will 

place the sea westward. 

The expression of the amount of drifting sands per unit time is 

converted as follows according to the direction of shoreline χ 

which is defined in relation to true north N and incident wave 

direction ξ. 

 

𝑄𝑦 =
𝐾𝑔0.6𝐻𝑜

2.4𝑇𝑜
0.2𝑐𝑜𝑠𝜁1.2𝑠𝑖𝑛𝜁

16(𝑠−1)(1−𝑝)(4𝜋)0.2𝜅0.4
                                      (6) 

 

Here, ζ = ξ− χ− 𝜋
2⁄ ; positive (+) value of drifting sands 

goes northward whereas the negative (-) value thereof goes 

southward. Besides, with the introduction of constant value, it can 

be expressed in terms of incident wave conditions as in the 

following equation (7). 

 

𝑄𝑦 = 𝐶𝑜
′𝐻𝑜

2.4𝑇𝑜
0.2𝑐𝑜𝑠𝜁1.2𝑠𝑖𝑛𝜁                                 (7) 

 

Analysis of Characteristics of Incident Wave 

The 55,235 records of the data showing time series of wave 

height, wave period, and wave direction were observed from the 

depth of 32.4 m in front of the Maengbang Beach, Samcheok City 

(Latitude: 37°24' 00.0" N, Longitude: 129°14' 05.2" E) by every 

30 minutes from 10:30 A.M. on September 27th, 2013 to 09:30 

P.M. on November 21st, 2016. Figure 2 illustrates the joint 

probability introduced to identify correlations between wave 

height-wave period, and wave height -wave direction. The most 
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frequent incident wave height appears less than 0.5 m with the 

most frequent wave direction of NE.  

 

 
(a) Wave Period – Wave Direction 

 
(b) Wave Height – Wave Direction 

 
Figure 2. Joint probability distribution of wave height-wave period and 

wave height-wave direction.

 
 

Based on the wave data above, the distributions of wave 

direction of each wave spectrum in relation to major incident 

direction of current waves are illustrated in Figure 3. The 

distributions of wave direction in deep sea were illustrated 

together since the bathymetric line thereof can be assumed to be 

straight and almost parallel to the shoreline as illustrated in Figure 

3. Besides, comparing to the wave direction distribution function 

of Mitsuyasu and Mizuno (1976), the E series (0°~ 90°), showing 

relatively gentle distribution, are assumed to have S=8, whereas 

the N series (-90°~ 0°), showing comparative kurtosis are, 

assumed to have S=20. The wave direction distribution function 

of Mitsuyasu is a function of S and is given as following 

expression. The wave direction distribution function presented in 

Figure 3 was illustrated with annual average data of waves 

thereby it shows rather a gentle shape of distribution than that 

resulted from event-driven short-term data of waves.  

 

D(θ) =
1

2√𝜋

𝛤2(𝑆+1)

𝛤(𝑆+1 2⁄ )
                                            (8) 

 

 

 
Figure 3. Wave direction distribution on Maengbang beach. 

 

The distributions of littoral drift corresponding to the gradient 

of current shoreline are illustrated in Figure 4. Series of incident 

waves in wintertime causes southward littoral drift, whereas the 

series of incident waves in summertime induces northward littoral 

drift; both the southward and northward littoral drift should be in 

balance unless long-term changes in current shoreline would 

occur, and the total amount thereof should become 0 as illustrated 

in Figure 4. If structures are installed therein then the incident 

waves are blocked and thereby, the gradient of existing shoreline 

would be changing toward a new equilibrium shoreline wherein 

the littoral drifts are in new balance. 

 

 

 
Figure 4. Distribution of littoral drift with regard to incident wave angle. 

 
 

RESULTS AND DISCUSSION 

Comparison of Equilibrium Shoreline resulted from Littoral 

Drift with that resulted from Empirical Formula of Hsu et 

al. (1987) 

In this section, the methods prepared to estimate equilibrium 

shoreline from wave data will be presented; the validity of 

empirical formula of equilibrium shoreline presented by Hsu et al. 

(1987) will also be examined. The shoreline in balanced 

equilibrium can be assumed as of the amount of 0 of annual 

average littoral drift. Of course, the special cases of the presence 

of net littoral sediments in the littoral drifting system needs the 

correction of effects therefrom accordingly; in the present study, 

the presence of net littoral sediments will not be taken into 

account. Thereby, the angle of static shoreline gradient will be 

assumed to have the value of 0 of the annual amount of 

accumulation of littoral drift to be resulting from changes in 

incident wave environment owing to installations of coastal 

structures such as submerged breakwaters or offshore 

breakwaters etc. 

Figure 5 illustrates the case of an installation of groyne of a Γ 

shape in a straight sandy beach of infinite length wherein the 

changes in gradient of shoreline occurred at the right shore. The 

wave roses and littoral drift roses corresponding to varying 

degrees of θ are illustrated together. Here, the effect of diffraction 

was taken into account by the use of following simple formula 

designed to reflect diffraction effect in the area of the width of 45° 

of peripheral wave direction behind structures, with the 

coefficient of diffraction set 0.5 when each component ί of 

incident wave directions of wave roses at shoreline arrives by 

crossing focus F. The depth of water behind structures changes 

continuously until it reaches equilibrium thereby taking the effect 
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of diffraction into account accurately would be difficult, thus it 

was treated just simply as expressed in the following equation (9). 

 

𝐾𝑑(𝜁𝑖) = 𝑐𝑜𝑠2[2(𝜁𝑖 − 𝜃 − 𝜋
8⁄ )]   for   −𝜋

8⁄ ≤ (𝜁𝑖 − 𝜃) ≤ 𝜋
8⁄       (9) 

 

 

 
Figure 5. Wave roses (blue) and littoral drift roses (red) of each shore. 

 
 

As aforementioned, the observed data of sea waves were 

converted into information of deep-sea to reflect effects of waves 

to be blocked or diffracted by an installation of coastal structures; 

the results of calculations of the gradient of shoreline φ, 

corresponding to littoral drift = 0 at each value of θ to be varying 

in the range from 0° to 160°, are plotted in red line illustrated in 

Figure 6. Besides, the results of comparison thereof with those of 

empirical formula of Hsu are plotted in blue line together. 

Likewise, the groyne structures of a Γ shape are placed left thereof 

as illustrated in Figure 3 thereby the sea waves of E series of S=8 

seem that they have affected the shoreline changed.  

 

 
(a) Shoreline gradient 

 
 

(b) Shoreline 

 
Figure 6. Comparison of shoreline gradient (a) and shoreline (b) between 

obtained from observed wave data and obtained from parabolic 

equilibrium shoreline formula. 

 

The gradient of shoreline φ obtained from wave data by an 

integration of the equation (10) can be converted into an 

equilibrium shoreline. 

 

y = ∑ (𝑡𝑎𝑛𝜑)𝑑𝑥𝑁
𝑖=1                                               (10) 

 

Here, φ, y, and x denote the angle of rotation to original straight 

shoreline, vertical distance between original straight shoreline 

and equilibrium shoreline, and horizontal distance from reference 

point to equilibrium shoreline, respectively. Figure 6 illustrates 

the estimated values of φ varied according to corresponding 

values of θ compared with calculations of the empirical formula 

of equilibrium shoreline presented by Hsu. 

 

Sensitivity Analysis of the Distribution of Wave Direction 

Spectrum 

In this section, the changes in equilibrium shoreline 

corresponded to distributions of wave direction were examined. 

With the use of equation (10), changes in the gradient and 

positions of equilibrium shoreline, which were estimated under 

conditions of an installation of identical structure corresponded to 

varying values of the coefficient of concentration of wave 

direction S = 5, 10, 20, and 30, were examined. Distributions of 

wave direction of wave spectrum corresponded to different values 

of S are illustrated in Figure 7; the changes in the gradient and 

positions of equilibrium shoreline are respectively illustrated in 

Figure 8. The equilibrium shoreline corresponded to distributions 

of wave direction tended to appear slightly different and seemed 

to be corresponding to calculations of empirical formula 

presented by Hsu et al. (1987) when the coefficient of dispersion 

of Mitsuyasu S = 3.5; the gradient of equilibrium shoreline tended 

to become gentle as the value of S increases with significant 

reduction of the progress of shoreline behind the structure. As 

illustrated in Figure 7, the increasing value of S implies smaller 

wave directional dispersion and bigger concentration of wave 

energy.  

 

 

 
Figure 7. Wave direction distribution according to S value 

 
 

However, the annual distribution of wave height spectrum 

corresponding to wave direction is estimated to be gentler than 

the distribution resulted from event-driven short-term wave data; 

this estimation needs to be clarified through further close 

investigation and analyses. If annual wave directional spectrum 

of wave height in deep-sea would be remaining within the range 

showing negligible deviations from that of the case of S=3.5 of 
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the coefficient of wave directional concentration, then the utility 

of the empirical formula presented by Hsu would be increasing 

significantly without the need of further corrections for S. 

In the case of equilibrium shoreline that varies within smaller 

range by values of the coefficient of wave directional 

concentration S to be remaining around 3.5 correspondingly to the 

annual wave directional spectrum of wave height in deep-sea, 

then the utility of the empirical formula presented by Hsu would 

be increasing significantly without the need of further correction 

for S. 

 

 
(a) Shoreline Gradient 

 
 

(b) Shoreline 

 
Figure 8. Comparison of estimated and empirical formula resulted in 

terms of shoreline gradient (a) and shoreline (b) 

 
 

CONCLUSIONS 

In the present study, the method applicable to the estimation of 

equilibrium shoreline with the use of wave data observed from 

the east coast of Korean peninsula was presented. Besides, the 

presented method was compared with an empirical formula 

presented by Hsu et al. (1987) to appraise the validity and 

applicability thereof to domestic shoreline. The presented method 

was examined and compared with the empirical formula 

presented by Hsu with the use of wave data observed from the 

east coast of Korean peninsula; the similar shapes of equilibrium 

shorelines resulted from both approaches were identified. 

The equilibrium shorelines exhibited slightly different 

tendencies depending on distributions of wave direction functions; 

the best agreement of equilibrium shoreline with that resulted 

from the empirical formula of Hsu was found at the value of S = 

3.5 of the coefficient of dispersion of Mitsuyasu. However, the 

gradient of shoreline tended to become gentler as the value of S 

increases with significant reduction in the progress of shoreline 

behind installed structure. Thus, the effects thereof seem 

necessarily to be taken into account if the incident wave 

information would be available except for cases of the wave data 

are unavailable where the empirical formula presented by Hsu 

would have to be employed therefor. The utility of empirical 

formula presented by Hsu could be enhanced through further 

examination and comparison with results obtained from actual 

wave data observed from the site in east coast of Korean peninsula. 

And, the validity of empirical formula of equilibrium shoreline of 

Hsu is expected to be clarified further through examinations on 

the reliability thereof with the use of wave information obtained 

from West- and South Sea as well as east coast of Korea peninsula. 
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Topographic changes in the nearshore mainly occur in strong storm condition. To understand bathymetric changes, 
attempts were made using several numerical models. Nowadays, Delft3D and XBeach are one of the most popular 
numerical models for predictions of morphodynamics in the nearshore. In this study, a comparative study of Delft3D 
and XBeach was performed to understand bathymetric changes under storm condition. The model parameters were 
calibrated with field observations. Storm surge and storm-induced wave field were re-created to simulate 
morphodynamics modelling. Bathymetric evolution, as well as shoreline changes were in a good agreement with field 
observations. BSS (Brier Skill Score) evaluation was applied to compare the accuracy of predictions of both models.  
 
ADDITIONAL INDEX WORDS:  Bathymetric changes, numerical simulation, storm condition. 
 

 
INTRODUCTION 

Coastal erosion is mainly caused by strong storm events. 
Recently, storms have become stonger due to abnormal climate, 
and many beaches have suffered from coastal erosion. 
Furthermore, coastal erosion threatens the safety of coastal 
communities. To protect the property of coastal communities, it 
is necessary to predict coastal erosion and bathymetric changes 
during storm condition. However, it it difficult to understand 
coastal erosion process during storm condition. 

A number of numerical models have been used to predict 
bathymetric changes in the nearshore. Delft3D and XBeach, 
developed by Deltares, are one of the most popular numerical 
models for prediction of coastal morphodynamics. Delft3D, 
quasi-three-dimension model, consists of various modules such 
as FLOW, WAVE, and MOR (included in FLOW). Many 
researcher have performed numerical simulations to understand 
the hydrodynamics and morphodynamics in the nearshore using 
Delft3D (Ruggeiro et al., 2009; Yoo, Swinkels, and Do, 2016). 
XBeach, 2DH wave propagation model, have been used to predict 
and understand the hydrodynamics and morphodynamics in the 
nearshore (Abanades, Greaves, and Iglesias, 2014; Harley and 
Civola, 2013; Son et al., 2017). Trouw et al. (2012) evaluated the 
sensitivity of parameters related to hydrodynamics and 
bathymetric changes in Delft3D and XBech.   

Sanpo Beach, located on the east coast of Korea, had been 
suffered from coastal erosion during storm seaseon, and were 
transformed by the typhoon Goni, which occurred in August 2015 
(Figure 1). According to Son et al. (2017), there were many 
crescentic sandbars on the shoreline before Goni passed. 
However, crescentic sandbars were eroded and longshore 
sandbars were formed after Goni passed. Also, Son et al. (2017) 
performed XBeach simulation for prediction of bathymetric 
change on Sanpo Beach. Bathymetric evolution, as well as 
shoreline changes were in a good agreement with observations. 

 
 

 

Figure 1. Aerial  photograph of Sanpo Beach and the wave gage location 
(W1). 
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Delft3D model adopted for comparative study on the 
simulation of bathymetric changes under strom condition. 
Delft3D results were compared with the XBeach results, as well 
as field observations. Skill assessment were used to compare 
between numerical model results, quantitatively.  
 

METHODS 
Field Observations 

To investigate the topographic change caused by the typhoon 
Goni, Son et al. (2017) performed the field observation at Sanpo 
Beach. The bathymetric surveys were carried out in July and 
October (before and after the typhoon Goni). The wave properties 
were observed using AWAC (Acoustic Wave and Current 
Profiler) located at W1 as shown in Figure 1. Figure 2 shows the 
significant wave heights, wave peak periods, and mean directions 
observed at W1, and the red window represents records increased 
by the typhoon Goni. Storm-induced maximum significant wave 
height is 5.12 m with a wave peak period of 11.03 seconds, and 
peak direction is an ENE (about 70 degrees). More details of the 
field observations are described in Son et al. (2017). 

 

 
Figure 2. The time history of wave properties: (a) significant wave heights 
(m); (b) peak wave period (s), and (c) wave mean direction (degrees). The 
red window represents records increased by the typhoon Goni. 

 
 

Numerical Simulation 
XBeach, 2DH wave propagation model, was developed to 

simulate hydrodynamics and bathymetric changes. XBeach can 
simulate a short wave, a long wave, a wave-induced current, as 
well as a coastal flooding. Also, it is possible to simulate sediment 
transport and bathymetric changes inner surfzone. XBeach solves 
the wave action balance equation for short waves and the non-
linear shallow water equation for long waves, and includes a 
formulation relating the sediment transport and bathymetric 
changes. More details of XBeach are described in Roelvink et al. 
(2009). 

Delft3D, a quasi-three-dimension model, is composed of 
various modules such as FLOW, WAVE, and MOR (included in 
FLOW). Delf3D solves the unsteady shallow water equation in 
FLOW module and the wave action balance equation in WAVE 
module. The FLOW and WAVE modules can be combined using 
‘communication file’ as shown in Figure 3. Sediment transport is 

computed with an advection-diffusion equation included in 
FLOW module. More details of the Delft3D is described in Lesser 
et al. (2004). 

The notable difference between XBeach and Delft3D is the 
range where bathymetric changes occur. XBeach becomes 
possible to change the topography in the swash zone, so it is used 
to study the coastal dune erosion and coastal retreat. Also, there 
are difference in the input boundary conditions between both 
models. For Delft3D, the boundary condtion must be set for the 
FLOW module and the WAVE module, respectively. Tide 
(surface level) and current are used in the FLOW module, and 
wave parameters are used in the Wave module as boundary 
condtion. On the other hand, tide (surface level) and wave 
parameters can be used as boundary condition in XBeach. 

For simulating of storm-induced bathymetric changes, the field 
observations performed by Son et al. (2017) were used. Figure 4 
shows the model domain and grid applied to Delft3D and XBeach 
simulations. The initial bathymetry applied to both model was set 
in July 2015 before the typhoon Goni. The model domain is in the 
range of -20 m to 3 m in the cross-shore direction and 
approximately 3 km in the longshore direction. The grids varying 
from 5 m to 20 m were used to decrease the computational time. 
The number of grids is 120 and 270 in the x and y directions, 
respectively (total 32,400). To prevent the lateral boundary 
effects, the grid was extend in the lateral direction as shadow zone 
(Trouw et al., 2012).  

The observed surface level and wave parameters by AWAC 
were imposed as boundary condition of both model. The 
JONSWAP spectrum was selected to generate the storm-induced 
waves, because it is well known that the JONSWAP spectrum is 
most suitable for representing storm waves. The surface level 
condition is imposed in a time-varying condition and contains the 
storm surge (approximately 0.5 m) by lower pressure effects. 

The primary paramters used in both models are summarized in 
Table 1. Wave parameters are significant wave height (Hs), wave 
peak period (Tp), and wave direction (θ). The type of spectrum is 
JONSWAP spectrum. The grain size is an important physical 
parameter in morphodynamics modelling. The median grain size 
(D50) was set to 0.2 mm based on the observed data. The time 
interval was set so that the Courant number had a value smaller 
than 10 for considering the model stability (Yoo, swinkel, and Do, 
2016).  

 

 
Figure 3. Schematic representation of the Delft3D Online Morphology 
model (modified from Elias et al., 2006). 
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Figure 4. (a) The model domain (red window) and cross-shore section S1 
(white). (b) The model grid : interested zone (orange) and shadow zone 
(black).  

 
 

Table 1. Summary of primary input parameters. 
 

Input parameter Value 
Wave parameters Hs, Tp, θ 
Type of spectrum JONSWAP 
Bed composition D50 = 0.2 mm 
Spatial resolution 5 m ~ 20 m 

No. of grids (nx, ny) (120, 270) 
Simulation time 96 hours 

 
For sediment transport and bathymetric changes modelling, 

many formulations were provided in Delft3D. The formulation of 
van Rijn (1993), which is provided as the default, was applied in 
this study. Van Rijn (1993) distinguishes between bedload 
transport and suspended-load transport based on reference height. 
The computed total transport includes four contributions:  current 
related bedload transport, wave related bedload transport, current 
related suspended-load transport, and wave related suspended-
load transport. These contributions can be calibrated by 
multiplying the scale factor: fbed, fbed,w, fsus, and fsus,w (Broekema et 
al., 2016). After several attempts, the value of the scale factor was 
determined: fbed = 1.2 fbed,w = 0.0, fsus = 1.2, and fsus,w = 0.0. In 
XBeach modelling, the parameters related to bathymetric changes 
are described in Son et al. (2017). Other parameter were set to 
default values in both models. 

 
Brier Skill Score (BSS) 

Brier Skill Score (BSS) is an skill assessment commonly used 
to evaluated the simulation accuracy of bathymetric changes in 
coastal zone. BSS was calculated as follow: 

 

BSS = 1 −
𝑀𝑀𝑀𝑀𝑀𝑀(𝑚𝑚, 𝑜𝑜)
𝑀𝑀𝑀𝑀𝑀𝑀(𝑏𝑏, 𝑜𝑜) = 1 −

∑(|𝑧𝑧𝑜𝑜 − 𝑧𝑧𝑚𝑚|)2

∑(|𝑧𝑧𝑜𝑜 − 𝑧𝑧𝑏𝑏|)2           (1) 

 

Table 2. Overview of the model performance using BSS. 
 

Qualification BSS 
Excellent 1.0 ~ 0.8 
Good 0.8 ~ 0.6  
Reasonable/fair 0.6 ~ 0.3 
Poor 0.3 ~ 0 
Bed < 0 
 

where zb is based bed level (initial bel level), zo is observed bed 
level after event, and zm is simulated bed level. Van Rijn et al. 
(2003) suggested the qualification of model performance as 
shown in Table 2. In this study, Cross-shore profile (S1) was 
chosen to evaluated the model performance using BSS (Figure 
4a). This section is selected because the erosion of the crescentic 
sandbar and the formation of longshore sandbar are apparent. 
 

RESULTS 
The observation and simulation results at W1 point were 

compared to confirm that the storm surge and storm-induced 
wave field were generated as intended. Storm surge and 
significant wave height simulated in both model showed a good 
agreement with observations as shown in Figure 5. Both models 
showed the increased wave height and surge by the typhoon Goni. 
As a result, the wave field and surge induced by storm were 
successfully reproduced to simulate bathymetric changes. 

 

 
Figure 5. Time-varying simulated (a) water level and (b) significant wave 
height with field observation located at W1. The blue lines represent 
XBeach result; The red lines represent Delft3D result; and the black 
trianles represent field observation. 

 
 

Figure 6 shows snapshots of Delft3D simulation of the 
bathymetry change, total transport, and wave-induced current 
field. Wave-induced current field is closely related to total 
transport, and is important for understading the behavior of the 
coastal morphodynamics. During a storm event, suspended 
sediments caused by wave breaking moved with the ambient 
currents, then formed longshore sandbars.  

Figure 7 shows overview for the comparison of bathymetric 
changes in both models with field observation. Crescentic 
sandbars were eroded, and longshore sandbars were formed as 
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field observations. Bathymetric evolution, as well as shoreline 
changes were in an agreement with observations. Longshore 
sandbars in XBeach result were more apparent than Delft3D 
result, because the eroded sediment with undertow moved toward 
offshore direction. In the case of Delft3D, it is possible to 
simulate sediment transport by undertow in 3D mode, but it takes 
expensive computational time. 

Figure 8 shows the comparison of both model performance in 
cross-shore profile S1 using BSS. When comparing both models 
in S1, both models had erosion near the coastline and formed 
longshore sandbars. In XBeach, coatal erosion occurred in the 
swash zone due to long wave effects. In Delft3D, coastal erosion 
occurred in the seabed because there were no bathymetric 
changes in the swash zone. BSS of Delft3D and XBeach are 0.51 
and 0.46, respectively. BSS of both models are between 0.3 and 
0.6, and can be evaluated with ‘reasonable/fair’ modelling. 

 

 
Figure 6. Snapshot of Delft3D simulation : (a) the color contour represent 
the bed level change and the black vectors represent total transport; (b) 
the color vecters represent depth averaged velocity.  

 
 

 
Figure 7. Comparison of bathymetric change from (a) Delft3D and (b) 
XBeach with (c) field measurement. 

 
 

DISSCUSSION 
Calibration of free parameters is a necessary procedure for 

more accurate prediction by numerical modelling. In Delft3D 
MOR module, the user can freely select the four scale factors (free 
parameters): fbed, fbed,w, fsus, and fsus,w. These four scale factors 
range from 0 to 100, and are set to a default value of 1.0. In this 
study, four cases of free parameters set were selected, and the 
results of bathymetric changes for each case were compared and 
evaluated using BSS. Consequently, the optimal set of free 
parameters were carefully selected. 

 
Figure 8. Comparison of bathymetric change from (a) Delft3D and (b) 
XBeach using BSS. 

 
  
Bathymetric changes and BSS for each case are shown in 

Figure 9 and Table 3. Case 1 is the default setting in Delft3D, and 
Case 2~4 are empirical settings. In all cases, the depth of closure 
was nearly equal to field observations. As the smaller wave-
related scale factors (fbed,w, fsus,w) were used, BSS was increased. 
When wave related scale factors were applied, sediments tend to 
move landward and be deposited on the coast. On the other hand, 
when current effects (fbed, fsus) were applied, coastal erosion 
occurred and longshore sandbars were formed. There are some 
differences in the amount of erosion and deposition, but trend of 
bathymetric changes shows a good agreement for Case 2. 
Consequently, free parameter set of Case 2 was selected as the 
optimal set (BSS = 0.51). 

  

 
Figure 9. Comparison of bathymetric change for each cases in Delft3D 
modelling. 

 
 

Table 3. Summary of BSS and each condition in Delft3D modelling. 
Bold represent the parameters set used in this study. 

Case fbed fsus fbed,w fsus,w BSS 
1 1.0 1.0 1.0 1.0 -3.73 
2 1.2 1.2 0.0 0.0 0.51 
3 1.2 1.2 0.1 0.1 0.37 
4 1.2 1.2 0.0 0.1 0.31 



110 Cho et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

CONCLUSION 
In this study, Delft3D and XBeach simulations were conducted 

to understand bathymetric changes under storm condition at 
Sanpo Beach in Korea. In both models, storm surge and waves 
were  reproduced at offshore boundary condition. The eroded 
sediment in crescentic sandbars moved with ambient currents, 
then longshore sandbars were formed. In XBeach results, 
longshore sandbars were more apparent than Delft3D results. 
Both models provided ‘reasonable/fair’ results according to the 
qualification of van Rijn et al. (2003). Consequently, simulation 
results lead us to better understanding of detailed processes of 
storm-induced morphological changes.  
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In this study, precisely-controlled laboratory experiments were conducted to investigate the characteristics of stem 
waves developed by the incidence of unidirectional random waves. The measured data were compared with numerical 
simulation results and analytical solutions. Numerical simulation using the non-hydrostatic wave model, SWASH, 
were performed. The followings were found: for the case of small amplitude waves no stem wave is developed, and 
the analytical solution agrees well with the measured data. However, for the finite amplitude waves the analytical 
solution gives no stem wave, while the measured data show clearly stem waves along the wall. On the other hand, the 
numerical results are found to agree well with the measured data. The width and normalized wave height of stem waves 
were found to be wider and smaller, respectively, as the nonlinear property of the incident waves increased. This 
tendency is the same as that generated by monochromatic waves. However, the normalized significant wave height 
distribution normal to the wall showed that, unlike in the case of monochromatic waves, no standing wave pattern is 
observed.  

 
ADDITIONAL INDEX WORDS: Stem wave, laboratory experiments, random waves, SWASH. 
 

 
INTRODUCTION 

Accurate prediction of wave conditions around vertical-type 
structures are of great importance to coastal engineering problem. 
Vertical-type structures are widely used in coastal engineering 
applications associated with shore protection, coastal 
morphological evolution, harbor construction, and maritime 
disaster reduction. In cases where waves propagate at oblique 
angles to the vertical-type structures, stem waves are generated 
along a structure.  

The existence of stem wave for monochromatic sinusoidal 
waves was shown experimentally by Berger and Kohlhase (1976). 
It was observed that the characteristics of the stem waves 
generated by sinusoidal waves are similar to those generated by 
solitary waves. Their experimental data, however, failed to 
produce clear stem waves.  

Recently, Yoon et al. (2018) conducted both precisely-
controlled laboratory experiments and numerical simulations on 
stem waves along a vertical wall for monochromatic sinusoidal 
waves. Their numerical results using nonlinear parabolic 
equations were in good agreement with the results of laboratory 
experiments. Their experiments completely reproduced the stem 
wave and fully demonstrated the effect of nonlinearity of incident 
waves on the development of stem waves as suggested by Yue 
and Mei (1980) and Yoon and Liu (1989).  

Most of the previous studies on stem waves focused on stem 
wave properties depending on an incident angle and wave 
nonlinearity of sinusoidal waves with a single wave period. 
However, the waves on a real sea state are described by a random 
waves. Mase, et al. (2002) performed both laboratory 
experiments and numerical simulations on stem waves along a 
vertical wall by applying unidirectional random waves. However, 
the stem waves for random waves were not seen in their 
experiment, and the overall pattern of wave height distribution 
does not support the generation of stem waves, which are 
characterized by uniform wave heights.  

As the existence and the properties of stem waves for random 
waves are therefore not yet known, there is a need to perform a 
laboratory experiment and numerical simulations to investigate 
their occurrence. 

In this study, precisely-controlled laboratory experiments were 
conducted to investigate the characteristics of stem waves 
developed by the incidence of unidirectional random waves. The 
measured data were compared with numerical simulations and 
analytical solutions. 
 

METHODS 
Laboratory Experiment 

Experimental studies were carried out at the Korea Institute of 
Construction Technology (KICT) wave basin. The wave basin is 
42 m long, 36 m wide and 1.05 m high, and a dissipating gravel 
beach with a 1:20 slope is arranged on the opposite side of the 
wave generator. Figure 1 shows the configuration of the 
experimental setup and model installation. This experimental 
setup was same as that of the previous study by Yoon et al. (2018) 
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and is used to control unwanted reflections in laboratory 
experiments. The incident wave conditions are summarized in 
Table 1. Unidirectional random waves according to the 
Bretschneider-Mitsuyasu spectrum were generated with a given 
significant wave height and period.  

 
 

 
Figure 1. Definition sketch of experimental setup (Yoon et al., 2018).

 
 

Table 1. Incident wave conditions. 
 

 

Significant
wave 
period 
( Ts) 

Significant
wave 
height 
( Hs ) 

Incident 
angle 
( θ0 ) 

Water 
depth 
( h ) 

RSS 
0.7 s 

0.009 m 

10° 0.25 m 
RSL 0.036 m 
RLS 

1.1s 
0.018 m 

RLL 0.072 m 
 
Analytical Solution 

Penney and Price (1952) developed an analytical solution for 
the diffraction of monochromatic small amplitude waves around 
a semi-infinite vertical thin wall based on the solution of 
Sommerfeld (1896) for the diffraction of light. Despite some 
differences, the analytical solution of Penney and Price (1952) 
can be applicable to the simulation of wave diffraction by a wedge 
with an arbitrary wedge angle. Also, the analytical solution of 
Penney and Price (1952) can be extended to random waves. 
Therefore, the analytical solution of Penney and Price (1952) is 
used in this study.  

The analytical solution proposed by Penney and Price (1952) is 
given in a slightly modified form as 

 

Φ(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = −
𝑖𝑖𝑖𝑖𝑖𝑖
𝜔𝜔

 
cosh{𝑘𝑘(𝑧𝑧 + ℎ)}

cosh 𝑘𝑘ℎ  𝐹𝐹(𝑥𝑥,𝑦𝑦) 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖                 (1) 
 
where Φ(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡)  is the velocity potential, 𝑖𝑖  is the wave 

amplitude, 𝑘𝑘 and 𝜔𝜔 are the wave number and the wave angular 
frequency, respectively, and satisfy the dispersion relationship. 

𝐹𝐹(𝑥𝑥,𝑦𝑦) is a diffraction factor given in a polar coordinate system 
as shown in Figure 2 as 
𝐹𝐹(𝑟𝑟,𝜃𝜃) = 𝑓𝑓(σ)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜃𝜃−𝜃𝜃0) + 𝑓𝑓(σ′)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜃𝜃+𝜃𝜃0)               (2) 

 
where (𝑟𝑟, 𝜃𝜃) is a polar coordinate of (x, y), 𝜃𝜃0 is an angle of 

incidence, and 
 

𝑓𝑓(σ) =
1 + 𝑖𝑖

2 � 𝑒𝑒− 12𝜋𝜋𝑖𝑖𝑢𝑢
2
𝑑𝑑𝑑𝑑

σ

−∞
, 𝑓𝑓(σ′) =

1 + 𝑖𝑖
2 � 𝑒𝑒− 12𝜋𝜋𝑖𝑖𝑢𝑢

2
𝑑𝑑𝑑𝑑

σ′

−∞
(3) 

 

 σ = 2�
𝑘𝑘𝑟𝑟
𝜋𝜋

sin �
𝜃𝜃 − 𝜃𝜃0

2 � ,σ′ = −2�
𝑘𝑘𝑟𝑟
𝜋𝜋 sin �

𝜃𝜃 + 𝜃𝜃0
2 �                (4) 

 
In this study, the spectral calculation method was used to 

calculate the diffraction of random waves in calculating the 
analytical solution proposed by Penny and Price (1952).  

 
 

 
Figure 2. Definition sketch of wave field around a vertical wall. 

 
 

Numerical Model 
SWASH (Simulating WAves till SHore) is a non-hydrostatic 

phase-resolving model, originally developed at Delft University 
of Technology, that computes transformation of dispersive 
surface waves from offshore to the beach for studying surf zone 
and swash zone dynamics. More details on the model are given in 
Zijlema and Stelling (2008) and Zijlema, Stelling, and Smit 
(2011), including a full description of the numerical model, 
boundary conditions, numerical scheme, and applications. 

Figure 3 shows the computational domain and boundary 
conditions of the numerical simulations performed in this study. 
The incident waves are prescribed obliquely along the y-axis, and 
the no-flux boundary condition is prescribed along the vertical 
wall (y = 0). In order to avoid erroneous lateral boundary 
situations due to no incoming wave along the wall, we appended 
an extra domain in the y-direction of the actual computational 
domain.   

In the case of the SWASH model, two or three equidistant 
layers were employed. The accuracy of the present method in 
considering the frequency dispersion of waves can be enhanced 
simply by choosing a sufficient number of layers (Shin, Yoon, 
and Oh, 2018). The grid spacing applied to numerical models was 
∆𝑥𝑥 = ∆𝑦𝑦 = 𝜆𝜆𝑖𝑖/80  where 𝜆𝜆𝑖𝑖  is the wave length of significant 
wave. The default values were employed for the most physical or 
empirical coefficients required for the models.  

 
RESULTS 

In this study, experiments for the formation of stem waves 
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around a vertical wall were conducted, and the measured wave 
heights were compared with the results calculated using the non-
hydrostatic numerical model, SWASH, and the analytical 
solution of Penney and Price (1952). 

 
 

 
Figure 3. Computational domain and boundary conditions of the 
numerical simulations.

 
 

Shorter Waves (Ts = 0.7 s) 
Figure 4 shows a comparisons of the normalized significant 

wave heights, Hs/Hs0, along the vertical wall for the cases of 
shorter waves (Hs0 = 0.009 m and 0.036 m with Ts = 0.7 s). Figures 
5 and 6 show the comparisons of the significant normalized wave 
heights, H/H0, along two lines (x = 6𝜆𝜆𝑖𝑖 , 15𝜆𝜆𝑖𝑖 ) normal to the 
vertical wall for the cases of shorter waves. The solid circles 
represent the results of the laboratory experiments. The solid and 
dashed lines represent the analytical solution of Penney and Price 
(1952) and numerical (using SWASH) results, respectively. 

As shown in Figure 4a the result of RSS case with small 
amplitude wave indicates that the normalized significant wave 
height along the vertical wall increases in proportion to the 
distance from the tip of the vertical wall. In case of RSL (Figure 
4b) with large amplitude wave, the normalized significant wave 
height approaches to a uniform value of Hs/Hs0 ≒ 1.55 as waves 
propagated along the vertical wall. 

In the results shown in Figures 5 and 6, the stem waves, i.e., 
uniform wave heights normal to wall, appeared in the measured 
data for the case of RSL (Figures 5b and 6b). Also, the width of 
the stem waves increases as they propagate along the wall, even 
though the stem width is small. However, in the cases of RSS 
(Figures 5a and 6a), stem waves do not appear. The significant 
wave heights converged towards the constant value of 1.0 far 
from the vertical wall. 

For the case of small amplitude wave the wave heights 
calculated using the SWASH numerical model and the analytical 
solution of Penney and Price (1952) agree well with the measured 
wave heights. However, when the significant wave height is large, 
the analytical solution gave no stem wave, while the measured 
data and numerical solution clearly showed stem waves along the 
wall. 

 

 

 
Figure 4. Normalized significant wave heights along the wall for the cases 
of RSS and RSL.

 
 

 

 

 
Figure 5. Normalized significant wave heights normal to the wall at 𝑥𝑥 =
6𝜆𝜆𝑖𝑖 for the cases of RSS and RSL.

 
 

 

 

 
Figure 6. Normalized significant wave heights normal to the wall at 𝑥𝑥 =
15𝜆𝜆𝑖𝑖 for the cases of RSS and RSL.
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Longer Waves (Ts = 1.1 s) 
Figures 7, 8, and 9 show comparisons of the measured, 

analytical solution, and numerically simulated results for the 
cases of longer waves (Hs0 = 0.018 m and 0.054 m with Ts = 1.1 
s). As shown in the figures, the overall normalized significant 
wave height distributions were similar to those of the cases of 
shorter waves, RSS and RSL. In the case of the finite amplitude 
waves of RLL, the normalized wave height approaches to a 
uniform value of Hs/Hs0 ≒ 1.5 as waves propagated along the 
vertical wall. The stem waves appeared clearly at positions x = 
6𝜆𝜆𝑖𝑖  and 15𝜆𝜆𝑖𝑖 . Also, the width of the stem waves increases 
gradually as they propagate along the wall. The linear analytical 
solution of Penney and Price (1952) do not agree well with the 
measured data because of the neglection of nonlinear interactions 
between the wave components. The measured data from 
laboratory experiments are generally in good agreement with 
those of the results of numerical models. The width of the stem 
waves, however, were slightly shorter than the results from the 
laboratory experiments. This may be due to the fact that the 
SWASH model underestimates the nonlinear wave interactions 
between different frequency and directional components. 

 
 

 

 
Figure 7. Normalized significant wave heights along the wall for the cases 
of RLS and RLL.

 
 

 

 

 
Figure 8. Normalized significant wave heights normal to the wall at 𝑥𝑥 =
6𝜆𝜆𝑖𝑖 for the cases of RLS and RLL.

 

 

 

 
Figure 9. Normalized significant wave heights normal to the wall at 𝑥𝑥 =
15𝜆𝜆𝑖𝑖 for the cases of RLS and RLL.

 
 

 

 

 
Figure 10. Comparison of normalized wave heights along the wall for the 
cases of monochromatic and random waves.

 
 

 

 

 
Figure 11. Comparison of normalized wave heights normal to the wall at 
𝑥𝑥 = 15𝜆𝜆 = 15𝜆𝜆𝑖𝑖 for the cases of monochromatic and random waves. 

 
 

Comparison between Monochromatic and Random Waves 
In order to examine the differences in stem wave characteristics 

between monochromatic waves and random waves, we compared 
laboratory experiments and numerical simulation results. For this 
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comparison the experimental data obtained by Yoon et al. (2018) 
and the numerical results presented by Shin, Yoon, and Oh (2018) 
for monochromatic waves are used. 

Figures 10 and 11 show the comparisons between the 
normalized wave heights (H/H0 or Hs/Hs0) along the vertical wall 
and normal to the vertical wall, respectively, for the 
monochromatic waves and random waves. Along the vertical wall 
the property of stem waves generated by random waves are 
similar to that of monochromatic waves. However, in the 
direction normal to the wall the stem properties generated by the 
monochromatic waves and the unidirectional random waves are 
quite different. In the case of monochromatic waves, the 
normalized wave heights tend to show a pattern similar to those 
of standing waves due to the superposition of incident and 
reflected waves. In the case of random waves, however, the 
standing wave pattern does not appear. It is because, in the case 
of random waves, the wave components with various wave 
periods and wave heights are superposed, and subsequently the 
crests and troughs of many incident and reflected wave 
components are canceled out. This is a significant difference from 
the monochromatic waves. 

As shown in Figure 11b, the stem waves appear clearly for both 
cases of monochromatic and random waves when the nonlinearity 
of incident waves becomes stronger. Mase et al. (2002) conducted 
also the laboratory and numerical experiments for the generation 
of stem waves due to unidirectional random wave incidence on a 
vertical wall. However, their measured data fail to show clear 
stem wave patterns along the wall. Moreover, they did not present 
the wave pattern in the direction normal to the wall. This is 
probably due to the fact that the wave heights of the incident 
waves in the experiments of Mase et al. (2002) were significantly 
large to induce wave breaking during the amplification of waves 
along the wall. 
 

DISCUSSION 
In the paper of Mase et al. (2002), the measured wave heights 

along a wall rapidly decreased below 2.0 after reaching a peak,  
while the nonlinear numerical model or the linear diffraction 
solution do not show this sharp decrease of wave height. The 
reason for this was not clarified by the authors. However, such a 
decrease in wave height was not observed in this study. The 
reason for this discrepancy can be attributed to the fact that no 
wave breaking is observed in the present experiment, while  wave 
breaking occurred in the experiment of Mase et al. (2002). Based 
on the numerical simulation results, Mase et al. (2002) stated that 
the widths of stem waves were almost the same, even when the 
nonlinear property of the incident waves increased. In this study, 
however, the change in the width of the stem waves depending on 
the nonlinear property of the incident waves was observed.  
 

CONCLUSIONS 
In this study, precisely controlled experiments were conducted 

to investigate the existence and the properties of stem waves 
developed along a vertical wall for the cases of unidirectional 
random wave incidence. 

The measured data are compared with the numerical 
simulations and the linear analytical solutions. The experimental 
measurements show that stem waves are also generated by 

unidirectional random waves as in the case of monochromatic 
waves. The property of stem waves generated by random waves 
are similar to that of monochromatic waves: i.e., the width and 
height of stem waves were found to be wider and smaller, 
respectively, as the nonlinear property of the incident waves 
increases. The linear analytical solution of Penney and Price 
(1952) showed good agreement with the measured data only 
when the wave height of incident waves was small. The results of 
the non-hydrostatic wave model (SWASH) were generally in 
good agreement with the results of the laboratory experiments for 
the whole range of wave heights considered in this study.  
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Low-Crested Structures (LCSs) are aesthetically apt coastal structures with wave and sand drift control functions. 
However, they are inappropriate in waters where the tidal range is large because the crest width and height must 
be above certain levels to allow the breakwater to carry out these functions. Forced wave breaking cannot be 
induced during high tide because the crest depth increases. Therefore, a Tide-Adapting Low-Crested Structure 
(TA-LCS) is proposed to overcome the problems caused by large tidal ranges. The hydraulic performance of the 
proposed LCS was evaluated and compared with that of a typical LCS via hydraulic model experiments. The 
typical LCS showed an excellent wave screening effect with an average transmission coefficient of 0.4 under 
the conditions of Fb/Hi=0.29–0.67 and B/Li=0.09–0.15. The wave screening performance of the new type of LCS 
was 9.5–28.8 % lower than that of the typical LCS. However, the wave screening performance of the new type 
of LCS decreased only by 9.1–10.4 % under the condition of Fb/Hi≤1 and only by 24.3 % under the condition 
of Fb/Hi=4. Therefore, the new type of LCS proposed in this study is expected to exhibit its wave control 
functions during high tide even when installed in a coastal area with a large tidal range. 
 
ADDITIONAL INDEX WORDS: Low-crested structure, wave control performance, wave transmission coefficient, 
surf-similarity parameter. 
 

 
INTRODUCTION 

LCSs are an aesthetically excellent solution because they do 
not protrude out of the water surface. However, in order to 
properly control waves hitting the coast, the crest height and crest 
width should be maintained above certain levels considering the 
wave specifications of the installation area. This is because the 
hydraulic performance of an LCS can be exploited only if the 
breakwater induces wave breaking on the crest. Many researchers 
have performed hydraulic model experiments and numerical 
simulations to analyze the wave control functions of LCSs 
(Calabrese et al., 2002; d'Angremond et al., 1996; Hur et al., 
2012a; Seabrook and Hall, 1998; Van der Meer et al., 2005;). As 
a result, it has been found that the crest width must be below a 
certain level and the crest depth must be above a certain level in 
order to take advantage of the hydraulic performance of LCSs. 
According to Hur et al. (2012b), a permeable LCS was effective 
for reducing the run-up height of the shoreline when the crest 
width was larger than 1/4 of the incident wave length and the crest 
depth was smaller than 1/3 of the incident wave height. In other 
words, LCSs cannot control waves when the crest width is too 
narrow or the crest depth is too large, and LCSs do not function 

properly during high tide if the tidal range is large. Therefore, a 
high-performance breakwater that can be installed in a coastal 
area with a large tidal range is required. 

This study proposes a TA-LCS that is unaffected by tidal range 
and applicable in areas that pose problems for installing LCSs 
(coastal areas with a large tidal range). Furthermore, the hydraulic 
performance of the proposed TA-LCS is evaluated and compared 
with an impermeable trapezoidal LCS, which has been examined 
in experiments under various wave conditions.  

 
METHODS 

Experimental Setup 
To investigate the hydraulic performance of the proposed 

TA-LCS that is unaffected by tidal range, a wave basin with a 
length of 30 m, a width of 0.4 m, and a height of 0.9 m was 
used. To ensure stable water depth for wave generation, a 
foundation bed with a slope of 1:10 and a height of 30 cm was 
installed. At one end of the wave basin, a permeable wave 
absorber with a slope of 1:7 was placed to minimize wave field 
disturbances. A smooth impermeable LCS with a height of 
25cm, a crest width of 30 cm, and a slope of 1:1 was mounted 
on the foundation bed of the wave basin. As shown in the 
detailed drawing presented in Figure 1, the TA-LCS has a wing 
on the crest that can move according to the water level and a 
polystyrene foam attached to its end, which can generate 
buoyancy. In addition, a hinge was installed on the opposite  
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Figure 1. Schematic diagram of the wave basin, including the TA-LCS.

 
 

 
Table 1. Initial and incident wave conditions used in this study. 
 

Run 
Depth  Freeboard Wave 

ℎ [cm] 𝐹𝐹𝑏𝑏 [cm] 𝐻𝐻𝑖𝑖  [cm] 𝑇𝑇𝑖𝑖  [s] 

1-9 27 2 3 
5 
7 

1.2 
1.5 
1.8 

10-27 32 7 

28-45 37 12 
 
end so that the wing on the crest could move freely according 
to the changing water level. 
 
Experimental Conditions and Measurements 

A total of 45 experiments were carried out using the LCS 
models, water depth, and incident wave conditions listed in 
Tables 1–2. The LCS models used in these experiments were 
typical impermeable trapezoidal LCSs (hereinafter referred to as 
“typical LCS”), TA-LCS34 with a buoyancy element with a size 
of 3 cm × 4 cm, and TA-LCS310 with a buoyancy element with 
a size of 3 cm × 10 cm. For the freeboard of the LCSs, 2 cm were 
used in the typical LCS, and 7 cm and 12 cm in the TA-LCSs, 
considering the high tide. Furthermore, nine different incident 
wave conditions for regular waves were considered by combining 
wave heights of (Hi) 3 cm, 5 cm, and 7 cm and periods of (Ti) 1.2 
s, 1.5 s, and 1.8 s. 

A total of six wave gauges were installed in the water basin. 
CH. 1 was installed 5 m away from the wave generator, CH. 2–5 
were installed in front of the LCS, and CH. 6 was installed behind 
the LCS. In addition, the six wave gauges were set to 
continuously measure water levels at 0.01-s intervals. The surface 
waveforms measured by wave gauges CH. 2–5, which were 
placed in front of the LCS. Then, the transmission coefficient (KT) 
was obtained from the surface waveforms measured by wave 
gauge CH. 6, which was placed behind the LCS. 

 
RESULTS 

Wave Fields 

Figures 2–6 show the wave field around the LCS and the wing 
movements at the top of the TA-LCSs in intervals of t/Ti =1/5 for 
one cycle when waves with a wave height of 5 cm and 
 
Table 2. LCS models used for this experiment. 
 

Run Model 

1–9 Typical LCS 

 

10–18 TA-LCS34 

 

19–27 TA-LCS310 

 

28–36 TA-LCS34 

 

37–45 TA-LCS310 
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Figure 2. Temporal and spatial distributions of the free surfaces around the typical LCS with a freeboard of 2 cm. 

 
 

 
Figure 3. Temporal and spatial distributions of the free surfaces around the TA-LCS34 with a freeboard of 7 cm.

 
 

 
Figure 4. Temporal and spatial distributions of the free surfaces around the TA-LCS34 with a freeboard of 12 cm.

 
 

 
Figure 5. Temporal and spatial distributions of the free surfaces around the TA-LCS310 with a freeboard of 7 cm.

 
 

 
Figure 6. Temporal and spatial distributions of the free surfaces around the TA-LCS310 with a freeboard of 12 cm.

 
 

a period of 1.5 s were flowing in. Figure 2 shows the case for a 
typical LCS, Figure 3 shows the case for the TA-LCS34 with a 7-
cm freeboard, Figure 4 shows the case for the TA-LCS34 with a 
12-cm freeboard, Figure 5 shows the case for the TA-LCS310 
with a 7-cm freeboard, and Figure 6 shows the case for the TA-
LCS34 with a 12-cm freeboard. In these figures, (b) t/Ti =2/5 
represents the wave crest and (d) t/Ti =3/5 represents the entering 
of wave trough. 

Figure 2 shows the typical wave transformation characteristics 
that appear when using impermeable trapezoid LCSs. The 
nonlinearity of the incoming waves increases because of the LCS, 
the water level increases because of wave breaking on the crest, 
and a return flow is observed in the wave trough due to the water 

level difference between the front and the back. These hydraulic 
phenomena become weaker as the water level increases, resulting 
in a reduced wave screening effect. 

On the other hand, in the cases of the TA-LCSs, the wing on 
the crest controls the waves even if the water level is high, as 
shown in Figures 3–6. The TA-LCSs responded immediately to 
water level fluctuations due to waves because of the buoyancy 
material attached to the end of the wing, which prevented wave 
overtopping and screened waves. However, whenever the wing 
descended after rising during the inflow of a wave crest, 
interference with the water surface on the crest occurred and, as a 
result, the water level fluctuations behind the LCS increased 
slightly. Nevertheless, as shown in Figure 6, when the water depth 
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is relatively low (Fb=7 cm), the water level fluctuations 
transmitted to the back were small for the TA-LCS310, which has 
a large buoyancy element. Based on the above analysis, we 
qualitatively confirmed that the proposed TA-LCS can perform 
wave control functions even if the tidal level is high, which was 
the original purpose of our breakwater. In the next section, the 
wave screening performance of the TA-LCS is quantitatively 
evaluated via comparison and analyses of the wave transmission 
coefficient. 

 
Wave Transmission Coefficients (KT) 

Figure 7 shows a graph of KT according to the surf-similarity 
parameters ( 2tan 2 /i iH gTζ α π= ; where, tan α is the front 

slope of the structure, Ti is the incident wave period, and g the is 
gravitational acceleration) and a comparison of the wave 
screening performance of the typical LCS and the TA-LCSs. 
Figure 7(a) shows the results for the TA-LCS34 with a low 
buoyancy on the wing, and Figure 7(b) shows the results for the 
TA-LCS310 with a high buoyancy on the wing. The markings on 
the graphs indicate the KT values for each experimental condition, 
whereas the solid lines indicate the trend lines of the values and 
the colors indicate the models used for comparison for each water 
level. 

As shown in Figure 7, the KT values obtained for the typical 
LCS and the proposed TA-LCSs show a clear increasing trend as 
ζ increases, and they also show similar slopes. The wave 
screening effect of the TA-LCSs is not better than that of the 

 
Table 3. Wave control performance of the TA-LCS. 

Hi [cm] Fb [cm] Fb / Hi  
Mean transmission coefficient Efficiency [%] 

Typical LCS 
TA-LCS 

34 310 34 310 
3 

2 
0.67 0.423 

- - - - 5 0.40 0.408 
7 0.29 0.368 
3 

7 
2.33 

- 
0.545 0.476 −21.1 −9.2 

5 1.40 0.515 0.462 −18.1 −9.1 
7 1.00 0.496 0.434 −20.3 −10.4 

Averaged value 0.4 0.519 0.457 −19.8 −9.5 
3 

12 
4.00 

- 
0.603 0.563 −31.2 −24.3 

5 2.40 0.566 0.530 −26.7 −20.6 
7 1.71 0.550 0.502 −28.8 −21.2 

Averaged value 0.4 0.573 0.532 −28.8 −22.0 
 

 

                            
(a) Comparison between the typical LCS and the TA-LCS34                      (b) Comparison between the typical LCS and the TA-LCS310 

 

Figure 7. Distributions of wave transmission coefficients versus surf-similarity parameter.
 

 

typical LCS. However, the TA-LCSs showed a certain degree 
of wave screening effect even when the freeboard was increased. 
In particular, the TA-LCS310 with a good buoyancy on the wing 

showed excellent wave screening effects, and its performance 
improved even more when the water level was lower. 



120  Hur et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

Furthermore, the proposed TA-LCS transmits part of the wave 
energy from the front to the back according to the changes in 
water level. When the water level is high (Fb = 12 cm), the 
submerged part of the wing increases, which is the reason behind 
the increase in the KT value of the TA-LCS. Figure 4 and Figure 
6 show the dynamic behaviors of the TA-LCS wing, which can 
help us understand the above discussion. 

 
DISCUSSION 

To analyze the wave control performance of the proposed TA-
LCS, the mean KT values according to each Fb/Hi ratio are shown 
in Table 3 and the wave screening performance of the TA-LCSs 
versus that of the typical LCS was calculated as a percentage. The 
dimensionless coefficients of the typical LCS for incident waves 
are Fb/Hi=0.29–0.67 and B/Li=0.09–0.15 (where B is the crest 
width and Li is the incident wave length), which are smaller than 
those for the conditions proposed by Hur et al. (2012b) for 
permeable LDSs. However, because the typical LCS is 
impermeable, its mean KT is 0.4, which indicates high 
effectiveness for wave screening. 

On the other hand, the mean KT of the TA-LCSs ranged from 
0.457 to 0.573, which is lower by 9.5–28.8 % compared with that 
of the typical LCS. However, with this level of wave screening, 
the TA-LCSs can be installed in a large depth range, which is 
comparable to floating breakwaters that can actively respond to 
tide changes. In particular, in the case of the TA-LCS310 with a 
high buoyancy, the wave screening performance decreased only 
by 9.1–10.4 % even under the condition of Fb/Hi≤1 and only by 
24.3 % under the condition of Fb/Hi=4. Furthermore, even if the 
wave reflection properties of the TA-LCS were not discussed, 
they showed a much smaller reflection coefficient compared with 
that of the typical LCS owing to the wing movements. 

 Based on the results of the wave screening performance 
analysis for the proposed TA-LCS, even if an TA-LCS with a 
high-buoyancy material is installed in a coastal area with a large 
tidal range, it can be expected to perform sufficient wave control 
during high tide periods as well. Moreover, because the proposed 
TA-LCS has low wave reflection, it will also be of great help for 
conducting temperature measurements of the outer sea. 

 
CONCLUSIONS 

LCSs have been known to be an inappropriate wave control 
structure in coastal areas with a large tidal range. This study 
proposed an TA-LCS that can overcome this problem related to 
tidal range. In the proposed TA-LCS, there is a wing connected 
to the hinge on the crest, and a buoyancy element is attached to 
the opposite side. The principle of operation is to screen waves 
using the wing, which actively moves during the water level 
fluctuations caused by waves. A total of 45 experiments were 
carried out under nine different wave conditions and water level 
fluctuations by carrying out the installation of a typical LCS, TA-
LCS34, and TA-LCS310. The main findings of this study are 
summarized below: 

(1) The wave screening principle could be identified from 
the dynamic behaviors of the wings and the surrounding wave 
fields. The proposed TA-LCSs could control waves because the 
buoyancy element immediately responded to waves, thus 
preventing wave overtopping. 

(2) The comparison groups showed similar slopes for KT 
according to different surf-similarity parameters. Furthermore, 
the wave screening effect of the TA-LCSs was slightly lower than 
that of the typical LCS because the wing of the TA-LCSs, which 
rose during the inflow of a wave crest and then descended again, 
causing interference with the water surface. 

(3) he dimensionless coefficients of the incident wave for 
the typical LCS were Fb/Hi=0.29–0.67 and B/Li=0.09–0.15, and 
the mean KT value was 0.4, indicating a significant wave 
screening effect. The mean KT value of the TA-LCSs ranged from 
0.457 to 0.573, and their wave screening performance was lower 
by 9.5–28.8 % compared with that of the typical LCS. 

(4) However, in the case of the TA-LCS310 with a large 
buoyancy element, the wave screening performance was lower 
only by 9.1–10.4 % under the condition of Fb/Hi≤1 and only by 
24.3 % even under the condition of Fb/Hi=4.  

 
Based on the abovementioned experimental results, the TA-

LCS proposed in this study is expected to carry out satisfactory 
wave control functions even in coastal areas with a large tidal 
range. Furthermore, the performance of the proposed TA-LCS is 
comparable to that of floating breakwaters, which are usually 
installed in coastal areas with a large depth and tidal range. 
Therefore, the proposed TA-LCS will be effective for wave 
screening if an TA-LCS with appropriate specifications is 
installed, considering the wave characteristics of coastal areas 
with a large tidal range.  
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Groundwater Flow Analysis in a Coastal Aquifer with the 
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ABSTRACT 
 
Lee, W.D.; Jeong, Y.H., and Jeon, H.S., 2019. Groundwater flow analysis in a coastal aquifer with the coexistence of 
seawater and freshwater by using a non-hydrostatic pressure model. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., 
and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, 
pp. 121-125. Coconut Creek (Florida), ISSN 0749-0208. 
 
The study proposes a new hydrostatic pressure model for flow analysis of a coastal aquifer wherein seawater and 
freshwater coexist. The numerical model introduces an advection–diffusion equation for salinity and temperature to 
trace the behaviors of seawater and freshwater in the Navier–Stokes (N-S) solver based on the porous body model 
(PBM) that considers the characteristics of a coastal aquifer (e.g., particle size, porosity, and shape). Furthermore, the 
density current is analyzed based on a state equation that determines the properties of water (density and viscosity) 
based on salinity and temperature. This enables the flow analysis of a coastal aquifer based on non-linear interferences 
between seawater and freshwater. In order to validate the proposed numerical model, a numerical constant water head 
permeability test device is set up, and the calculated permeability coefficient of the porous media exhibits a high degree 
of agreement with the value measured in the experiment. Flow simulations of a coastal aquifer are conducted based on 
the water level difference and salinity difference between seawater and groundwater. Additionally, hydrodynamic 
characteristics are analyzed from the water table, flow field, salinity distribution, and maximum penetration distance 
of the coastal aquifer. Specifically, an in-depth discussion of the diffusion of salinity near the shoreline and the 
movements of the seawater and freshwater interface is presented, which is largely absent in extant models. 
 
ADDITIONAL INDEX WORDS: Coastal aquifer, seawater intrusion, coastal groundwater, seawater-freshwater 
interface, seawater-freshwater coexisting field. 
 

 
INTRODUCTION 

Coastal groundwater is an area where seawater and freshwater 
coexist, and seawater with a high density is present in a wedge 
form under freshwater. In the groundwater of a coastal aquifer, 
pressure gradient occurs due to the water level difference and 
density difference between seawater and freshwater, and the 
seawater and freshwater interface moves to maintain a pressure 
balance. In the series of processes, it is extremely difficult to 
measure the flow of coastal groundwater because it occurs in a 
permeable medium. Thus, several studies are focused on 
revealing the flow structure of coastal groundwater. 

With respect to the investigation of coastal aquifer via the use 
of monitoring wells, it is difficult to explain the flow 
characteristics of groundwater consisting of seawater and 
freshwater owing to the existence of numerous deficiencies 
(Melloul and Goldenberg, 1997). Hydraulic model experiments 
in a sand tank only examine qualitative flow characteristics by 
tracking the salinity flow since it is practically impossible to 
directly measure the flow velocity inside the sand (Goswami and 

Clement, 2007; Chang and Clement, 2012; Lee et al., 2018). Most 
numerical simulations are based on the permeability coefficient 
for the flow phenomenon of a coastal aquifer (which is a 
permeable medium), trace seawater and freshwater interface 
according to the hydrostatic pressure concept, or do not consider 
the diffusion of salinity. 

In the study, in order to overcome the limitations of existing 
numerical models, a state equation for water density and viscosity 
and an advection–diffusion equation to trace salinity and 
temperature were introduced such that seawater and freshwater 
can be considered in the N-S Solver (Hur et al., 2012), which 
corresponds to a hydrodynamic model based on the porous body 
model (PBM). The numerical model reproduces the flow 
phenomenon of coastal groundwater based on the characteristics 
of a coastal aquifer and also considers salinity diffusion between 
seawater and freshwater in existing numerical models. The model 
is used to simulate the behaviors of seawater and freshwater in a 
coastal aquifer based on the water level difference and density 
difference between seawater and groundwater. Finally, the flow 
characteristics of the coastal groundwater are analyzed from the 
flow field and seawater–freshwater balance interface in a coastal 
aquifer. 

 
METHODS 
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Governing Equations 
The basic set of calculations consists of the continuity equation 

that includes the source term that generate waves and currents 
without reflection in 3-D incompressible and viscous fluids and a 
modified N-S momentum equation in which the fluid resistance 
of the permeable media is applied. The expressions are as follows: 

𝜕𝜕(𝛾𝛾𝑖𝑖𝑣𝑣𝑖𝑖)
𝜕𝜕𝑥𝑥𝑖𝑖

= 𝑞𝑞∗ (1) 

𝜕𝜕(𝛾𝛾𝑣𝑣𝑣𝑣𝑖𝑖)
𝜕𝜕𝜕𝜕

+
𝜕𝜕�𝛾𝛾𝑖𝑖𝑣𝑣𝑖𝑖𝑣𝑣𝑗𝑗�

𝜕𝜕𝑥𝑥𝑗𝑗
= −𝛾𝛾𝑣𝑣

1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

 
(2) 

+
𝜕𝜕�𝛾𝛾𝑖𝑖𝜈𝜈𝑇𝑇𝐷𝐷𝑖𝑖𝑗𝑗�

𝜕𝜕𝑥𝑥𝑗𝑗
+ 𝑆𝑆𝑖𝑖 − 𝑄𝑄𝑖𝑖 − 𝑅𝑅𝑖𝑖 − 𝛾𝛾𝑣𝑣𝑔𝑔𝑖𝑖 − 𝐸𝐸𝑖𝑖 

where 𝑥𝑥𝑖𝑖 denotes the Cartesian coordinate system (x, y and z); 
the z-axis corresponds to a vertical axis with zero indicating still 
water and positive values upward; 𝑣𝑣𝑖𝑖  denotes the velocity 
component corresponding to the 𝑥𝑥𝑖𝑖  direction; 𝛾𝛾𝑣𝑣  denotes the 
volume porosity; 𝛾𝛾𝑖𝑖  denotes the surface porosity in the 𝑥𝑥𝑖𝑖 
direction; 𝑞𝑞∗  denotes the flux density of the source term; 𝜕𝜕 
denotes time; 𝜌𝜌  denotes the fluid density; 𝜕𝜕  denotes the fluid 
pressure; 𝜈𝜈𝑇𝑇  denotes the sum of the kinematic viscosity 
coefficient (𝜈𝜈 ) and eddy viscosity coefficient (𝜈𝜈𝑡𝑡 ) from the 
turbulence model; 𝐷𝐷𝑖𝑖𝑗𝑗  denotes the strain rate tensor; 𝑆𝑆𝑖𝑖  denotes 
the surface tension force based on the continuum surface force 
model; 𝑄𝑄𝑖𝑖 denotes the wave and current source terms; 𝑅𝑅𝑖𝑖 denotes 
the fluid resistance term for the porous media; 𝑔𝑔𝑖𝑖  denotes the 
acceleration of gravity; and 𝐸𝐸𝑖𝑖 denotes the wave energy damping 
term for the added damping zones. 

Specifically, 𝐹𝐹 denotes the volume of fluid (VOF) in each cell 
that is expressed as fluid conservation by applying the assumption 
of fluid incompressibility and a function volume based on PBM 
as given in Equation (3) as follows: 

 

𝛾𝛾𝑣𝑣
𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕

+ 𝛾𝛾𝑖𝑖
𝜕𝜕(𝑣𝑣𝑖𝑖𝐹𝐹)
𝜕𝜕𝑥𝑥𝑖𝑖

= 𝐹𝐹𝑞𝑞∗ (3) 

 
Equations of State 

In order to analyze density current, it is important to estimate 
the density of a fluid accurately, and thus Equation (4) was 
applied to estimate the density based on temperature and salinity 
as suggested by Gill (1982). In Equation (4), 𝜌𝜌0  denotes the 
density of 4 °C freshwater. Additionally, Δ𝜌𝜌𝑇𝑇  denotes the 
increase in density with temperature change and is expressed as 
Equation (5). Furthermore, Δ𝜌𝜌𝑆𝑆  denotes the change in density 
with changing salinity and is expressed as shown in Equation (6). 
The empirical constants used in the density calculation are shown 
in Table 1. The expressions are as follows: 

 
𝜌𝜌 = 𝜌𝜌0 + Δ𝜌𝜌𝑇𝑇 + Δ𝜌𝜌𝑆𝑆 (4) 

Δ𝜌𝜌𝑇𝑇 = 𝑎𝑎1𝑇𝑇 − 𝑎𝑎2𝑇𝑇2 + 𝑎𝑎3𝑇𝑇3 − 𝑎𝑎4𝑇𝑇4 + 𝑎𝑎5𝑇𝑇5 (5) 
Δ𝜌𝜌𝑆𝑆 = (𝑎𝑎6 − 𝑎𝑎7𝑇𝑇 + 𝑎𝑎8𝑇𝑇2 − 𝑎𝑎9𝑇𝑇3 + 𝑎𝑎10𝑇𝑇4)𝑆𝑆 

+(−𝑎𝑎11 + 𝑎𝑎12𝑇𝑇 − 𝑎𝑎13𝑇𝑇2)𝑆𝑆3/2 + 𝑎𝑎14𝑆𝑆2 (6) 
 

where 𝑇𝑇  denotes the temperature (°C) and 𝑆𝑆  denotes the 
salinity (psu). 

The kinematic viscosity coefficient 𝜈𝜈 for the fluid is calculated 
using Equation (7). The calculated value of Equation (4) is 

substituted for the density 𝜌𝜌, and the viscosity coefficient 𝜇𝜇  is 
calculated using Equation (8) that considers the water temperature 
and salinity as suggested by Riley and Skirrow (1965). The 
expressions are as follows: 

 
𝜈𝜈 =

𝜇𝜇
𝜌𝜌

 (7) 

𝜇𝜇 = 𝜇𝜇0 + Δ𝜇𝜇𝑇𝑇 + Δ𝜇𝜇𝑆𝑆 (8) 

Δ𝜇𝜇𝑇𝑇 = −𝑏𝑏1𝑇𝑇 + −𝑏𝑏2𝑇𝑇2 − 𝑏𝑏3𝑇𝑇3 (9) 
Δ𝜇𝜇𝑆𝑆 = 𝑏𝑏4𝑆𝑆 + 𝑏𝑏5𝑆𝑆2 (10) 

  
where 𝜇𝜇0  denotes the viscosity coefficient for 4 °C freshwater. 
Additionally, Δ𝜇𝜇𝑇𝑇  denotes the change in the viscosity coefficient 
with a change in temperature and is expressed in Equation (9). 
Furthermore, Δ𝜇𝜇𝑆𝑆 denotes the change in the viscosity coefficient 
with respect to changes in salinity and is expressed in Equation 
(10). The empirical constants used for the water viscosity 
coefficient are listed in Table 2. 
 
Table 1. Density estimation coefficients. 

𝜌𝜌0= 0.999842594 g/cm3 𝑎𝑎8 = 7.643800 × 10-8 

𝑎𝑎1 = 6.793952 × 10-5 𝑎𝑎9 = 8.246700 × 10-10 

𝑎𝑎2 = 9.095290 × 10-6 𝑎𝑎10 = 5.38750 × 10-12 

𝑎𝑎3 = 1.001685 × 10-7 𝑎𝑎11 = 5.72466 × 10-6 

𝑎𝑎4 = 1.120083 × 10-9 𝑎𝑎12 = 1.02270 × 10-7 

𝑎𝑎5 = 6.536332 × 10-12 𝑎𝑎13 = 1.65460 × 10-9 

𝑎𝑎6 = 8.244930 × 10-4 𝑎𝑎14 = 4.83140 × 10-7 

𝑎𝑎7 = 4.089900 × 10-6  

 
Table 2. Viscosity estimation coefficients. 

𝜇𝜇0= 1.802863 × 10-2 g/cm·s 𝑏𝑏3 = 1.35576 × 10-7 
𝑏𝑏1 = 6.108600 × 10-4 𝑏𝑏4 = 2.15123 × 10-5 

𝑏𝑏2 = 1.31419 × 10-5 𝑏𝑏5 = 3.59406 × 10-10 

 
Advection-Diffusion Equations 

In density current analyses, quantitative decisions on important 
factors are vital to accurately calculate the fluid density 𝜌𝜌 and 
kinematic viscosity coefficient 𝜈𝜈  that are substituted in the 
governing equations. The state equation used to calculate the 
density and kinematic viscosity coefficient of water is a function 
of temperature and salinity. Therefore, the 3-D advection–
diffusion equations adopted in the study include Equation (11) for 
temperature and salinity as follows: 

 

𝛾𝛾𝜈𝜈
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜕𝜕𝑖𝑖𝐴𝐴 − 𝜕𝜕𝑖𝑖𝐷𝐷) = 0 (11) 

 
where, 𝜕𝜕  denotes the 𝑇𝑇 or 𝑆𝑆; 𝜕𝜕𝑖𝑖𝐴𝐴  denotes the advection term; 

and 𝜕𝜕𝑖𝑖𝐷𝐷 denotes the diffusion term. 
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Numerical Model Validation 
In order to validate the numerical model developed to simulate 

the flows of seawater and freshwater based on the characteristics 
of coastal aquifer (e.g., particle size, porosity, shape), a numerical 
constant water head permeability test device was set up as shown 
in Figure 1. Subsequently, the permeability test was performed 
with the experimental conditions of the permeability medium of 
Yoon (2004) as shown in Table 1. 

 
Table 3. Experimental conditions and results obtained by Yoon (2004). 

Test 𝑑𝑑50 

 

𝜌𝜌𝑆𝑆 
 

𝛾𝛾𝜈𝜈 𝑘𝑘 
 1 0.15 2.58 0.44 1.10 

2 0.70 3.00 0.46 6.00 

3 1.05 2.90 0.43 7.46 

4 1.35 2.80 0.44 9.09 

5 1.71 2.82 0.44 10.64 

6 2.23 2.70 0.43 12.54 

7 2.95 2.93 0.46 14.52 
 

 

 
Figure 1. Schematic of the constant water head permeability test used in 
the study. 

 
 

 

 
Figure 2. Comparisons between the measured (Yoon, 2004) and 
calculated permeability coefficient ss. 

 
Figure 2 shows a graph that compares the permeability 

coefficient k obtained from the numerical constant water head 
permeability test device and the k measured by Yoon (2004). As 
shown in the figure, the two k values exhibit a high degree of 
agreement, and the accuracy increases when the particle size 
decreases. This is because the numerical model adequately 
reproduces the hydraulic phenomenon in the permeable medium. 

Therefore, the numerical model developed in the study is 
considered as validated with respect to the analysis of the internal 
flow of a permeable medium.  

 
Numerical Water Tank and Incident Condition 

In the study, a numerical water tank with a finite water depth 
was set up as shown in Figure 3 for flow simulations of a coastal 
aquifer where seawater and freshwater coexist. In the numerical 
water tank (with a length of 350 m, width of 10 m, height of 16 
m, and water depth of 10 m), a coastal aquifer with a porosity of 
0.4, average particle size of 0.1 mm, and slope of 1:10 was 
installed. By combining the conditions in Table 4, a total of 12 
numerical simulations were performed by considering the salinity 
difference and water level difference between seawater and 
groundwater. The numerical simulations were conducted until the 
pressure balance appeared where the movements of the seawater 
and freshwater interface in the coastal aquifer became minimal.  

 
Table 4. Incident conditions used in the study. 

Coastal aquifer  Salinity 
difference  

Reduced 
gravity 

Water level 
difference 

𝛾𝛾𝜈𝜈 𝑑𝑑50 
[mm] Δ𝑆𝑆 [psu] ∆𝜌𝜌𝑔𝑔/𝜌𝜌𝑓𝑓 

𝑔𝑔′ [cm/s2] Δℎ [m] 

0.35 0.1 25, 35, 45 20.6, 28.9, 37.2  0.5, 1, 1.5, 2 

 
 

 
Figure 3. Definition sketch of a numerical water tank including a coastal 
aquifer. 

 
 

 
 (a) Based on the water level difference (Δℎ) 

 

 
(b) Based on the salinity difference (Δ𝑆𝑆) 

Figure 4. Spatial distributions of water tables in a coastal aquifer. 
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RESULTS 
Groundwater Table 

Figure 4 shows the spatial distributions of the normal state 
water table of the coastal aquifer in which seawater and 
freshwater coexist. Specifically, Figure 4a shows a comparison 
based on Δℎ  when Δ𝑆𝑆  corresponds to 35 psu, and Figure 4b 
shows a comparison based on Δ𝑆𝑆 when Δℎ corresponds to 1 m. 

In Figure 4 well-known convex water tables are formed that 
appear in a general coastal aquifer, and the water table descends 
slightly because a relatively strong current flows near the 
shoreline. In Figure 4a, the water table close to the shoreline is 
increasingly convex when Δℎ  decreases. The phenomenon 
appears since the seater pushes up the water table when it 
permeates below the freshwater because the groundwater flow 
weakens when Δℎ decreases. In Figure 4b, a more convex water 
table forms when Δ𝑆𝑆 increases, and this makes seawater intrusion 
easier. The distribution of water table is caused by seawater 
intrusion. However, it affects the pressure balance, thereby 
affecting the formation of the seawater and freshwater interface. 
Therefore, the water table of the coastal aquifer and seawater and 
freshwater interface display an interacting relationship. 

 
 

 
Figure 5. Spatial distributions of velocities and salinities as a result of Δℎ 
in a coastal aquifer. 

 
 

 

 
Figure 6. Spatial distributions of velocities and salinities as a result of Δ𝑆𝑆 
in a coastal aquifer. 

 
 

Groundwater Flow 
Figures 5–6 show the groundwater flow and salinity 

distribution when the seawater and freshwater interface of the 
coastal aquifer is balanced. Figure 5 shows comparison and 
analysis based on Δℎ  when 𝑆𝑆  corresponds to 35 psu. Figure 6 
shows comparison and analysis based on Δ𝑆𝑆 when Δℎ 
corresponds to 1 m. In order to analyze the salinity diffusion of 
the coastal aquifer, the Richardson number (𝑅𝑅𝑖𝑖) that represents 
the ratio of buoyancy to shear force is calculated as follows: 

 

𝑅𝑅𝑖𝑖 =
(𝑔𝑔/𝜌𝜌)(𝜕𝜕𝜌𝜌/𝜕𝜕𝜕𝜕)

(𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕)2  (12) 

 
As shown in Figures 5–6, the freshwater area becomes 

narrower since it is closer to the shoreline due to the seawater 
intrusion into the coastal aquifer. Given the reduced cross-section 
area of the freshwater flow, the flow velocity of the freshwater 
gradually increases. Furthermore, Figure 5 shows the generation 
of surface waves near the shoreline due to the outflow from the 
coastal aquifer. The flow velocity in the head part of the seawater 
is extremely low because pressure balance is maintained. At the 
seawater and freshwater interface, the velocity vector is broken 
due to the density difference, and a velocity difference exists 
between the inside and outside of the interface. The density and 
velocity differences at the interface appear as 𝑅𝑅𝑖𝑖, and this affects 
the salinity diffusion. Thus, a mixing zone exists near the 
shoreline that is not observed in the non-diffusion of salinity or 
hydrostatic pressure model, and the salinity diffusion increases 
when 𝑅𝑅𝑖𝑖 decreases. 

In Figure 5, the flow velocity of the coastal aquifer increases 
when Δℎ increases. Thus, the seawater intrusion is slowed, and 
also the seawater and freshwater interface is pushed downward 
because the flow near the shoreline increases. Furthermore, the 
salinity diffusion near the shoreline increases when Δℎ decreases. 
This is potentially due to the easy diffusion of salinity since the 
velocity difference at the seawater and freshwater interface 
decreases when Δℎ decreases. In Figure 6, when Δ𝑆𝑆 increases, 
reduced gravity (𝑔𝑔′) increases and the pressure balance point is 
formed deeper inside the inland. Therefore, the seawater intrudes 
below the freshwater faster and farther in the coastal aquifer. 
Furthermore, increased salinity diffusion occurs near the shore 
line as shown in Figure 6a when the density difference is 
relatively low and 𝑅𝑅𝑖𝑖  is also low. 

 
DISCUSSION 

Figure 7 shows the seawater intrusion distance (𝐼𝐼𝐿𝐿) in the flow 
simulations of a coastal aquifer where seawater and freshwater 
coexist in a finite water depth area. The figure compares the 
seawater intrusion distance (𝐼𝐼𝐿𝐿) based on the ratio of the water 
level difference between seawater and groundwater to the water 
depth (Δℎ/ℎ) for each Δ𝑆𝑆. 

As shown in Figure 7, there is a clear tendency that at all 
Δ𝑆𝑆 conditions, 𝐼𝐼𝐿𝐿 decreases when Δℎ/ℎ increases, and the slope 
increases when Δ𝑆𝑆 decreases. This is because when Δ𝑆𝑆 decreases, 
the pressure difference due to Δℎ is not high, and thus the distance 
between seawater-freshwater balance points also decreases. 
Hence, in the finite water depth area, when Δ𝑆𝑆 increases by 10 
psu from 25 psu, average 𝐼𝐼𝐿𝐿  increases by 10%. Furthermore, 
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when Δℎ/ℎ is the lowest, 𝐼𝐼𝐿𝐿 at Δ𝑆𝑆=45 psu increases by 30% when 
compared with that at Δ𝑆𝑆=25 psu. 

 
 

 
Figure 7. Maximum ranges of seawater intrusion due to difference in the 
water level between saltwater and groundwater in a coastal aquifer. 

 
 

To summarize the flow simulation results of the coastal aquifer 
in a finite water depth area, the seawater intrusion increases when 
Δ𝑆𝑆 increases and Δℎ decreases, and the salinity diffusion near the 
shoreline increases when Δ𝑆𝑆 and Δℎ decrease. Thus, increases in 
𝑔𝑔′ and decreases in 𝑅𝑅𝑖𝑖 increase the salinity diffusion. Specifically, 
the tendency is more pronounced when Δℎ/ℎ decreases. 

 
CONCLUSIONS 

This paper proposed a new numerical water tank to numerically 
analyze the hydrodynamic characteristics of a coastal aquifer. The 
numerical water tank reproduces the flow phenomena based on 
particle size, porosity, and shape of a coastal aquifer and also 
numerically considers kinetic characteristics of water based on 
salinity and temperature. The aforementioned facts were also 
verified via a comparison with and validation of the hydraulic 
model experiment results. The hydrodynamic characteristics 
based on Δℎ and Δ𝑆𝑆 in a numerical water tank in which a coastal 
aquifer is installed included the following: 

 

(1) In the coastal aquifer of the numerical water tank, the 
water table maintained a convex shape since the seawater 
intruding below the freshwater pushed it up. 

(2) The seawater intrusion increased when Δℎ decreased, 
and Δ𝑆𝑆 increased because the pressure balance point was formed 
in the inland. 

(3) Given the seawater that intruded into the coastal aquifer 
in a wedge shape, the flow cross-section of the freshwater 
decreased and flow velocity increased since it was closer to the 
sea, and the highest flow velocity occurred near the shoreline. The 
groundwater flow corresponded to a typical flow pattern of a 
coastal aquifer.  

(4) When the salinity diffusion and hydrostatic pressure 
model were applied, a mixed zone was formed near the shoreline 

of the coastal aquifer, and the salinity diffusion increased when 
𝑅𝑅𝑖𝑖 decreased. 

(5) Decreases in Δℎ/ℎ  and increases in Δ𝑆𝑆  increased 𝐼𝐼𝐿𝐿 . 
When the salinity increased by 10 psu, the average 𝐼𝐼𝐿𝐿 increased 
by 10%. 

(6) To summarize the above results, seawater intrusion 
increased when Δ𝑆𝑆 increased and Δℎ decreased, and the salinity 
diffusion near the shoreline increased when Δ𝑆𝑆 and Δℎ decreased. 
Thus, increases in 𝑔𝑔′  increased the seawater intrusion and 
decreases in 𝑅𝑅𝑖𝑖 increased the salinity diffusion. Specifically, the 
tendency was more pronounced when the Δℎ/ℎ was low. 

The study confirmed that various numerical models can be 
used in simulations of the internal flow of a coastal aquifer to 
consider the characteristics of the permeability medium without 
depending on the permeability coefficient. Furthermore, the 
method to trace the behaviors of the seawater and freshwater 
interface in a coastal aquifer based on the hydrostatic pressure 
also verified the movement of the interface and salinity diffusion 
near the shoreline, which were not considered in extant studies. 
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Two-dimensional laboratory experiments were conducted in the wave flume to investigate the wave transmission 
phenomena over both impermeable and permeable artificial reef structures, which were armored with tetrapods. 
Different cases of the experimental conditions were included by changing permeability, relative crest height, relative 
crest width, wave steepness and so on. A modified empirical formula from the existing formula was proposed to predict 
the wave transmission coefficient over the various specifications and structural designs of the artificial reef. The 
proposed formula successfully predicted the wave transmission coefficients for permeable, partially permeable and 
impermeable structures. Therefore, in this study, the empirical formula of the wave transmission over the artificial reef 
was improved from the existing formula by including various permeable cases.  

  
ADDITIONAL INDEX WORDS:  Artificial reef, physical modeling, wave transmission, tetrapod, empirical formula. 
 

 
INTRODUCTION 

An artificial reef structure is a kind of low crested breakwater 
(submerged breakwater) with a wider crest width to prevent beach 
erosion by reducing the incident wave energy. The artificial reef 
has been widely used as a countermeasure against beach erosion 
in Korea and Japan. Especially in Korea, the tetrapod has been 
typically used on the armor layer of the submerged structure to 
secure the structural stability. However, because the porosity of 
the structure affects the amount of the wave energy that is 
transmitted, the effective design of the artificial reef is very 
important in protecting beaches from the energetic wave 
condition. 

One of the most important factors in evaluating the 
performance of the artificial reef as a countermeasure against 
beach erosion is the wave transmission coefficient. Therefore, 
researchers have studied the wave transmission characteristics 
and proposed the empirical formula of the artificial reefs or low 
crested breakwaters composed of different armor units and 
porosities (Allsop, 1983; Powell and Allsop, 1985; Van der Meer 
and d’Angremond, 1991; Van der Meer and Daemen, 1994). Uda 
(1988) suggested the empirical formula of the wave transmission 
coefficients over the impermeable artificial reefs as a function of 
relative crest depth (the ratio of the crest depth to the deep-water 
wave height), wave steepness, and the relative crest width but the 
formula did not include the effect of the ratio of the crest depth to 
the water depth at the toe. Takayama et al. (1985) proposed the 
empirical formula of the wave transmission coefficients on the 
porous structures by considering the relative crest depth, wave 

steepness, and the relative crest width. However, those formulae 
calculate the wave transmission coefficients as negative values 
when the relative crest width is greater than 0.7, which can be the 
case of the normal wave condition with small wave heights. 
d’Angremond, et al. (1996) suggested the empirical formula of 
the wave transmission coefficients on permeable submerged 
structures by considering the relative crest height, wave steepness, 
permeability, and fore slope of the structure but they did not 
include the effect of the artificial reef width. Kramer et al. (2005) 
introduced the laboratory experiments on low-crested structures 
during the DELOS project. They conducted the experiments for 
both emerged and submerged structures in both wave flume and 
basin to measure wave reflection and transmission. However, the 
empirical formula from the previous studies hardly predicted the 
wave transmission coefficients based on all the factors that were 
mentioned above.  

In this study, in order to investigate the artificial reef capability 
of the wave energy reduction, two-dimensional wave flume 
experiments were conducted by changing all the factors that could 
possibly affect the performance of the structure such as crest 
width, crest depth, permeability, and incident wave condition. 
Finally, the modified empirical formula of the impermeable and 
tetrapod armored artificial reefs (permeable) is proposed in this 
study. 

 
METHODS 

Experimental Setup 
Two-dimensional wave flume experiments were conducted at 

the Experimental Center for Coastal and Harbor Engineering at 
Chonnam National University. The wave flume measured at 50.0 
m long, 1.0 m wide and 1.3 m deep. A piston type wave generator 
capable of generating both regular and irregular waves was 
installed in the flume.  
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Figure 1 shows the cross-sectional views of the three different 
model setups for the experiments: impermeable structures 
covered by concrete blocks (Case 1, left panels); rubble mound 
structures armored by tetrapods (Case 2 and 3, middle panels); 
structures fully composed of tetrapods (Case 4, right panels). 
These structural setups are same as the setups that Shin et al. 
(2018) used for the three-dimensional experiments to investigate 
the characteristics of the spatial distribution of transmitted waves 
behind the structures. In the cases of partially permeable cases, 
the nominal diameters (Dn) of Case 2 and Case 3 were 4.21 and 
7.37 cm with double layers respectively. The permeable structure 
(Case 4) was built with rubble mounds covered by tetrapods with 
a nominal diameter of 7.37 and a layer thickness (AT) of 18 cm 
(double layered). The fore slope of the structure was set to 1:1.5. 

Fourteen capacitance type wave gages were deployed along the 
wave flume to measure transmitted waves as well as to separate 
the incident wave from the reflected wave. Twelve of them were 
deployed near the structure with a 1 m distance in between each 
other to investigate the wave transformation and to find out the 
location of the stabilized wave height behind the structure. 

 
Wave Condition 

Different time series of irregular waves based on the 
Bretschneider-Mitsuyasu spectra were generated for 300 seconds 
for each experimental case by considering the wave conditions 
and the water depths (d = 0.3, 0.4, 0.5 m) as shown in Table 1.  

 
Table 1. Target wave conditions and water levels. 
 

d 
(m) 

Ts 
(s) 

Hs 
(m) 

Rc 
(m) 

W 
(m) 

0.3 
0.4 
0.5 

1.0 – 3.0 
(dTs=0.2 s) 

0.2 – 0.26 
(dHs=0.02 m) 

0.05 
0.10 
0.20 

0.25 
0.50 
1.00 
2.00 
3.00 

The significant wave period (Ts) ranged from 1.0 to 3.0 seconds 
with an increment of 0.2 seconds and the significant wave heights 
(Hs) ranged from 0.02 to 0.26 m with an increment of 0.02 m. 

The experiments were run by changing the width of the model 
structures (W=0.25, 0.5, 1, 2 m), and the crest depth (Rc=0.05, 0.1 
m). 

 
RESULTS 

Transmission Coefficients (KT) with Different Permeability 
Figure 2 shows the wave transmission coefficients (KT) as a 

function of relative crest width (W/Ls) for different structure 
specifications (a: Case1; b: Case 2; c: Case 3; d: Case 4).  These 
figures are representative figures from all the experimental data 
when the ratio of the crest depth to the water depth (Rc/d) is 0.17 
for Case 1 to Case 3 and 0.15 for Case 4. The ratio of the crest 
depth to the significant wave height (Rc/Hs) in Figure 2 ranges 
from 0.30 to 0.50. Dashed lines in each panel of Figure 2 show 
that the transmission coefficients when the relative crest width is 
0.5. It can be found that the transmission coefficients at the same 
relative crest width are smallest in Case 1 and largest in Case 4 
because of the porosity effect. Overall, the transmission 
coefficients decrease exponentially as the crest width increases. 

 
Transmission Coefficients (KT) with Different Rc/d and Hs/Ls 

Figure 3 shows KT as a function of W/LS under the different 
Rc/d in the case of impermeable structures (Case 1). The values 
of Rc/d in Figure 3a and Figure 3b are 0.10 and 0.20 respectively 
and Rc/Hs is 1.25. The main difference between Figure 2 and 
Figure 3 is that the value of Rc/Hs (=1.25) in Figure 3 is larger 
compared with those values (from 0.30 to 0.50) in Figure 2. These 
results indicate that the transmission coefficients are more 
sensitive when the incident wave heights are small and that the 
wave steepness (Hs/Ls) affects the slope of the transmission 
coefficient curves. In both figures, the fitted lines of the 
transmission coefficients (KT) are separated by different wave 
steepness (Hs/Ls) while the transmission coefficients show a 
single trend line regardless of the wave steepness (Hs/Ls) in Figure 
2. As the wave steepness (Hs/Ls) increases, the transmission 
coefficient increases at the same relative crest width (W/Ls), and 
three different fitted curves were obtained by dividing the range 
of the wave steepness (Hs/Ls) in Figure 3a.  

Figure 4 shows the wave transmission coefficients (KT)as a
 

Figure 1. Model setup: impermeable structure (Case 1, left); partially permeable structure (Case 2 & 3, middle); permeable structure (Case 4, right)  
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function of relative crest width (W/Ls) under the different values 
of the relative crest height (Rc/d) in the partially permeable case 
(Case 2). Similar to Figure 3, the main difference between Figure 
4a and Figure 4b is the relative crest depth (Rc/d), 0.13 and 0.33 
respectively. Figure 4a shows the results of the transmission 
coefficients (KT) when Rc/d is 0.13 and Rc/Hs ranges from 0.28. 
In this figure, the fitted curve satisfies all the data from different 
wave steepness (Hs/Ls). However, in Figure 4b, when the relative 
crest heights (Rc/d) become larger, the fitted curves are divided 
according to the wave steepness (Hs/Ls). Since the wave breaking 
effect is dominant in the case of smaller Rc/d, the wave energy 
mostly dissipates over the crest of the structure. On the other hand, 
when the value of Rc/d is larger, transmission coefficients (KT) 
are affected not only by the wave steepness (Hs/Ls) but also by the 
value of Rc/d. Therefore, for the better estimate of the 
transmission coefficient (KT), it is necessary to consider Rc/d, 
Rc/Hs, Hs/Ls, and W/Ls. 

 
 

 
Figure 2. Wave transmission coefficient (KT) as a function of the relative 
crest width (W/LS): (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4. 

 

 

 
Figure 3. Wave transmission coefficients (KT) as a function of relative 
crest width (W/Ls) with the larger values of Rc/Hs (=1.25) in Case 1: (a) 
Rc/d = 0.1; (b) Rc/d = 0.2. 

 
 

 

 
Figure 4. Wave transmission coefficients (KT) as a function of relative 
crest width (W/Ls) from the different relative crest depth (Rc/d) in Case 3: 
(a) Rc/d = 0.13; (b) Rc/d = 0.33. 

 
 
Empirical formula of the wave transmission coefficient (KT)  

Based on the all experimental results from different structure 
specifications, water depth and wave conditions, the empirical 
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formula was proposed in the present study by modifying the 
existing formula suggested by d’Angremond et al. (1996) as 
shown in the Equation (1). In this equation, AR and AH indicate 
the armor layer thickness and the crest level from the bottom as 
shown in the middle panel of Figure 2. The coefficients a and b 
in the equation vary depending on the permeability.  

 
𝐾𝐾𝑇𝑇 = {0.22𝑅𝑅𝐻𝐻0.5 + 𝑊𝑊𝐿𝐿

−0.5[1− 𝑒𝑒𝑒𝑒𝑒𝑒(−0.06𝜉𝜉−0.1)] +
𝜉𝜉[𝑒𝑒𝑒𝑒𝑒𝑒(𝑊𝑊𝐿𝐿)]−1.5 + 𝑅𝑅𝐻𝐻2𝜉𝜉0.8} ∙  [(1 − 𝑅𝑅𝑑𝑑)𝛾𝛾𝑅𝑅𝑅𝑅𝑅𝑅𝐻𝐻−0.1] ∙  𝛾𝛾𝑆𝑆𝑇𝑇 (1) 

 
where, 𝛾𝛾𝑅𝑅𝑅𝑅 = −0.54𝑅𝑅𝑑𝑑−0.54 ,  𝛾𝛾𝑆𝑆𝑇𝑇 = 𝑎𝑎𝑊𝑊𝐿𝐿

𝑏𝑏            
  

�
𝐼𝐼𝐼𝐼𝑒𝑒𝑒𝑒𝐼𝐼𝐼𝐼𝑒𝑒𝑎𝑎𝐼𝐼𝐼𝐼𝑒𝑒:                                       𝑎𝑎 = 1,  𝐼𝐼 = 0                 
𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼𝑒𝑒 −𝐼𝐼𝑚𝑚𝑅𝑅𝑚𝑚𝑚𝑚 (𝐴𝐴𝑅𝑅/𝐴𝐴𝐻𝐻 ≥ 0.5):    𝑎𝑎 = 1.15,  𝐼𝐼 = −0.05 

  𝑃𝑃𝑒𝑒𝐼𝐼𝐼𝐼𝑒𝑒𝑎𝑎𝐼𝐼𝐼𝐼𝑒𝑒 (𝐴𝐴𝑅𝑅/𝐴𝐴𝐻𝐻 < 0.5):               𝑎𝑎 = 1.25,  𝐼𝐼 = −0.05   
� 

 
𝑅𝑅𝐻𝐻 = 𝑅𝑅𝐶𝐶/𝐻𝐻𝑠𝑠 (0.1 ≤ 𝑅𝑅𝐻𝐻 ≤ 1.5) 
𝑊𝑊𝐿𝐿 = 𝑊𝑊/𝐿𝐿𝑠𝑠 (0.05 ≤ 𝑊𝑊𝐿𝐿 ≤ 1.5) 
𝜉𝜉 = 𝐻𝐻𝑆𝑆/𝐿𝐿𝑆𝑆 (0.006 ≤ 𝜉𝜉 ≤ 0.065)   
𝑅𝑅𝑑𝑑 =  𝑅𝑅𝐶𝐶/𝑚𝑚    (0.1 ≤ 𝑅𝑅𝑑𝑑 ≤ 0.4) 

 
Figure 5 shows the comparison between the experimental 

results and estimated results from the empirical formula in Case 
1 (impermeable structure). Figure 5a and Figure 5b show that the 
empirical formulas for both upper (blue dots) and lower (red dots) 
boundaries of the wave steepness (Hs/Ls) agree well with the 
experimental results when the values of Rc/d are smaller. 
Therefore, within the given range of the wave steepness (Hs/Ls), 
the estimated wave transmission coefficients (KT) from the 
empirical formula show a good agreement with the experimental 
results regardless of which values of wave steepness (Hs/Ls) the 
formula uses.  However, as shown in Figure 5c, the empirical 
formula somehow overestimated the wave transmission 
coefficients (KT) under the lower boundary of the wave steepness 
(Hs/Ls) when the relative crest depth (Rc/d) was larger even when 
the estimated curve qualitatively agreed with the experimental 
results within the error range of 10 %. These phenomena were 
shown in all cases including impermeable (Case 1), partially 
permeable (Case 2 and Case 3), and permeable structures (Case 
4), but figures for all cases are not shown in this paper.  

Figure 6 shows the wave transmission coefficients (KT) as a 
function of the relative crest width (W/Ls) for the different values 
of the relative crest depth (Rc/d) in Case 3 which is the partially 
permeable cases, or the rubble mound structure covered by 
tetrapods. The results show a similar pattern to those in the case 
of the impermeable structures as shown in Figure 5. Therefore, 
the estimated results in smaller values of Rc/d (Figure 5a) are 
independent of the wave steepness (Hs/Ls) while the wave 
steepness (Hs/Ls) affects the estimate results with larger values of 
Rc/d (Figure 5b).  

Overall, the proposed empirical formula is applicable to both 
impermeable and permeable submerged structures in the various 
conditions including the relative crest depth (Rc/d), wave 
steepness (Hs/Ls), relative crest width (W/Ls), and permeability. 
All the measured wave transmission coefficients are within the 
upper and lower boundaries of the estimate curves from the 
empirical formula even in the case of the larger values of Rc/d.  

 

 

 
Figure 5. Wave transmission coefficients (KT) as a function of the relative 
crest width (W/Ls) in Case 1 (impermeable structure) according to the 
different values of Rc/d and Rc/Hs. Open circles indicate experimental data. 
Red and blue dots indicate the results of empirical formula when Hs/Ls is 
minimum and maximum in the range of the estimate. 

 
 

CONCLUSIONS 
In the present study, two-dimensional physical model tests 

were conducted to investigate the wave transmission 
characteristics over the artificial reef. The experimental setups 
and conditions included the specification of the structures such as 
permeability (impermeable, partially permeable/rubble mound, 
and preamble structures covered with tetrapods) as well as the 
water depth, and the wave climates. 

Based on the experimental data collected from the different 
conditions, a modified empirical formula of the wave 
transmission coefficients in terms of the relative crest width 
(W/Ls), the relative crest depth (Rc/d), the relative crest height 
(Rc/Hs), and the wave steepness (Hs/Ls) was proposed by 
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considering permeability because the existing formula did not 
include all factors.  
 

 

 
Figure 6. Wave transmission coefficients (KT) as a function of the relative 
crest width (W/Ls) in Case 3 (partially permeable) according to the 
different values of Rc/d and Rc/Hs. The types of symbols are same as those 
in Figure 5. 

 
 

Through this study, the following conclusion can be drawn: 
 
• The wave transmission coefficient is affected by 

relative crest depth (Rc/d), the ratio of the crest depth to the 
significant wave height (Rc/Hs, relative crest height in this paper), 
the wave steepness (Hs/Ls) and the permeability of the structure. 
• The permeability of the structure is inversely 

proportional to the wave transmission coefficient (KT) as shown 
in Figure 2. Therefore, the impermeable structure (Case 1) and 
the partially permeable structure with the smaller median 
diameter of TTP (Case 2) showed a better performance in terms 
of the incident wave reduction. 
• The proposed empirical formula was applicable to 

predict the wave transmission coefficients in the wider range of 

the submerged structures. The formula was slightly sensitive to 
the wave steepness (Hs/Ls) as the relative crest depth (Rc/d) 
increased but the error was within 10%. 
 

The experimental data form this study can be utilized for the 
numerical modelers to verify their model capability. Moreover, 
the proposed empirical formula will be used for the artificial reef 
design purpose. 
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This study aimed to improve the accuracy of dangerous wave prediction, using the example of the Korean east coast. 
Generally, the accuracy of wave prediction depends on the accuracy of weather prediction. Therefore, we attempted to 
improve the performance of a weather model by improving its initial conditions. In this study, two initial weather 
conditions obtained from an atmospheric weather model were employed, to simulate high, swell-like waves, in the East 
Sea. In the first simulation, the Weather Research and Forecasting (WRF) model was run for 72 h, from a cold-start, 
cycling a 3D-Var data assimilation through, every 3 h, from the start time to +6 h (a “cold-start” run). In the second 
simulation, the WRF model was run for 78 h from cold-start, cycling the 3D-Var data assimilation every 3 h from -6 h 
to +6 h, in a simulation called a "hot-start" run. The WRF model was initialized using boundary conditions from the 
National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS), and SWAN 41.10 was used 
for the wave model. Based on observational data collected over six months, the error in the “hot-start” prediction run 
was reduced by approximately 5%, in comparison with the “cold start” run. 

  
ADDITIONAL INDEX WORDS: Wave forecasting, swell-like waves, East Sea. 
 

 
INTRODUCTION 

High waves occur frequently on the eastern coast of the Korean 
Peninsula, causing property damage and loss of life. Many 
accidents occurred steadily from 2005 to 2017, the amount of 
property damage caused by high waves reached a billion won and 
there were 231 human injuries, including 63 deaths. A recent 
example of the devastation of high waves occurred on November 
8, 2016 when five construction workers were trapped on the rocks 
at SokCho in Gangwon province. Four members of the coast 
guard were sent to rescue the workers, but the high waves swept 
away one worker and two of the coast guards, and they died at the 
scene. As another example, on June 3, 2017, some tourists 
swimming at MangSang Beach (near DongHae in Figure 1), and 
CheonJin Beach (near SokCho in Figure 1), in Gangwon province, 
were swept away by waves. Figure 1 shows the locations and 
months of fatalities and damage caused by waves on the east coast 
of the Korean Peninsula, from 2005 to 2017.  

The high waves in question can exceed 3 m and can be very 
dangerous for people in beach areas. These waves come from the 
open sea, and are therefore independent of the local weather 
conditions. Figure 2 shows a set of CCTV images taken from a 
breakwater that is approximately 7 km from CheonJin Beach, on 
June 3, 2017, the day of the accident described above. 

The weather was clear, with only a few clouds and the wind 
was light (SokCho AWS observation: 5 m/s or less), when the 
large swells appeared without warning and inundated the 

 

  
Figure 1. Location and months of fatalities and damage caused by waves 
on the east coast of the Korean Peninsula.

  
breakwater. The accident at MangSang Beach occurred at this 
time, when the waves suddenly became larger. This example 
highlights how these coastal incidents occur unexpectedly, and 
not during extreme coastal weather, when visitors and workers 
would tend to avoid beaches, breakwaters, and coastal structures, 
because of the obvious danger.  
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Figure 2. CCTV images at two second time intervals, captured at SokCho 
Breakwater on June 3, 2017 . 

 
 
There have been many studies regarding high waves, often 

referred to as "abnormally high waves" or "large-height swell-like 
waves" Oh and colleagues have defined large-height, swell-like 
waves, as waves that are 3 m or higher, and have a wave period 
of 9 seconds or more (Oh et al., 2010; Oh and Jeong, 2013). With 
respect to the Korean peninsula, large-height, swell-like waves 
occur due to strong wind fields developed by pressure gradients, 
such as those caused by low pressure systems and typhoons, in 
the middle of the East Sea. Ha et al. (2016) reproduced the wave 
height and wave period of abnormal waves, by using 
meteorological reanalysis data, produced by data assimilation.  

The East Sea can be characterized as a large lake located 
between the Korean Peninsula, China, the Russian continent, and 
the Japanese islands; consequently, waves propagating through 
the Pacific Ocean and East China Sea have little influence on the 
east coast, and its waves are principally affected by weather 
conditions within the East Sea. Therefore, temporal and spatial 
meteorological data and wave data from the East Sea are all that 
is required to model the generation and propagation 
characteristics of waves in the East Sea. This means that in order 
for a wave model to accurately determine the characteristics of 
waves in the East Sea, the weather model being used must 
accurately reproduce the weather observed in the East Sea.  

In 2009, the Korean Institute of Ocean Science and Technology 
(KIOST) began developing the Korea Operational 
Oceanographic System (KOOS), (Park et al., 2015), a weather 
and wave prediction system. This project used long-term wind 
and wave observational data, along with reanalysis data, to study 
the mechanism of wave generation, and the accuracy of numerical 
wave predictions was improved through skill assessment of the 
wave and weather models, using cases when sudden high waves 
and coastal accidents occurred.  

In this study, we have used a Weather Research and 
Forecasting (WRF) model to determine how the initial conditions 

of the atmospheric model influenced the accuracy of the wave 
numerical model, when applied to the East Sea. 

 
METHODS 

Atmospheric Model Setting  
In the present wave forecasting system, the WRF model 

version 3.7 is employed to predict 10 m wind fields, which are 
necessary inputs for the wave model. We used the WRF 
operational configuration given in Park et al. (2015), and Figure 
3a shows the domains of the weather and consequent wave 
forecasts. The forecasts are updated with observational data every 
3 h, using the three-dimensional variational data assimilation 
system (3D-VAR) for a given assimilation time window, between 
-6 h and 6 h. The first input is either from the background run in 
the first cycle, or from the three-hour forecasts, in subsequent 
cycles. After each data assimilation, 66 h forecasts were 
generated, using the boundary conditions from the background 
run. This data assimilation system was referred to in previous 
studies, as cycling 3D-VAR (Hu et al., 2017; Wang et al., 2014); 
it assimilates a wide range of observations, including synoptic, 
buoy, sounding, and advanced scatterometer (ASCAT), ocean 
surface winds (10 m, neutral stability winds) 

 
Hot Start on Atmospheric Model 

In this study, we examined how the initial conditions input to 
the atmospheric model subsequently affected the accuracy of the 
wave forecasting system. Two initial conditions obtained from 
atmospheric models were employed to simulate large-height 
swell-like waves in the East Sea. In the first experiment, the WRF 
model was run for 72 h from a cold-start, cycling the 3D-Var data 
assimilation every 3 h, from initial time to +6 h. In the second 
experiment, the WRF model was run for 78 h from cold-start, 
cycling the 3D-Var data assimilation every 3 h from -6 h to +6 h; 
we called this simulation a "hot-start" run. The WRF model was 
initialized using initial and lateral boundary conditions from the 
National Centers for Environmental Prediction (NCEP) Global 
Forecast System (GFS). 
 

 

 
Figure 3. Domains of (a) the weather model (D1: 20 km, D2: 4 km), and 
(b) the wave model (L1: 9 km, L2: 2 km, and L3: 300 m).  

 
 
Wave Model Setting  

SWAN (Booij et al., 1999) ver. 41.10 was used for the wave 
model; a grid with 9 km resolution was constructed in the East 
Sea and East China Sea, and a grid with 300 m resolution was 

(a) (b) 

(c) (d) 

(a) (b) 
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constructed on the east coast of the Korean Peninsula (Figure 3b). 
The energy spectrum from 0.02 Hz to 0.5 Hz was evenly divided 
into 24 frequency divisions, and 36 directional spectra were 
calculated in the wave model. The output of the WRF model was 
used as the wind input data for the wave model. For the SWAN 
model, hot-start runs were used in all forecasts, in order to identify 
the hot-start effect from the weather model. 
 
Observation  

Wave observational data used to verify the wave predictions 
for the east coast of the Korean Peninsula were provided by the 
Korea Meteorological Administration (KMA), Korea 
Hydrographic and Oceanographic Agency (KHOA), and KIOST. 
In this study, real-time buoy time-series data by KMA and KHOA, 
and Acoustic Wave And Current profiler (AWAC) data include 
wave spectrum, from KIOST, were used. Figure 4 shows the 
wave observation stations operated by these institutions. 
 

 

 
Figure 4. Wave observation stations on the East Sea. 

 
 

Skill assessment  
To assess the accuracy of predictions, such as weather, waves, 

and ocean hydrodynamics, statistical Skill Assessment (SA) (Cho 
et al., 2013) was performed, through the comparison of model 
results with observational data. As part of the skill assessment, 
the root-mean-square-error (RMSE), root-mean-square-
difference (RMSD), and scatter index (SI), for weather and wave 
predictions were included; each SA score was calculated for 14 
observation stations, and averaged. The magnitudes of these 
scores were not significant, but they could be compared, in order 
to determine relative improvement in model performance. RMSD 
and SI were computed as: 

 

 

 
 

where, 𝑃𝑃𝑖𝑖  and 𝑂𝑂𝑖𝑖  are predicted and observed value, and 𝑃𝑃�  and 

𝑂𝑂� are the means of the predicted and observed values, respectively. 
RMSE, RMSD, and SI results indicated errors, so a smaller value 
meant better model performance.  

 
RESULTS 

The Verification Wind and Wave Prediction  
Figure 5 illustrates the characteristics of waves at the DongHae 

Buoy, operated by the KMA during 2017, a year in which wave 
patterns on the east coast of Korea were relatively typical. During 
November to February (winter), there were many waves more 
than 3 m high, and in the summer, there were also occasionally 
high waves, reflecting the influence of typhoons.  

 
 

 
Figure 5. Wave observation data from DongHae (DH) Buoy Station in 
2017. The black line represents significant wave height, blue dots 
represent wave peak period, and red dots represent wave direction. The 
horizontal magenta-dotted bold line represents the wave height of 3 m, 
and waves higher than this qualify as “large-height swell-like waves”. 

 
 
When a high wave observed in the East Sea was reproduced by 

the weather model and the wave model, the results were generally 
a good match, in most cases. Table 1 gives a statistical 
comparison between forecast and reanalysis by the weather 
models, for wind speed, wave height, and wave period, in 2017. 
Here the forecast data are from 0 h to +24 h, extracted from data 
predicted for 72 h forecasts, daily. As shown in Table 1, the 
RMSE and RMSD for the wind speed from the weather forecast 
were 2.89 m/s and 2.56 m/s, respectively, and in case of the 
significant wave height, they were 0.43 m and 0.40 m, 
respectively. However, the RMSE and RMSD of the reanalysis 
meteorological data were 2.48 m/s and 2.27 m/s for the wind 
speed, and 0.38 m and 0.30 m for the significant wave height, 
respectively, which meant that wind forecasts using reanalysis of 
meteorological data, with data assimilation, could give more 
accurate numerical wave predictions. The forecasts were from the 
24 h model every day, with data assimilation performed every 3 
h, from initial time to +6 h. The reason for the +6 h assimilation 
time window was that it took more than 6 h for the weather model 
to download the results of the global model and generate the 
initial field, using the downscaling method, so observations were 
available to +6 h. 
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Table 1. Statistical comparison between forecast and reanalysis of the 
weather model, for wind speed, significant wave height, and wave period, 
in 2017. 

Element  RMSE RMSD SI 

Wind speed (m/s) 
Forecast 2.89  2.56  32.24 

Re-
analysis 

2.48 2.27 26.27 

Significant wave 
height (m) 

Forecast 0.43 0.40 20.13 
Re-

analysis 
0.38 0.30 17.11 

Peak wave period 
(s) 

Forecast 1.32 1.17 15.41 
Re-

analysis 
1.18 1.11 13.87 

 
Model Error Versus Forecast Hour  

Figure 6 shows the RMSE for the weather and wave forecasts, 
for each forecast hour, at E02, E01, DH, WJ, and the average of 
the 14 wave observation stations identified in Figure 4. As shown 
in Figure 6, the pattern of the RMSE versus forecast hour was 
somewhat different for the wind and wave results. Wind speed 
results were unstable from initial time to +3 h, when the second 
data input occurred, and stable for more than 6 h after +6 h. In the 
case of the wave height results, four stations exhibited an 
decreasing error in the data assimilation interval, which then 
gradually increased after +12 h. The weather and wave models 
both generated their best results in the interval between +6 h and 
+12 h, which suggested that the stabilization step improved 
accuracy, when the WRF model was run from cold-start, with 
data assimilation.  

 

 

 

 
 

Figure 6. RMSE versus forecast hour, at four stations, in 2017, for (a) 
wind speed of the weather model, and (b) significant wave height of the 
wave model. The bold line indicates the average of the 14 stations on the 
East Sea. 

 
 

Effect of Hot-Start on Weather Model  
In this study, we have applied a method which starts data 

assimilation at intervals of 3 h, from -6 h for the stabilization step. 
Figure 7 shows the comparison between the RMSE and the 
forecast hour, for the new method (hot-start), which started data 
assimilation from -6 h, and the existing method (cold-start), 
which started data assimilation at 0 h. Here, these results are 
compared with the average of the 14 wave observation stations in 
Figure 4, during the 6 months from March to August 2018. As 
shown in Figure 7, the hot-start results exhibited improved 
accuracy, in the data assimilation interval, and at +6 h. The effect 
of the initial conditions on the wave model was more pronounced 
than their effect on the weather model, which was considered to 
be the result of the stable weather model reducing discontinuity 
in the hot-start of the wave model.  

 
 

 

 
Figure 7. Cold-start vs. hot-start: the mean RMSE of the 14 wave 
observation stations versus forecast hour, for March – August 2018, for 
(a) wind speed of the weather model, and (b) significant wave height of 
the wave model.  

 
 

Table 2 shows the statistical comparison between the cold-start 
and hot-start of the weather model for wind speed, significant 
wave height, and wave period, from March to August in 2018. As 
shown in Table 2, the RMSE for wind speed decreased from 2.56 
m/s to 2.51 m/s, while the RMSE for significant wave height 
decreased from 0.41 m to 0.40 m. 

Table 2. Statistical comparison between cold-start and hot-start of the 
weather mode, for wind speed, significant wave height, and wave period, 
from March to August in 2018. 

Element  RMSE RMSD SI 

Wind speed (m/s) Cold-start 2.56  2.33  28.34 
Hot-start 2.51 2.31 26.89 

Significant wave 
height (m) 

Cold-start 0.41 0.36 19.07 
Hot-start 0.40 0.34 17.54 

Peak wave period 
(s) 

Cold-start 1.22 1.18 14.63 
Hot-start 1.18. 1.12 13.91 

(a) 

(b) 

(a) 

(b) 
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CONCLUSIONS 
High waves on the east coast of Korea are generated by strong 

winds in the local area, and are propagated from the open ocean, 
but they are sometimes difficult to reproduce in wave forecasts, 
using wave models. One of the reasons for this is that the 
atmospheric and wave models introduce errors, when determining 
the wave propagation from ocean to coast. In particular, if the 
initial conditions are unstable in the weather simulation, 
discontinuous wind forcing in the hot-start wave simulation may 
cause errors in the wave representation. The spectral wave model 
used in this study does not directly perform hydrodynamic 
calculations, being a statistical model that requires convergence. 
Therefore, even though the direct influence of the initial 
conditions is brief, the accuracy of the wave model is affected, 
because in order to reproduce a wave propagating from the open 
sea, the weather model needs to reproduce both the local wind 
conditions, as well as what the wind conditions were in the open 
sea, a few hours beforehand. Consequently, the influence of the 
initial conditions on the wave model may be greater than on the 
weather model.  

Strictly speaking, from 0 h to +6 h is not a prediction, because 
it is already the past, at the predicted calculation time. 
Considering this, the cold-start method, which stabilized after +6 
h, may be considered a satisfactory prediction system. However, 
in this study, we confirmed that the prediction accuracy of the 
wave forecast was improved by cycling the 3D-VAR data 
assimilation from -6 h to +6 h, every 3 h, in the weather forecast. 
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ABSTRACT 
 
Yoon, J.J. and Shim, J.S., 2019. Wave response analysis of a sinkable float-type storm surge barrier through hydraulic 
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Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 136-140. Coconut Creek (Florida), ISSN 0749-
0208. 
 
A sinkable float-type storm surge barrier is a new type of structure, which can reduce coastal disasters due to storm 
surges. This barrier usually rests on the seabed and uses its buoyancy to rise up and form a seawall when a storm surge 
occurs. Sinkable float-type storm surge barriers consist of a buoyant main body connected to a foundation structure on 
the seabed by a hinge. In this study, a wave response analysis is experimentally conducted on the barrier. In order to 
examine the wave reflection and transmission of buoyant float-type storm surge barriers, hydraulic experiments were 
conducted at 1/10th scale under regular and irregular wave conditions with free and semi-free movement. The wave 
blocking capabilities of the sinkable float-type barrier against storm surges were confirmed. In addition, the 
characteristics of the barrier motion and wave pressure have been clarified with changing wave conditions. Two types 
of barrier, free-moving and semi-free-moving, were tested. From the hydraulic experiments, it was found that this type 
of barrier is effective to the wave transmission as well as reflection. Furthermore, it was shown that the semi-free-
moving barrier cases are more effective to the wave blocking. It is shown that a sinkable float-type barrier placed at 
the mouth of a bay can be used as a storm surge barrier. However, further detailed hydraulic and numerical experiments 
are needed to calculate accurate predictions of barrier motion under wave-current combined conditions. 
 
ADDITIONAL INDEX WORDS: Storm surge barrier, sinkable floating-type, storm surge, hydraulic experiment. 
 

 
INTRODUCTION 

Factors of climate change, such as the current sea level rise due 
to global warming and the increasing size of typhoons, are 
increasing the possibility of large-scale coastal disasters. In recent 
years, there has been consistent damage due to large-scale storm 
surges. In Korea, in order to measure the cases of large-scale 
storm surge and waves from storms, a project of design wave re-
estimation and revision (KIOST, 2016) and research on 
calculating the sea level height due to storm surges (MOF, 2010) 
has been conducted. As well as reinforcing the design of coastal 
structures, the necessity of active preparation of solutions for 
storm surges and extreme high-tide tsunamis has been increased. 
Thus, studies on constructing barrier structures that prevent the 
inflow of sea water where direct damage from a surge is expected 
have been actively conducted in Europe, Japan, and America.  

There are several types of storm surge barrier, including 
rotating gate, up-lift gate, and buoyant flap. For example, the 
Osaka Arch gate (1970) in Japan, the Sauer Barrier (1993) in 
France, and the Eider Barrage (1973) in Germany are currently 
under operation. In addition, there have been studies about flap-
type storm surge barriers, such as by Colamussi (1992), Eprim 
(2005), Jeong et al. (2008), Kimuta et al. (2011), Shimosako et al. 
(2007), and Tomita et al. (2003). As Korea is exposed to a high 

possibility of storm surge damage, the development of disaster 
prevention facilities for Korea is an urgent issue.  

This study suggests a sinkable floating storm surge barrier, 
which is a structure for preventing disasters, facility damage, and 
loss of life caused by sea-water floods expected in the case of a 
large-scale storm surge. This structure rests under the sea, and 
only floats in the case of a storm surge to resist the surge and 
prevent wave overtopping. Such independent floating structures 
do not interfere with marine traffic. Its principle of operation is 
draw air or water into a tube in the upper part of the barrier, when 
a storm surge is detected, by using the installed air pressure device 
and pump facilities on the ground, and to move the barrier up or 
down during a storm surge. This is to directly counteract the long 
period waves experienced during a storm surge and to prevent 
wave overtopping. 

The previous research was introduced by Shim and Yoon 
(2017), of which this study partially transformed the structure 
type from the experiment, and conducted various hydraulic 
experiments to apprehend feature of movement of structures. In 
this experiment, an evaluation of the features of movement of 
waves due to an improved sinkable floating storm surge barrier 
and the external force operant on the control cables was 
conducted. 
 

HYDRAULIC EXPERIMENT 
Wave Flume 

This hydraulic experiment was conducted at 1/10th scale to 
minimize the error due to accumulation regarding the movement 
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of the sinkable floating storm surge barrier. The experiment was 
conducted firstly to confirm the movement of the barrier model 
in accordance with an incidence wave and review its performance. 
Secondly, a cable was installed at the front and back of the 
structure to compare the analytical results in accordance with 
range control of the barrier movement. Finally, an experiment 
was conducted to measure the wave pressure to analyze the wave 
power during the operation of the barrier.  

In the experiment, a two-dimensional complex water tank, 
which was capable of generating waves and flow simultaneously, 
was used. The water tank had a length of 100 m and height of 3.0 
m, and could generate waves up to a height of 1.0 m. 

The measuring devices for this experiment were as follows: 
 
(1) Wave Gauge: 3 gauges for measuring the wave height 

in the front part of the water tank, 5 gauges for measuring the 
reflected wave and the transmitted wave at the back. 

(2) Wave pressure gauge: for measuring wave pressure. 
(3) Load cell: 3 cells for measuring tension in the cable 

applied to the barrier structure 
(4) Camcorder, digital camera: for monitoring the 

experiment procedure. 
 
Structure Design for Hydraulic Experiment 

Figure 1 shows the model blueprint for the barrier used in the 
experiment. A 1/10th scale was applied to the model considering 
the size of the water tank and the size of structure to be installed 
in the sea. The water level of the water tank was 2.0 m. When air 
is injected into the wall of the barrier; the barrier starts to float up 

with its increased buoyancy. When the air is deflated and water is 
injected instead the barrier sinks. To allow the air or water inside 
the barrier to be visible during the experiment the mid column 
was made from acrylic.  

The front cable was controlled to allow the barrier to move to 
a maximum upright angle of 90°. In addition, the back cable 
limited the movement of the barrier due to waves.  

 
 

 

Figure 1. Design of a sinkable floating storm surge barrier.  
 

 
Figure 2 shows the step-by-step preparation for the experiment. 

 

 
Step 1. Injecting the structure into the water tank Step 2. Installing the structure 

  
Step 3. Setting up the experimental tidal level and air inflow Step 4. Wave generation 

  
 

Figure 2. Hydraulic model experiment setup procedure. 
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Figure 3. Barrier’s installation type of each test case. 

The hydraulic model experiment was conducted using the 5 
movement cases (Figure 3) shown below: 

 
- Case 1: Fixed with front and back cable, maximum 

upright angle: 80° 
- Case 2: Fixed with front and back cable, maximum 

upright angle: 70° 
- Case 3: Fixed with front and back cable, maximum 

upright angle: 60° 
- Case 4: Fixed with back cable, upright angle: 70° based 

on floor  
- Case 5: No cables, free movement 

 
Experimental conditions 

Table 1 shows the data for the regular and irregular waves 
applied in this experiment. The experiment was conducted by 
classifying seven wave heights and four wave periods, which 
were later classified into regular and irregular wave condition.  

The incidence wave of an irregular wave was created on the 
basis of the Bretschneider–Mitsuyasu spectrum of Goda (1988) 
as below.  

 
𝑆𝑆(𝑓𝑓) = 0.205𝐻𝐻1/3

2𝑇𝑇1/3
−4𝑓𝑓−5exp [−0.75�𝑇𝑇1/3𝑓𝑓�

−4]        (1) 
 
𝑆𝑆(𝑓𝑓) refers to the density of the wave energy, f refers to the 

frequency, and 𝐻𝐻1/3 and 𝑇𝑇1/3 are significant wave height and 
significant wave period, respectively. 

All values applied to the experiment were applied with a model 
scale factor (s), and replaced by the value to be applied to the 
structure. The replaced values for each measurement were as 
follows: 

 
- Model Scale factor, 𝑠𝑠. 𝑓𝑓= 1/10 
- Length Scale, 𝐿𝐿𝑝𝑝 = 𝑠𝑠. 𝑓𝑓 × 𝐿𝐿𝑚𝑚 
- Time Scale, 𝑇𝑇𝑝𝑝 = �𝑠𝑠. 𝑓𝑓 × 𝑇𝑇𝑚𝑚 
- Forcing Scale, 𝐹𝐹𝑝𝑝 = 𝑠𝑠𝑓𝑓3 × 𝐹𝐹𝑚𝑚 
 

When generating waves for each case, the reflected wave at the 
front and back of the structure and the transmitted wave at the 
back were measured to analyze the wave transmission features. 
 
Table 1. Experimental wave conditions. 

 H (cm) T (s) 

Regular 
waves 

4 / 8 / 12 / 16 / 20 / 24 / 28 
(0.4 / 0.8 / 1.2 / 1.6 / 

2.0 / 2.4 / 2.8 m) 

2.0 / 2.5 / 3.0 / 4.0 
(6.3 / 7.9 / 9.5 / 12.6) 

Irregular 
waves 

4 / 8 / 12 
(0.4 / 0.8 / 1.2 m) 

2.0 / 3.0 / 4.0 / 5.0 
(6.3 / 9.5 / 12.6 / 15.8) 

( ): Applied scale factor 

 
Wave Transmission and Reflection 

This paper has formed the similar incidence wave environment 
as in actual sea states. Generally, as for the floating-type 
breakwater, when the reflection coefficient increases, the 
transmission coefficient decreases, and vice versa.  

Figure 4 shows the reflection rate and transmission rate in 
accordance with wave steepness (wave height over wave length, 
H/L) from the dimensionless wave height and wave period. The 
reflection rate decreased when the wave height or period 
increased. The transmission rate decreased when the wave height 
increased or the wave period decreased. When comparing the 
influence on wave height and period, the fluctuations due to the 
wave period were major for the reflection coefficient and 
transmission coefficient, while the influence due to the wave 
height changes was relatively small. The reflection and 
transmission rate for both the regular and the irregular wave were 
very similar, however, in case 4 and 5 they were relatively large 
for the irregular wave compared to the regular wave. In cases 1-3 
(movement control condition), both reflection and transmission 
rates were similar for irregular and irregular waves. Cases 1-3, 
which limited the movement of the barrier with the cable, and 
case 5, with the free movement condition, had opposite wave 
transmission features.  
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Regular waves 

  
Irregular waves 

  
 

Figure 4. Wave reflection and transmission rates for each wave condition.

When the barrier was fixed with the cable, it had a high 
reflection rate and lower transmission rate, whereas the free 
movement barrier had the opposite result. In cases with intensive 
movement of the barrier due to waves, the durability of structure 
could be affected significantly. Therefore, a device that flexibly 
controls movement of the barrier must be designed. 
 
Wave Pressure on Barrier body 

The wave pressure experiment was conducted under the 
movement control condition (Case 2) and the free movement 
condition (Case 5), and the maximum wave force was found for 
each experiment wave with the regular wave condition (Figure 5). 
 

 

 
Figure 5. Installation of a wave pressure gauge on the barrier wall. 

 

When comparing the wave height and period of Cases 2 and 5 
it can be seen that there is a small difference due to movement 
control (Figure 6). In general, an increase in wave height led to 
an increase in wave pressure, and the longer the period was the 
smaller the wave pressure.  
 

 

 
Figure 6. Wave pressure experiment results for each wave case. 

 
 
Cable Tension for Barrier Movement  

Cable tension supports the barrier from external force, such as 
waves and the tide level. To review its stability, the tension of the 
cable supporting the barrier was measured (Table 2). 

A cable tension measuring experiment was conducted for 
regular waves after classifying the movement control condition 
(Case 2) and the free movement condition (Case 5). For Case 5, 
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the cable was installed at the front of the barrier to measure the 
tension.  
 
Table 2. Experiment results for cable tension. 

Cases 
Maximum tension force (kN/m) 

H (m) T = 6.3 s T = 7.9 s T = 9.5 s 

Case 2 

1.2 699.0 - - 
1.6 658.9 - - 
2.0 765.0 777.9 838.9 
2.4 - 976.4 1141.8 
2.8 - 1192.1 1225.7 

Case 5 

1.2 482.9 - - 
1.6 558.9 - - 
2.0 605.7 609.8 714.3 
2.4 - 1175.7 1269.3 
2.8 - 1282.0 1456.8 

 
It was found that an increase in wave height and period led to 

an increase in cable tension. The cable tension was larger in Case 
5 than Case 2. This confirms the movement feature of the 
structure that the free movement condition has additional up-
lifting kinetic force by barrier moving.  

The tension observed in the experiment was measured to be 
twice as large as the analytical result. This is because the external 
force can be larger at the peak of wave force. Thus, when 
designing the structure there is a need to apply a doubled safety 
factor to the external force calculated by the analytical solution 
for the cable and anchor chain of the joint. 
 

CONCLUSION 
This study conducted a hydraulic experiment on the movement 

feature of a sinkable float-type storm surge barrier using the 
buoyancy of the structure in accordance with waves. The study 
was conducted as a 1/10th scale experiment using a large water 
tank (wave flume).  

The barrier's main purpose is not only to block waves but also 
improve wave reflection and transmission, which are directly 
affected by the performance of the structure. In order to do this, 
various experiments were conducted to flexibly control the barrier 
movement and improve the wave blocking effect. As a result, 
when the front and back cables, which partially control the barrier 
movement, were installed it was confirmed that the wave 
blocking effect, cable tension, and structure durability were 
improved.  

Further hydraulic experiments with various wave and flow 
conditions should be performed and are considered to be 

necessary. Improved solutions, such as a method of optimizing 
buoyancy control and fixing the connecting part with a hinge and 
cables, are expected based on the work produced from this 
experiment. 
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ABSTRACT 
 
Park, S.-K. and Hong S., 2019. Integrity assessment of marine piles for onshore bridges based on on-site inspection. 
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The boundary conditions caused by the ocean currents increase the total length of cast-in-place marine piles. The 
increased pile length is in turn able to generate a moment that is greater than that of the fixed end moment established 
during the design. As a result, the accidents caused by the collapse of the marine piles are frequent due to the erosion 
or the large seabed sediment transport at many onshore bridge construction sites. In this study, the health of 
nonoverturned piles on onshore bridges whose marine piles were overturned during construction was evaluated through 
on-site inspection, particularly through visual inspection, side scan SONAR, and echo sounding. To verify the pile 
production accuracy, two of the overturned piles were lifted and inspected. 

  
ADDITIONAL INDEX WORDS: Overturned pile, side scan SONAR, echo sounding, visual inspection. 
 

 
INTRODUCTION 

Onshore bridges have distinct load and construction conditions 
compared with land bridges. To construct a bridge over the sea, 
the loads generated by ocean currents and waves must be taken 
into account in addition to the loads typically considered during 
the design of a land bridge. Furthermore, erosion occurs around 
the cast-in-place marine piles through the ocean currents, while 
large seabed sediment transport may occur in most of the onshore 
bridge sites if the ocean current is intense (Lee and Lee, 2001; 
Sumer and Fredsøe, 2001). The boundary conditions affected by 
these ocean currents turn the marine piles, which are under 
construction, into members that are very vulnerable to the 
horizontal forces generated by the ocean currents and waves. This 
is due to the nature of the piles as cantilevers before the 
superstructures such as footings, piers, and girders are installed. 
Cantilever members collapse if the moment generated at the fixed 
end becomes greater than the design moment (Tomlinson and 
Woodward, 2014). 

This study was conducted to estimate the causes of overturned 
piles in onshore bridges whose marine piles were overturned 
during construction, and to evaluate the health of nonoverturned 
piles. The marine piles shown in Figure 1 were inspected with 
various on-site inspection methods, namely, visual inspection, 
side scan SONAR, and echo sounding. Furthermore, two 
overturned piles were lifted. Two-step inspections were carried 
out to evaluate the health of the nonoverturned piles (i.e., self-
supporting piles). Furthermore, the inspection results were 
compared with the initial design data and construction date of the 
piles. The health of the self-supporting onshore piles was 

evaluated based on this comparison. 
 

 

 
Figure 1. Bridge viewed from the air. 

 
 

DESCRIPTION OF A TARGET BRIDGE 
The construction of Gyodong Bridge between Bongso-ri, 

Gyodong-myeon, Ganghwa-gun, Incheon (Gyodong Island: 
starting point of the bridge) and Inhwa-ri, Yangsa-myeon, 
Ganghwa-gun (Ganghwa Island: end point of the bridge) started 
in January 13, 2013. This onshore bridge was planned to connect 
Ganghwa Island, the main island, with Gyodong Island, a child 
island. The total length of Gyodong Bridge is 3440 m (900 m PSC 
box girder bridge + 315 m cable-stayed bridge + 900 m PSC box 
girder bridge).  

The bridge width is 19.4 m, and there are four lanes. The design 
load was DB24. Figure 2 shows an outline of the construction of 
Gyodong Bridge. 
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Figure 2. Overview of Gyodong Bridge: (a) front view of the bridge; (b) details of the pier; (c) details of the pile. 

 
 

The bridge width is 19.4 m, and there are four lanes. The design 
load was DB24. Figure 2 shows an outline of the construction of 
Gyodong Bridge. 

For the foundation to support the superstructure of the bridge, 
cast-in-place piles with a 2,500-mm-diameter were applied in the 
cable-stayed bridge, and cast-in-place piles with a 1,800-mm-
diameter were applied to the PSX box girder bridge. As this 
bridge was constructed on the sea, the flow rate caused by the 
ocean currents must be considered. Therefore, the piles were 
designed as oblique piles instead of vertical piles. Moreover, four 
oblique piles were applied to each pier. However, the piles for 
some piers (P18 and P21) were overturned during the 
construction of the bridge, as shown in Figures 1 and 2. Therefore, 
it was necessary to assess the health of the nonoverturned piles, 
excluding the overturned ones. 

 
ON-SITE INSPECTION 

Overview 
On-site inspection was carried out to estimate the causes of the 

overturned piles (P21, P18) during the construction of Gyodong 
Bridge, and to evaluate the health of the nonoverturned piles 
based on the estimated causes. Two-step surveys were conducted 
for this purpose. In the first step, the pile production accuracy was 
examined. In the second step, changes in the support conditions 
of the seabed ground, which can decrease the structural stability 
of the piles, were examined. 
 
Visual Inspection 

The first conducted inspection was visual. All the marine piles 
accessible by ship were inspected. After approaching the piles on 
a ship, the actual slope of the pile was measured with a digital 
inclinometer. The reference slope of the piles at the design is 1/6 

(approximately 9.46°). Furthermore, the construction conditions 
of the steel bracings mounted on top of the piles were confirmed 
with the naked eye. Besides, the conditions of the piles were 
recorded in detail using photographs. 

 
Examination of Overturned Piles  

To verify if the piles had been constructed as specified in the 
design drawings, some overturned piles were lifted. In particular, 
the lifted piles were two overturned piles of pier P21. The 
inspection items were as follows: 
① Steel casings and steel rebars: The sizes and thicknesses of 

the steel casings as well as the sizes and locations of the steel 
rebars used as internal reinforcements were inspected with the 
naked eye. 
② Concrete: The compressive strength of the concrete with 

which the steel casings were filled and the chloride content were 
obtained from the core samples collected from the lifted piles. A 
compression test and chloride-content tests were conducted in 
accordance with the procedures recommended in ASTM C42 
(1999) and ASTM C1152 (2012), respectively. 
 
Side Scan SONAR  

Sound Navigation and Ranging(SONAR) is a standard 
technique for determining the direction and distance of 
underwater targets through ultrasonic waves. This technique was 
developed to discover torpedoes and opponent submarines in 
underwater submarine battles. SONAR utilization has been 
recently extended to include civil and scientific applications. Side 
scan SONAR is a category of SONAR systems using ultrasonic 
waves. This SONAR system was designed to scour the seabed 
and to investigate the types and sizes of underwater structures as 
well as the seabed conditions. The side scan SONAR system was 
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used to acquire underwater images for the underwater parts of 
piers and the scouring of piles for both overturned and 
nonoverturned piles. Figure 3 illustrates underwater investigation 
using side scan SONAR. 
 

 

 
Figure 3. Underwater exploration using side scan SONAR. 

 
 

Echo Sounding (Single-beam, Multi-beam)  
Seabed changes are caused by various factors. They can give 

rise to structural problems in piles because they can alter the pile 
support conditions. To evaluate this, sounding surveys were 
performed in our study. Depth variations in the sea can be 
measured mainly through echo sounding using sound waves. As 
shown in Figure 4, the principle for calculating the water depth is 
to shoot sound waves onto the water from a ship, then measure 
the arrival time of the reflection waves from the underwater floor 
(Jung and Kang, 2002). 
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Figure 4. Principle of the echo sounding. 

 
 
The echo sounding methods are classified into single-beam 

echo sounding and multi-beam echo sounding. The single-beam 
echo sounding method receives one sound wave at a time and can 
measure the depth only from a site through which a ship has 
passed. The multi-beam echo sounding method, on the other hand, 
receives multiple sound waves (127-1,440), exhibits better 
inspection efficiency than the single-beam echo sounding method, 
and can accurately measure the water depth. In this study, both 
the single- and multi-beam echo sounding methods were used, 
considering the situation of the bridge site. The depth 
measurement results were listed based on the reference water 
surface. 

 

INSPECTION RESULTS AND DISCUSSION 
Visual Inspection 

The slopes of all the piles installed in the sea that are accessible 
by ship were measured with a digital inclinometer. The measured 
slopes ranged from 9.3° to 11.6° (design slope: 9.46°). According 
to General Specification for Civil Engineering Works (MOLIT, 
2016), the construction error of piles must not be higher than 1°. 
Therefore, piles with 1% or higher construction error need to be 
checked against the design load for safety reasons, as they reflect 
a construction error. As can be seen in Figure 1, the foundations 
of the piers are supported by four piles. Steel bracings are used to 
prevent overturning by restraining the four piles together before 
the installation of the foundations of the piers on top of the piles. 
The visual inspection results of this study confirmed that there 
were no poor parts with regard to the details and quality of the 
bracing welds. Figures 5a and b show the slope measurements of 
the piles and the visual inspection results of the bracings, 
respectively. 

 
 

 
Figure 5. Visual inspection of piles: (a) angle of inclination, (b) Bracing. 

 
 
Overturned Piles 

The overturned piles of pier 21 were lifted from the seabed. To 
examine the accuracy of the steel casings and steel rebars that 
were used to produce the piles, the investigator directly measured 
their sizes and locations with a ruler. As shown in Figure 6, the 
diameter of the steel casing was 1800 mm, the vertical rebar was 
H25, and the transverse rebar was H16, which coincided with the 
dimensions in the design drawings in Figure 1.  

 
 

 
Figure 6. Locations for concrete coring and damaged part of steel casing. 

 
 
The compressive strength and chloride content of the concrete 

with which the steel casings were filled were obtained from the 
tests that had been performed in accordance with the procedures 
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prescribed in ASTM C42 (1999) and ASTM C1152 (2012) for the 
core samples collected from seven sites of each of the two lifted 
piles. The locations where the core samples were collected are 
shown in Figure 6. The average compressive strength of the 14 
core samples was 26.9 MPa. This value is 1.9 MPa greater than 
the prescribed compressive strength (25 MPa) in the original 
design. Furthermore, the average chloride content was 0.004%, 
which is very small and does not exceed 0.3%, the allowance 
value of Korea Concrete Institute (KCI, 2012). 
 
Side Scan SONAR 

Figure 7 shows images indicating the conditions of: i) the 
overturned piles of pier P18, and ii) the nonoverturned piles of 
pier P26 obtained from the side scan SONAR. As can be seen in 
Figure 7a, all the P18 piles were overturned in one direction. 
Furthermore, the piles were half-buried with sediments due to the 
effect of the ocean currents. Based on the overturning direction, 
some of the piles socketed in weathered/soft rocks were damaged, 
and these damages caused additional loads on the four piles 
restrained by bracings. Consequently, it is highly probable that all 
the piles were overturned in a chain along the direction of the 
damaged piles. 

Furthermore, it can be seen in Figure 7b that the seabed around 
the self-supporting piles is deeply dug. This phenomenon is 
generally known as scour, which is caused by the eddy current 
around the piles. Scour is one of the main factors that decreases 
the transverse support of the piles unless the pile is properly 
socketed in the rock layer. 

 
 

 
Figure 7. Side-scan SONAR images : (a) Pier P18, (b) Pier P24. 

 
 
Echo Sounding 

The water depth was measured three times using the single-
beam echo sounding method. Figure 8 shows the locations of the 
sediment layer obtained by sounding compared with the locations 
of the sediment and weathered rock layers measured at the time 
of the bridge design. It can be seen from this figure that the 
location of the sedimentary layer obtained from sounding was 
lower than that of the sedimentary layer at the time of the bridge 
design. This is due to the movement of sediments caused by ocean 
currents. Furthermore, at the start and end parts of the bridge 
where the water is shallow, sedimentation and erosion were 
repeated at each measurement time, although they were relatively 
slight. It was found, however, that the sediment layer between 
piers P17 and P22, which have large depths, was formed at a 
location lower than the level at the time of the bridge design. In 
other words, the level of the final sedimentation layer is generally 
lower than the level at the time of construction and at the time of 
bridge design. Thus, the end bearing condition of the piles was 

changed, and it was estimated that these changes in the bearing 
condition significantly influenced the stability of the piles. 
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Figure 8. Variations in the level of sediment layer. 

 
 
The depths of the 1.36 km section from piers P05 to Ps8 were 

surveyed using multi-beam echo sounding. Figures 9 and 10 show 
the 3D seabed topography and the sediment layer level, 
respectively. It can be seen from these figures that the surveyed 
area has a typical channel configuration in which the water depth 
increases rapidly from the start and end points of the bridge 
towards the center.  

 
 

 
Figure 9. 3D view of the seabed topography. 

 
 
The smallest, largest, and average depths of the surveyed 

section were 5.9 m, 33.8 m, and 23.8 m, respectively. A depth 
below 20 m was measured between piers P05 and P06, and 
between P25 and P28; in most of the other sections, large depths 
(approximately 20 m - 35 m) were measured. The difference 
between the design sediment layer in Figure 8 and the location of 
the sediment layer measured through multi-beam echo sounding 
in Figure 10 was 14.1 m at pier P19. This indicates that the sea 
area where the bridge was constructed undergoes strong ocean 
currents due to its geographical characteristics, causing very large 
changes in the seabed topography. 
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Figure 10. Level of the sediment layer by multi-beam echo sounding. 

 
 

PILES REQUIRING INTEGRITY ASSESSMENT 
A stability review was carried out by putting together the 

penetration depths of the four piles comprising the piers and the 
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end positions of the steel casings based on the surveyed seabed 
ground change data and the locations of the sediment layer and 
bedrocks measured during the bridge design and construction. 
Figure 11 shows a summary of the penetration depths of pile nos. 
1 to 4, the location of the bottom of the steel casing, and the 
thickness of the sediment layer. 

Based on the structure review of the design drawings, there 
exists a possibility that the piles will be overturned if the support 
thickness of the sediment layer is less than 5 m. Therefore, piles 
with a sediment layer thickness less than 5 m were selected as 
piles for health review. Most of the piles corresponding to pier 
nos. 15 to 17 and pier nos. 21 and 23 had a sediment layer 
thickness less than 5 m and required health evaluation. 
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(b) 

Figure 11. Penetration depths of piles in Pier 17: (a) No. 1 and 2, (b) No. 
3 and 4. 

 
 

CONCLUSIONS 
The slopes of all the piles accessible by ship were measured. 

The measured slopes ranged from 9.3º to 11.6°. A stability review 
of the design load is required for the piles that show a 1° or greater 
difference from the 9.46° design slope. 

The dimensions of the steel casing and steel rebars of the two 
piles lifted from the seabed were measured by an investigator, and 
the concrete properties were determined using the collected core 
samples. The investigation results showed that all the materials 
were properly used in the production of the piles. 

The analysis of the images acquired from side scan SONAR 
revealed that some of the piles socketed in the bedrock were 
damaged. This damage caused additional loads on the four piles 
restrained by the bracings. Consequently, it was likely that the 
piles were overturned in a chain along the direction of the 
damaged pile due to the additional loads. 

It was confirmed through echo sounding that the location of the 
sediment layer was generally lower than the level of the sediment 
layer at the time of the bridge design. The final level of the 
sediment layer was lower than the level at the time of the bridge 
design, and given that the bearing conditions of the bottom of the 
piles were changed, analytical re-interpretation of the conditions 
was required. 

A stability review was conducted for four piles of the piers 
based on the change data of the surveyed seabed and the locations 
of the sediment layer and bedrock measured during the bridge 
design and construction. Based on the 5 m sediment layer 
thickness, which was the reference value of the stability review, 
additional health examination is required for the piles 
corresponding to piers 15 to 17 and piers 17 to 21. 
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ABSTRACT 
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In this study, the numerical wave tank (NWT) and discrete element method (DEM) coupled analysis method was used 
to investigate the wave control characteristics of eco-friendly and natural vegetation. To examine the effectiveness and 
validity of the coupled analysis method, the results were compared with the existing hydraulic model test results. Most 
of the existing studies used numerical analysis methods that cannot consider the kinetic characteristics of vegetation 
owing to the drag coefficient (CD) of vegetation. As such, this study reproduced the kinetic characteristics of vegetation 
(which have not numerically examined but can be seen in the hydraulic model tests) using the coupled analysis method, 
and examined the wave control characteristics of vegetation by comparing its behavior according to its characteristics 
(flexible and rigid). Through the coupled analysis method, it was confirmed that rigid vegetation has a 1.2%–12.2% 
higher transmission coefficient (KT) than flexible vegetation in terms of wave attenuation of the vegetation zone due 
to the kinetic characteristics of vegetation.  

 
ADDITIONAL INDEX WORDS: NWT, DEM, vegetation, wave attenuation, coupled analysis method. 
 

 
INTRODUCTION 

Recently, marine vegetation zones have been actively 
researched due to their eco-friendly and natural wave control 
characteristics. Further, coastal disaster prevention technology 
using vegetation has attracted attention as a new method that is 
different from existing systems that depend on gravity structures 
(Kobayashi et al., 1993; Lee et al., 2017; Maza et al., 2016; Tang 
et al., 2015; Wu and Cox, 2015). In addition, although the wave 
control characteristics of vegetation have been numerically 
investigated owing to the development of computers and 
numerical analysis methods, studies that have investigated the 
kinetic characteristics of vegetation under the application of 
waves by setting the vegetation zone as a permeable structure are 
not sufficient (Asano et al., 1992; Augustin et al., 2009). 

As such, in this study, the numerical wave tank (NWT) and 
discrete element method (DEM) coupled analysis method (NWT–
DEM) was used to numerically investigate the wave control 
characteristics of vegetation due to its motion. NWT uses a two-
dimensional (2D) numerical analysis method (LES-WAS-2D; 
Hur et al., 2011) that can numerically analyze the nonlinear 

interaction between vegetation and waves. Moreover, DEM is a 
particle method model proposed by Cundall and Strack (1979), 
and it uses the Lagrangian analysis method. The purpose of this 
study is to numerically investigate the wave control 
characteristics of vegetation due to its motion according to its 
characteristics (flexible and rigid) using NWT–DEM. 
 

METHODS  
Numerical Wave Tank (NWT) 

The NWT uses the strong nonlinear 2D wave field model LES-
WASS-2D developed by Hur et al. (2011), which can analyze the 
nonlinear interaction between vegetation and waves, to 
numerically investigate the wave control characteristics of 
vegetation due to its motion. The LES-WASS-2D model is a 
strong nonlinear N-S solver modified so that it considers non-
reflected waves and permeable structures. As it is composed of 
the porous body model (PBM) and volume of fluid (VOF) it can 
estimate the dynamic and physical characteristics of waves. In 
addition, the fluid force is calculated to determine the kinetic 
characteristics of vegetation. 
 
Discrete Element Method (DEM) 

The DEM was proposed by Cundall and Strack (1979). It can 
consider static and dynamic problems because each element is 
based on the motion equation. The transfer of force between 
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Figure 2. Defintion skethc of numerical wave tank. 

 
 

 

 
Figure 1. Comparison between measured (Asano et al., 1988) and 
calculated results. 

 
 

elements follows the law of action and reaction, and the 
interaction between elements caused by contact and collision is 
expressed by the elastic spring and viscous dashpot as the elastic 
body and plastic body. The DEM can numerically reproduce the 
dynamic behavior of granular materials, and it is based on the 
Lagrangian analysis method. In addition, to reproduce the kinetic 
characteristics of vegetation using the particle method model, the 
tensile force between separated elements proposed by Harada et 
al. (2007) is used. 
 
Bidirectional Coupled Analysis Method 

In this study, the coupled analysis method capable of 
considering the interaction between waves and vegetation was 
applied to numerically analyze the kinetic characteristics of 
vegetation due to a fluid force. First, the fluid forces of the 
horizontal and vertical components acting on vegetation in the 
NWT were calculated by the Morison equation. Using the 
calculated fluid force, the displacement of each element was 
obtained under the motion equation conditions of the DEM, and 
the position coordinates of the next time step due to the contact 
force were determined. The determined position coordinates of 
each element were reflected to the N-S solver. As these processes 
are repeated during the calculation time, the vegetation position 
of the next calculation time is considered in the wave field model 
from the elements arrayed as vegetation.  

 
Model Verification 

To verify the coupled analysis method used in this study, the 
NWT was constructed based on the existing hydraulic model  

 

Table 1. Condition of the numerical simulation used in this study. 

Wave Vegetation 
𝐻𝐻𝑖𝑖  [cm] 𝑇𝑇𝑖𝑖  [s] 𝐿𝐿𝑉𝑉 [cm] ℎ𝑉𝑉 [cm] 𝐷𝐷𝑉𝑉 [cm] ρV 

4, 6, 8 1.2, 1.5, 1.8 300 25 4 0.95 

 
experiment (Asano et al., 1988), and the measured and calculated 
results were compared. Figure 1 shows the wave height 
attenuation that occurred while the incident wave propagated 
through the vegetation zone. 

The red square (■) and black circle (●) in Figure 1 represent 
the wave height distribution obtained from the hydraulic model 
experiment, while the black solid line (—) and red solid line (—) 
represent the wave height distribution around the vegetation zone 
obtained from the NWT. For the incident wave height (Hi) of 
6.28cm, the numerical model underestimated the wave heights in  
the vegetation zone obtained from the hydraulic model 
experiment, but it sufficiently reproduced the wave height 
attenuation that occurred while the wave propagated through the 
vegetation zone. In addition, at the wave height of 3.29 cm, the 
numerical model generally sufficiently reproduced the wave 
heights and wave height attenuation in the vegetation zone. This 
confirmed the effectiveness and validity of the wave control 
function that used the coupled analysis method due to the 
interaction between waves and vegetation. Jeong and Hur (2016) 
performed another verification of this coupled analysis method, 
and the results can be consulted. 
 

RESULTS AND DISCUSSION  
Numerical Wave Tank and Incident Condition 

Figure 2 shows the NWT constructed to investigate the wave 
control characteristics of vegetation due to its motion using the 
coupled analysis method that secured effectiveness and validity. 
An added dissipation zone and a wave source were installed in the 
outer sea to prevent reflection of the wave, and the elements of 
the DEM were arranged to numerically reproduce the kinetic 
characteristics of vegetation. As shown in Figure 2, the numerical 
method proposed by Harada et al. (2007) was applied to the 
characteristics of vegetation (flexible and rigid). Table 1 shows 
the details of the numerical analysis conditions used. 
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(a) Flexible vegetation (b) Rigid vegetation 

Figure 3. Spatial distribution for sway motion of vegetation in wave, velocity, and vorticity fields(Hi = 6 cm, Ti = 1.5 s, hV = 25 cm). 
 

 

Wave Control Characteristic 
Figure 3a represents flexible vegetation and Figure 3b represents 
rigid vegetation. The wave, velocity, and vorticity fields were 
shown as the kinetic characteristics of vegetation according to the 
calculation time (t/Ti = 1/25, 6/25, 11/25, 16/25, and 21/25). For 
the calculation, the DEM was used after the NWT was stabilized. 
The incident wave height (Hi) was 6 cm, the incidence period (Ti) 
was 1.5 s, the vegetation zone length (LV) was 300 cm, the 
vegetation zone height (hV) was 25.0 cm, and the   vegetation zone 

interval (DV) was 4 cm. In Figure 3, the black arrow (→) 
represents the flow velocity of the flow field, the black solid line 
(—) represents the free water surface of the wave field, the green 
solid line (—) represents flexible vegetation, and the gray solid 
line (—) represents rigid vegetation. Figure 4 shows the wave, 
velocity, and turbulence intensity fields as the kinetic 
characteristics of vegetation over time. The scales for vorticity 
and turbulence intensity are shown at the top of the figures.  

Figure 3a and Figure 4a show that the kinetic characteristics of 
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(a) Flexible vegetation (b) Rigid vegetation 

Figure 4. Spatial distribution for sway motion of vegetation in wave, velocity, and tubulence fields(Hi = 6 cm, Ti = 1.5 s, hV = 25 cm). 
 

 

vegetation changed according to the phase of the wave as the 
wave propagated through the vegetation zone composed of 
flexible vegetation.  

Figure 3b and Figure 4b show that the kinetic characteristics of 
rigid vegetation did not change regardless of the phase of the 
wave. In addition, flexible vegetation in Figure 3a relatively 
showed a decrease in the z-direction height (hV) compared to rigid 
vegetation in Figure 4b as it moved to the propagation direction 
of the wave, and it was found that strong turbulence occurred 

between the free water surface and flexible vegetation. In the case 
of Figure 3b, the difference between the free water surface and 
rigid vegetation was relatively small (the z-direction height (hV) 
was maintained), and it was found that the wave height and flow 
velocity were generally low in the back of vegetation zone to 
control the wave compared to flexible vegetation. Figure 4a 
shows that strong turbulence intensity occurred in the back of the 
vegetation zone due to the motion of flexible vegetation. As the  
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Figure 5. Spatial distribution of non-dimensional wave heights around 
vegetation types(Hi = 6 cm, Ti = 1.5 s, hV = 25 cm). 
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Figure 6. Wave transmission coefficients of flexible and rigid. 

 
 

wave that passed through the vegetation zone propagated towards 
the back of the vegetation zone, the energy of the wave was 
gradually decreased. This phenomenon is shown in Figure 5. The 
black solid line (—) and the green solid line (—) represent the 
results of the rigid and flexible vegetation cases, respectively. 
Figure 6 shows the transmission coefficients (KT) of flexible and 
rigid vegetation according to the incident wave. The green circles 
(●) represent the results of the flexible vegetation cases, while the 
gray squares (■) represent the results of the rigid vegetation cases.  

Figure 6 confirms that the rigid vegetation has a 1.2%–12.2% 
lower transmission coefficient (KT) compared to the flexible 
vegetation, which can be explained by the interaction between the 
waves and vegetation according to the kinetic characteristics of 
vegetation as mentioned earlier. 

 
CONCLUSIONS 

In this study, the wave control characteristics of vegetation due 
to its interaction with waves were numerically investigated 
according to its characteristics (flexible and rigid) using the 
NWT–DEM coupled analysis method. The major findings are as 
follows: 

 
(1) The effectiveness and validity of the coupled analysis 

method were confirmed by comparing the cross-shore distributio
n of the wave height in the vegetation zone with that of the existi
ng hydraulic model experiment. 

(2) The coupled analysis method sufficiently reproduced t
he kinetic characteristics of flexible vegetation according to the 
phase of the wave, and it numerically reproduced the kinetic cha
racteristics of rigid vegetation, which was independent of the pha
se of the wave, as well as wave attenuation. 

(3) Along with the fluctuations in vorticity and turbulence 
intensity according to the kinetic characteristics of flexible and ri
gid vegetation, the wave attenuation in the back of the vegetation
 zone was numerically confirmed through the wave and velocity 
fields.  

(4) The wave control characteristics of vegetation due to it
s interaction with waves were confirmed through the wave heigh
t distribution and transmission coefficient (KT). Owing to its kine
tic characteristics, rigid vegetation exhibited a 1.2%–12.2% high

er transmission coefficient (KT) than flexible vegetation. 
 

The wave control function that used the coupled analysis 
method to analyze the interaction between waves and vegetation 
is considered to be a new numerical method for examining coastal 
disaster prevention technology. In addition, if the coupled 
analysis method is further compared and verified in various ways, 
it will provide cost values that may complement the shortcomings 
of on-site monitoring and hydraulic model experiments. 
Furthermore, it will exhibit high applicability without the 
problems of the existing numerical models because it considers 
the actual kinetic characteristics of vegetation. Future study 
should include the numerical simulation and verification of the 
wave attenuation by vegetation on the sloping beach. 
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ABSTRACT 
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This study refined the reproducibility of a stream cross section of the Nakdong River using the Modified EFDC model 
and examined the salt water flow from the external sea to the river upstream according to the changing gate open rate 
of Nakdong River estuary barrage and the influent flow and tide level conditions in the Changnyenong-Haman Weir 
using a numerical model. Furthermore, numerical simulations were conducted and the hydraulic characteristics were 
examined to investigate the flushing effect according to the changing discharge of the Changnyenong-Haman Weir in 
the event of a salt wedge. 
 
ADDITIONAL INDEX WORDS: Modified EFDC, Nakdong river estuary, saline wedge. 
 

 
INTRODUCTION 

In the case of the Nakdong River estuary barrage constructed 
in 1987, which is the object of this study, water quality and 
salinity intrusion are directly influenced by the interaction of river 
and sea when the upstream influent flow is low. Thus, the water 
quality and salinity distribution of the estuary have a significant 
impact on the ecological environment. Furthermore, it is 
necessary to accurately predict the behavior of seawater and fresh 
water depending on salinity and water temperature in order to 
secure the stability of water intake by accurately predicting the 
form and behavior of salinity intrusion, which can occur in the 
river when the estuary barrage is opened to secure a brackish 
water zone.A review of the existing studies on the Nakdong River 
estuary barrage reveals that the environmental changes around the 
estuary have been studied extensively, but there have been few 
studies on the three-dimensional interpretation of the water 
quality changes according to gate operation. Moreover, there has 
been no study on the diffusion of salt due to the gate operation 
and opening of the estuary barrage after the Four Major Rivers 
Restoration Project. 

Therefore, this study refined the reproducibility of a stream 
cross section of the Nakdong River using the Modified EFDC 
model and examined the salt water flow from the external sea to 
the river upstream according to the changing gate open rate of 
Nakdong River estuary barrage and the influent flow and tide 

level conditions in the Changnyenong-Haman Weir using a 
numerical model. Furthermore, numerical simulations were 
conducted and the hydraulic characteristics were examined to 
investigate the flushing effect according to the changing 
discharge of the Changnyenong-Haman Weir in the event of a salt 
wedge.  

 
METHODS 

EFDC Model 
The Environmental Fluid Dynamics Code (EFDC, Hamrick, 

1992) consists mainly of three parameters: flow, sediment 
movement, and water quality. The flow model part of the EFDC 
is based on a 3D shallow-water equation that considers both water 
temperature and salinity. Its basic physical structure is similar to 
the Princeton ocean model (POM) of Blumberg and Mellor 
(1987), the U.S. Army Corps of Engineers’ curvilinear-grid 
hydrodynamics 3D waterways experiment. station (CH3D-WES) 
model, and the tidal, residual, intertidal mud flat (TRIM) model 
of Casulli and Cheng (1992), but EFDC can consider resistance 
caused by plant communities (Hamrick and Moustafa, 1996) and 
the effects of waves to examine flow phenomena in wetlands. Up 
to now, the EFDC model has been used in many water body 
studies. Major hydraulic studies include studies on dilution 
effects and shellfish larvae movement resulting from the inflow 
of freshwater in the James and York Rivers in Virginia, U.S.A. 
(Hamrick, 1992, Shen et al., 1999), a study on the intrusion of 
saltwater in the Indian Lagoon and Sebastian River in Florida, 
U.S.A., a study on large-scale wetland modeling of the 
Everglades in Florida, U.S.A. (Hamrick, 1996), a study on the 
NanWan bay in Taiwan, a study on the Potomac River, U.S.A., 

†Department of Civil and Urban 
Enginerring  

Inje University Gimhae 
Republic of Korea 

†††Department of Civil and Environmental 
Engineering  

Chung-Ang University 
Seoul Republic of Korea 

www.cerf-jcr.org 

www.JCRonline.org 

†† Water Management & Research 
Division CTI Engineering Co., Ltd 

Osaka, Japan 

††††Korea Water Resources Corporation K-water  
Daegu, Republic of Korea 

____________________ 
DOI:  10.2112/ SI91-031.1  received 9 October 2018; accepted in 
revision 14 December 2018. 
*Corresponding author: civyunjs@inje.ac.kr 
©Coastal Education and Research Foundation, Inc. 2019 
 



152      Han et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

and studies on Shinhwa Lake (Yoon et al., 2004) and Kyeonggi 
Bay in South Korea. 
 
Fundamental Equation 

The EFDC model consists of continuity equation, motion 
equation, thermohaline conservation equation, and matter 
conservation equations that include sediment. The thermohaline 
equation is linked to the motion equation via baroclinic pressure 
caused by differences in density.  

The model uses a  coordinate system in the vertical direction 
and a straight line or orthogonal curvilinear coordinate system in 
the horizontal direction. 

Mellor and Yamada’s (1982) Level 2.5 turbulence closure 
scheme is used to calculate the vertical eddy viscosity coefficient, 
and Smagorinsky-type diffusivity is used to calculate the 
horizontal eddy viscosity coefficient. Also, wetting and drying, 
which use a mass conservation scheme, are possible. 
 
Modified EFDC Model 

The original EFDC model (Figure 1a) has a problem in that it 
cannot reproduce the hydrological operation of estuary banks and 
underwater structures, such as permeable structures and 
submerged breakwaters, under the assumption of underwater 
structures as water depth conditions. Therefore, the EFDC 
model’s source code was changed so that the thickness of vertical 
layers for each grid cell can be set at different ratios vertically 
according to depth conditions without regard to the existence of 
underwater structures so that height can be considered in order to 
reproduce the hydrological operations of the Nakdong River 
estuary dam. 

 
 

 

Figure 1. Original EFDC (a);  modified EFDC (b). 
 

 
Making accurate River Cross-Section Reproductions 

A comparison of the river measurement data in the 2013 River 
Basic Plan with 176 measuring lines applied to the actual model 
shows that the river bed sections applied to the numerical model 
in this study reproduce the actual river bed sections very 
accurately. Figure 2 shows the results of comparing river bed 

cross sections for four measuring lines out of the 176 measuring 
lines. 
 

 

 
Figure 2. Comparison of river bed cross section. 

 
 
Calculation Condition of Numerical Model 

Numerical simulations of saltwater intrusion were carried out 
using the three-dimensional modified EFDC model according to 
the gate opening condition of the Changnyeong-Haman Weir-
Nakdong River estuary barrage section of the Nakdong River 
water system that has changed by the Four Major Rivers 
Restoration Project 

The wide-area numerical calculation results for normal water 
conditions were used as the boundary conditions of the water 
level and salinity for narrow-area numerical calculations. 
 
Table 1. Calculation condition of numerical model. 

Classification Contents 

Application Model Modified Environmental Fluids Dynamic 
Code (EFDC) model 

Model 
composition 

Computed 
area 

Downstream part of Nakdong River 
estuary barrage ~ Changnyeong-Haman 

Weir 
Number of 

grids 
Horizontal : 29,636 

Vertical : 10 

Grid spacing △x = 30~100 m 
△y = 50~200 m 

Simulation 
condition 

Depth data Measurement data of 2013 River Master 
Plan and latest digital nautical chart 

Boundary 
condition 

Upstream 
Water discharge: 

Changnyeong-Haman 
Weir (dry period) 

Downstream 

Salinity: large area 
calculation result (12 

psu) 

Tide 

 
The grid for analyzing salinity ranged from 5 km downstream 

of the Nakdong River estuary barrage to the Changnyeong-
Haman Weir section, which is an approximately 80.73-km section. 
A curvilinear variable grid system was used. The number of valid 
grid cells used in the calculations was 29,636 horizontally. Grid 
cells with a maximum size of 200 m and a minimum size of 30 m 
were used to make it easy to reproduce the topography of the 

(a) 

(b) 
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study’s target area. Vertically, a sigma coordinate system was 
used, and it was composed of 10 layers. Figure 3 and Figure 4 
show the water depth distribution and the grid map. 

 

 
Figure 3. Depth distribution. 

 
 

 

 
Figure 4. Grid map. 

 
 

RESULTS AND DISCUSSION 
Model Verification Results 

The hydrological operation of the Nakdong River estuary 
barrage and the actual discharge of the Changnyeong-Haman 
Weir from June 2016 were used to verify the water levels over 30 
days at three points: Imhaejin, Susan, and Wolchon. The 
comparison results of the observed values and the calculated 
values showed that there were slight differences according to the 
time period, but the results matched relatively well. 

After 25 days, the results of numerical calculations for the 
Imhaejin and Susan points in the upstream area were slightly 
larger than the observed values. The numerical model properly 
reflected the effects of the flow that was rapidly increasing due to 
the Changnyeong-Haman Weir discharge changing from 200 
CMS to 700 CMS, but the observed values were similar to the 

observation results of a small discharge. This is considered to be 
the result of numerical fluctuations caused by the topographical 
characteristics at the observatory or the rapid increase in 
discharge. In the future, it will be necessary to perform a detailed 
review and analysis of the water-level response characteristics 
during such discharge increases at the Imhaejin point. The 
verification of water levels at each point is shown in Figure 5. 

 
 

 
Figure 5. Imhaejin (a);  Wolchon (b). 

 
 

Saltwater Penetration Depending on Gate 
The wide-area calculation results were used as the basic data 

and input boundary conditions (downstream water level, salinity 
concentration) for the narrow-area Nakdong River estuary 
barrage upstream salinity analysis. Thirty days of numerical 
modeling were performed on salinity intrusion according to 
changes in the gate opening ratio (the estuary barrage middle Gate 
1 was opened 20%, 40%, 50%, 60%, 80%, and completely) in 
conditions where the discharge was fixed for 30 days at 100 CMS, 
which is the base flow during normal water conditions at the 
Changnyeong-Haman Weir. 

The lower portion of the estuary barrage’s Gate 1 was opened 
20%, 40%, 60%, 80% and completely, and the salinity intrusion 
was modeled. The results showed that, after 30 days of the gate 
being partially opened, saltwater of more than 0.5 psu intruded 
from the Nakdong River estuary barrage to points that were from 
a minimum of 24.3 km up to 38 km upstream depending on the 
opening ratio.  

Such a saltwater intrusion means that the saltwater can always 
reach the Daejeo gate, which is located at a point 15.2 km from 
the estuary barrage. 

 
Flushing of Saltwater According to Estuary Barrage Opening 

Two days of numerical modeling were performed on salinity 
flushing for removing saltwater according to the discharge of the 
Changnyeong-Haman Weir, and the salinity concentration at 4:00 
p.m. on January 20, 2016 at the Kangseo industrial intake tower 
located 7.5 km upstream from the estuary barrage was assumed 
to have temporarily increased. During day 0-1, only a tide level 
condition at the downstream boundary was given after fully 
opening the estuary barrage without discharging from the 
Changnyeong-Haman Weir, and for the inflow salinity in this 
case, 18 psu was used which was determined by wide-area 

(a) 

(b) 
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calculation. After one day of the gate being opened, saltwater 
intruded to the Gupo Bridge, which is located 12 km from the 
estuary barrage. 

From the first to the second day, continuous discharge was 
carried out for 24 h at the Changnyeong-Haman Weir. The 
discharge conditions were set at 500 CMS, 900 CMS, and 1200 
CMS, and calculations were performed under the condition of 
fully opening all gates in the left weir. Figure 8 shows the results 
of the flushing numerical model. 

 
 

 
(a) 0 day                                    (b) 10 day 

 
(c) 20 day                                    (d) 30 day 

Figure 6. Vertical salinity distribution at the time of the center one water 
gate 20% open. 

 
 

 

 
(a) 0 day                                    (b) 10 day 

 
(c) 20 day                                    (d) 30 day 

Figure 7. Vertical salinity distribution at the time of the center one water 
gate full open. 

 
 

Table 2. Sea water intrusion length (after 30 days). 

Water gate opening rate Surface layer Bottom layer 
20% 24.7 km 27 km 
40% 34.1 km 36.2 km 
50% 35.6 km 38 km 
60% 34.5 km 36 km 
80% 30.0 km 30.3 km 

Fully open 24.3 km 24.3 km 
 

 
             (a) Initial state                 (b) One day after the opening  

                                                of the water gate 

(c) After discharge for a day      (d) After discharge for a day 
(500 CMS)                                     (900 CMS)  

(c) After discharge for a day      (d) After discharge for a day 
(1200 CMS)                                   (1500 CMS)  

Figure 8. Flushing numerical simulation. 
 

 
The results of the experiment on numerically modeling 

flushing according to differences in the discharge of the 
Changnyeong-Haman Weir showed that when a flow of 900 CMS 
was discharged continuously for one day, the saltwater that had 
intruded to the Gupo Bridge was flushed downstream 
approximately 11 h after the start of the discharge, which was 1 h 
faster than the case when discharge was done continuously at 500 
CMS, and the salt wedge retreated to the Nakdong Bridge.              
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Therefore, when a temporary salinity concentration increase 
occurs at the Nakdong River estuary barrage upstream, a flow of 
more than 900 CMS must be discharged at the Changnyeong-
Haman Weir to flush partially the saltwater in the estuary barrage 
upstream and cause a temporary retreat. When flood discharges 
of 1200 and 1500 CMS were performed for one day, flushing 
occurred from the Gupo Bridge downstream, and the salt wedge 
retreated to a point downstream of the Nakdong River estuary 
barrage. 

 
CONCLUSIONS 

A numerical modeling of salinity analysis was performed to 
examine the effects of upstream salinity according to the estuary 
barrage’s gate operation plan with the goal of ensuring the 
continuity of the brackish water zone at the estuary barrage. The 
conclusions obtained in this study are as follows: 

 
Saltwater Penetration Depending on Gate 

The lower portion of the estuary barrage’s Gate 1 was opened 
20%, 40%, 60%, 80%, and completely, and the salinity intrusion 
was modeled. The results showed that, after 30 days of the gate 
being partially opened, saltwater of more than 0.5 psu intruded 
from the Nakdong River estuary barrage to points that were a 
minimum of 24.3 km up to 38 km upstream, depending on the 
opening ratio. Such a saltwater intrusion means that the saltwater 
can always reach the Daejeo gate, which is located at a point 15.2 
km from the estuary barrage. Therefore, to manage the water 
quality of the western Nakdong River according to the operation 
of the Daejeo gate when the Nakdong River estuary barrage is 
partially opened, it is necessary to pay attention to the behavior of 
upstream saltwater during the interconnected operation of the 
Nakdong River estuary barrage gate. 

The results also mean that when the estuary barrage’s Gate 1 is 
partially opened, the saltwater can always reach the Yangsan New 
City intake station located 23.8 km away from the estuary barrage, 
the Wongdong intake station located 26 km away, and the Maeri 
intake station located 28.8 km away. Attention must be paid to 
water quality pollutants caused by the water source’s salinity 
during operation according to the opening of the barrage gate, and 
a detailed examination of this phenomenon is necessary. 

 
Flushing of Saltwater According to Estuary Barrage Opening 

When a flow of 900 CMS was discharged continuously for one 
day, the intruding saltwater retreated to the Nakdong River 

estuary barrage’s downstream. However, when the estuary 
barrage was partially or fully opened and intrusion occurred at a 
point much farther upstream in the brackish water zone (for 
example, 38 km) rather than Gupo Bridge, saltwater intruded 
farther upstream and there was a possibility of saltwater existing, 
even when 900 CMS was continuously discharged. In addition, 
discharging a flow of 900 CMS continuously from the 
Changnyeong-Haman Weir is impossible in actuality. To control 
saltwater intrusion at the Nakdong River estuary barrage 
upstream, it is necessary to control the flow at the Changnyeong-
Haman Weir and operate the estuary barrage gate in an 
interconnected fashion. 
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ABSTRACT 
 
Yuk, J.-H. and Joh, M., 2019. Prediction of typhoon-induced storm surge, waves and coastal inundation in the Suyeong 
River Area, South Korea: A case study during typhoon Chaba. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and 
Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 
156-160. Coconut Creek (Florida), ISSN 0749-0208. 
 
Typhoon-induced storm surge and high waves caused coastal inundation and resulting coastal damages in the south-
eastern coast of South Korea (the Republic of Korea), especially in the Suyeong River Area (SRA), Busan during 
typhoon Chaba (201618) which occurred early in October 2016. This study developed a prediction system based on 
weather and tide-surge-wave models to guide countermeasures against coastal inundation. The weather prediction 
model is named K-MPAS (KISTI - Model for Prediction Across Scales), and was optimized by KISTI to more 
accurately predict typhoons in the Western Pacific Ocean. The tide-surge-wave model ADCIRC+SWAN, a widely-
used model, is based on a flexible unstructured grid with a more detailed grid for the region of interest (SRA). As a 
case study, the meteorological condition, storm-surge, and waves due to typhoon Chaba were predicted using this 
prediction system, and are presented and discussed in terms of the typhoon track, surface pressure, wind, storm-surge, 
waves, and resultant coastal inundation in the SRA. The model results were in good agreement with observations, thus 
this prediction system can provide a reliable service for coastal disaster management.  
 
ADDITIONAL INDEX WORDS: Storm surge, waves, coastal inundation, Suyeong River Area, typhoon Chaba. 
 

 
INTRODUCTION 

Since damage from a tropical cyclone is enormous, it is very 
important to predict and prepare for it in advance. Damage caused 
by heavy rains accompanied by typhoons and typhoons 
themselves has accounted for more than 80% of the total damage 
caused by the past natural disasters on the Korean Peninsula. 
Typhoons affecting the Korean Peninsula are less frequent than 
heavy rainfall, but the magnitude of the disaster is approximately 
two times higher than that of heavy rainfall. Disasters caused by 
typhoons appear in the form of composites of heavy rain, strong 
wind, and storm surge. According to the Ministry of the Interior 
and Safety (2017), the damage due to typhoons was the largest 
among other causes in the last 10 years (2008–2017) in Korea.  

Scientists agree that the sea surface temperature is rising due to 
global warming, but they have debated whether future typhoons 
will occur more frequently and become stronger or not. However, 
most of the recent analysis shows that although the frequency of 
typhoons has not changed much, the intensity of typhoons has 
gradually strengthened. The World Meteorological Organization 
(WMO) said in its 2012 assessment report that most climate 
models project that as climate change accelerates, the frequency 
of typhoon occurrence in the western Pacific will decrease, but 
their intensity will be stronger. Therefore, typhoon-induced 
damages are expected to increase in the future, so 

countermeasures are necessary. The southeastern coast of South 
Korea (Republic of Korea) has suffered from typhoons, which 
have caused great damage in this area, including typhoon Sarah 
in 1953, typhoon Maemi in 2003, and typhoon Chaba in 2016. 
Busan, which is the second largest city of Korea, is situated on 
the southeastern coast. The study area, the Suyeong River Area 
(SRA) is located in Busan and is influenced by freshwater input 
and oceanic tide and waves. This area is surrounded by densely 
populated areas, however, is vulnerable to urban, river and 
seawater flooding. Flooding is more likely to occur when a 
typhoon approaches, therefore the residents will be able to 
minimize damage if the track and intensity of typhoons can be 
predicted accurately in advance. Also, it is important to accurately 
predict storm surge and waves and the resultant coastal 
inundation. The authors established a series of prediction systems 
for typhoon, storm tide, surge, waves and the resultant seawater 
flooding for the SRA. Using this prediction system, this study 
simulated storm surge, waves and storm-induced seawater 
flooding due to typhoon Chaba (201618) which occurred in the 
early October of 2016, as a case study. The reason for choosing 
this case is that this typhoon was strong, hit the southeastern coast 
of Korea and gave rise to serious flood damage, especially at the 
rich village named Marine City, which is located in the 
downstream of the SRA.  

The following section shows the structure and description of 
the prediction system for the SRA. Then in the next section, this 
study presents validation of the predicted variables during 
typhoon Chaba, discussing the suitability of the model for 
providing accurate information against coastal hazards.   
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METHODS 
The series of systems for predicting typhoon, storm tide, surge, 

and waves and coastal inundation for the SRA were composed of 
a weather prediction model and a high-resolution tide-surge-wave 
model.  

 
Weather Prediction Model  

The Korea Institute of Science and Technology Information 
(KISTI) has been collaborating with the National Center for 
Atmospheric Research (NCAR) in the United States since 2014 
in order to develop a next-generation weather/climate model 
MPAS (Model for Prediction Across Scales) (Skamarock et al., 
2012). The KISTI-NCAR collaborative project focused on 
developing MPAS-TC to provide better simulations of tropical 
cyclones in the Western Pacific Ocean, and under an agreement 
between KISTI and NCAR, the authors have called the MPAS-
TC for the Western Pacific Ocean as K-MPAS (Kang et al., 2017). 
MPAS-TC is different from the model released on the website 
(hereafter MPAS_A (https://mpas-dev.github.io/). 

 The most defining feature of MPAS is its grid structure with 
centroidal Voronoi tessellations. It has mostly hexagonal grids, 
but it may have grids with 5, 6, 7, or more sides. MPAS also has 
a variable grid system which allows high resolution on an area of 
interest, but a coarser resolution for the remaining areas. K-
MPAS focuses on the Western Pacific Ocean and East Asia 
regions, and has 15 km-resolution in these areas and 15–60 km-
resolution in other areas (Figure 1). The MPAS grid structure 
does not produce the boundary condition errors that most regional 
models such as WRF (the Weather Research and Forecasting) 
model (Skamarock et al., 2008) generate.  

Compared to MPAS_A, K-MPAS contains advanced physics 
schemes for the surface layer and cumulus parameterizations 
which have been optimized for better typhoon predictions, and a 
one-dimensional mixed ocean layer model (Kang et al., 2017). 
The details of the model description and improvement are not 
stated here. Kang et al. (2017) carried out a forecast of the 
typhoon track during the summer, i.e., from July to September 
2014–2017 using K-MPAS and evaluated this model. 

 
Tide–Surge-Wave Prediction Model  

Dynamic models that adopt a coupled process have been 
widely used in earth science recently. For the storm surge and 
wave simulation, this study utilized the coupled tide-surge-wave 
model named ADCIRC+SWAN (ADvanced CIRCulation and the 
Simulating WAves Nearshore) based on the same unstructured 
grid. For the storm surge prediction, ADCIRC, a two-dimensional 
depth integrated model (ADCIRC-2DDI), computes the elevation 
from the solution of the depth-integrated continuity equation in 
Generalized Wave-Continuity Equation (GWCE) form, and 
velocity from the solution of the 2DDI momentum equations 
(Luettich and Westerink, 2004). The details of this model have 
been published widely, thus will not be stated here. For the wave 
prediction, SWAN predicts the evolution in geographical space 
and the time of the wave action density spectrum, with relative 
frequency and wave direction governed by the action balance 
equation (Bouij et al., 1999). SWAN is widely used, thus the 
details of model equations and parameterizations have been 
explained in earlier studies and omitted here. The coupling 
procedure of ADCIRC and SWAN is summarized as follows. 

SWAN is driven by winds, water levels, and currents computed 
at the vertices by ADCIRC. ADCIRC computes water levels and 
current accepting marine winds in various formats. Wind is 
computed at vertices through spatiotemporal interpolation with 
ADCIRC. Similarly, the water levels and currents are computed 
in ADCIRC, and then are passed to SWAN with wind data 
through the above process. SWAN re-computes water depth and 
all relevant wave processes, such as wave propagation and depth-
induced breaking. ADCIRC is forced partially by radiation stress 
gradients obtained by information from SWAN. ADCIRC and 
SWAN run in series on the same local mesh and core. Both 
models leap frog through time, and each model is driven by 
information from the other model. Since the detailed coupling 
procedure between the two models is omitted here, see the 
literature (Dietrich et al., 2010).  

 

 
Figure 1. (a) Designed grid structures for K-MPAS with Western Pacific 
Ocean and East Asia at 15 km-resolution, and the rest of the area at 60 
km-resolution. (b) The actual K-MPAS grid structure consisting of 
535,554 horizontal cells (Kang et al., 2017). 

 
 

Model Configuration  
The storm surge and wave modeling requires meteorological 

forcings such as 10 m wind and surface pressure fields, which 
were acquired by K-MPAS outputs in this study. Most of the 
meteorological models themselves are not able to fully predict 
meteorological conditions during a tropical cyclone, so 
consequently complementary experiments such as bogusing and 
dynamical initialization have been employed. This study 
attempted to use bogusing for the strength of the wind and surface 
pressure in the center of the typhoon, by embedding wind and 
surface pressure fields in the center of typhoon that had been 
calculated using a parametric tropical cyclone model (Holland, 
1980) based on K-MPAS’s typhoon data (the location, pressure, 
wind speed, and radii of specific winds) into the ambient wind 
and surface pressure fields produced by K-MPAS in accordance 
with the approach of Kawaguchi and Kawai (2007).  

The computational domain of ADCIRC+SWAN consists of 
approximately 500,000 nodes and 1,000,000 elements and 
includes a flexible mesh system which focuses with higher 

https://mpas-dev.github.io/
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resolution on the target area (Figure 2). Thus, to accurately predict 
flooding, a high-resolution grid of approximately 10 m was 
formed in the SRA, covering areas where floods will be expected 
to occur in the future, using high-resolution topographic and 
bathymetric datasets taken by the relevant governments such as 
the National Geographic Information Institute (NGII), Korea 
Hydrographic and Oceanographic Agency (KHOA), and Busan 
City.  

Figure 2c shows the highly resolved grid system of the SRA. 
The red line indicates the shoreline based on the mean sea level, 
distinguishing between land and sea. As mentioned above, the 
floodplain denoted by the dark gray area was set to be extremely 
wide because the authors’ experiments with floods consider 
multiple factors such as climate change, rainfall, and riverine 
freshwater discharges. A bottom friction coefficient of 0.017–
0.035 following Manning’s n value was adopted to compute 
coastal inundation accurately. The amplitudes and phases of eight 
tidal constituents (M2, S2, K1, O1, N2, K2, P1, and Q1) obtained 
from Oregon State University (OSU) tidal databases (Egbert et 
al., 2003) were imposed to open boundaries. With respect to the 
SWAN model setups, this study set the frequency increment 
factor, the first frequency, the number of frequencies, and the 
directions for all of the simulations as 1.1, 0.031384 Hz, 31, and 
36, respectively.  

This study predicted the storm surge, waves and resultant 
seawater flooding due to typhoon Chaba in the SRA by using the 
meteorological data predicted by K-MPAS from 0000 UTC 3 
October to 0000 UTC 8 October 2016. In fact, from 2014–2017,  
K-MPAS daily produced a 10-day global weather forecast with 
the tropical cyclone data such as the location, wind, and pressure 
during summer (July–September) .   

RESULTS 
Figure 3a shows a comparison of typhoon tracks predicted by 

K-MPAS and three operational agencies, the Korea 
Meteorological Administration (KMA), Japan Meteorological 
Agency (JMA), and Joint Typhoon Warning Center (JTWC) with 
the best track issued by JMA. The typhoon tracks were 
predictions from 0000 UTC 3 October, which was the beginning 
date of this study’s simulation. Circles on the track lines 
corresponded to 0000 UTC of the day (3, 4, and 5th October). The 
K-MPAS’s predicted track was the closest to the best track. 
Figure 3(b) shows mean typhoon track error for 24, 48, and 72-
hour forecasts from K-MPAS, KMA, JTWC, and JMA for 5 cases 
at 0000 UTC from 29 September to 3 October. The mean track 
error of K-MPAS was the smallest for all 24, 48, and 72-hour 
forecasts, namely, K-MPAS gave the best track prediction.  

In addition, in a comparison of distance errors for typhoons 
which had influenced the Korean Peninsula in the years between 
2015–2017 from K-MPAS, KMA, JTWC, and JMA, K-MPAS 
achieved the best prediction (Kang et al., 2017; Joh et al., 2018).  

Figure 4 provides comparisons of measured surface pressure, 
wind speed, and wind direction at five ocean buoys operated by 
KMA, and as simulated by K-MPAS; the parametric tropical 
cyclone model; and blending of both models. With respect to the 
surface pressure, generally, around the time when the minimum 
surface pressure appeared, the blended data were close to the 
measurements. On the other hand, except the time of minimum 

 

 
Figure 3. (a) Location of five ocean data buoys (yellow squares) and 
comparison of typhoon tracks predicted by K-MPAS and three agencies 
from 0000 UTC 3 October, and the best track issued by the Japan 
Meteorological Agency (JMA). Circles on the lines indicate 0000 UTC on 
the day (3, 4, and 5th October) and (b) Distance errors (km) of typhoon 
tracks at 24, 48, and 72 hours for typhoon Chaba (averages of five 
predicted track distance errors from 29 September to 3 October). 

 

 

 

  
Figure 2. Water depth in the model domain with the track of typhoon 
Chaba predicted by K-MPAS from 0000 UTC 3 October 2016 and tide 
observation stations marked with red circles (b). 
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Figure 4. Comparison of surface pressures, wind speeds and wind directions observed at five ocean data buoys and predicted by K-MPAS. ‘Parameter’; 
‘K-MPAS’; and ‘Blending’ in parenthesis indicate the parametric tropical cyclone model output using typhoon information such as wind, pressure, and 
radii; K-MPAS’s raw output; and mixing both parametric model output and K-MPAS raw output, respectively.       

  

 

 
Figure 5. Comparison of significant wave heights and wave periods between observations and simulations during typhoon Chaba.       

  

 

 
Figure 6. Comparison of the water elevations and surge heights between observations and simulations during typhoon Chaba.        

 
 

surface pressure, K-MPAS's raw output at the 15-km resolution 
was in good agreement with the observations. Also, the 
correlation between K-MPAS's raw output and the observations 
during the typhoon can be seen in the time-series of wind speed 
and direction. These features confirm that K-MPAS has good 
prediction performance in rapidly changing conditions such as 
tropical cyclones. Indeed, K-MPAS produced a relatively 
accurate track on 0000 UTC 3 October, i.e., the K-MPAS track 
was closer to the best track than other operational agencies' tracks 
(Figure 3).  

Figure 5 shows comparisons of measured and predicted 
significant wave height and wave period using blended 
meteorological data (‘Blending’ in Figure 4). In general, the 
modeled significant wave heights were in agreement with the 
observations at five sites, and there was especially good 

agreement for the Marado and Seogwipo sites. The reason  that at 
the Tongyeong and Geojedo sites were underestimated  was that 
the blending approach did not produce good wind data, that is, the 
blended wind speed decreased on 0000 UTC 5 October because 
the wind was under-estimated by the parametric tropical cyclone 
model. With regard to the wave period, generally the predicted 
wave period was similar to the temporal change observed wave 
period, which became larger as the typhoon approached.  

Figure 6 shows validations of the storm surges at five tide 
stations near the study area (Figure 2b). Those were also 
simulated using the blending data ('Blending' in Figure 4). The 
storm-tides (top panel) were over-estimated when the typhoon 
was far away, but the model predicted the storm-tide well when it 
approached land. The storm-surges (bottom panel) show good 
agreement with the observations.  
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In addition to the meteorological data, storm surge, and waves, 
the prediction system in this study finally produced the resulting 
coastal inundation due to storm tide and waves. Figure 7 shows 
the costal inundation in the SRA, which was the maximum 
predicted during typhoon Chaba. The maximum coastal 
inundation of less than 0.5 m in part of the west side of the SRA 
was predicted by K-MPAS and ADCIRC+SWAN.      
 

DISCUSSION 
A prediction system for typhoons, storm tide, surge, and waves 

and coastal inundation for the SRA was developed in this study, 
and the predicted variables were in good agreement with 
observations, or in acceptable ranges. This system also produces 
the spatiotemporal distribution of typhoon, storm tide, surge, and 
waves and coastal inundation during the typhoon for the purpose 
of disaster prevention. Clearly, more reliable prediction data is 
acquired for extreme condition like a typhoon. This study 
revealed an encouraging feature, which was the good wind 
prediction of K-MPAS. 

 Even though a 15 km resolution was not fine enough to 
reproduce the storm surge and waves in the Korean Peninsula, K-
MPAS 15-km resolution simulated wind fairly well compared 
with the other data treated by processing like bogusing (blending). 
But with regard to the surface pressure, the bogusing showed 
better predictions. It is presently hard to explain why bogusing is 
good for the pressure prediction and not good for the wind 
prediction using only one typhoon simulation case, however the 
better predictions by K-MPAS and ADCIRC+SWAN were 
proven in many earlier studies. Nevertheless, more experiments 
are needed to improve the modeling system to achieve more 
accurate prediction data.  

 
CONCLUSIONS 

As a case study, simulations of surface pressure, wind, storm 
tide, surge, waves and resultant coastal inundation due to typhoon 
Chaba (201618) using the next-generation weather/climate model 
optimized to predict typhoons, and the integrated tide-surge-wave 
model yielded reasonable results compared with observations. 
Therefore, the prediction system in this study can provide useful 

information to guide response to coastal hazards such as storm 
tide, surge, waves and resulting coastal inundation in the SRA.  

 
ACKNOWLEDGMENTS 

This research was partially supported by the project entitled 
‘The National Supercomputing Infrastructure Construction and 
Service’ of the Korea Institute of Science and Technology 
Information (KISTI). 

 
LITERATURE CITED 

Booij N.; Ris, R.C., and Holthuijsen, L.H., 1999. A third-
generation wave model for coastal regions. Journal of 
Geophysical Research, 104(C4), 7649-7666. 

Dietrich, J.C.; Bunya, S.; Westerink, J.J.; Ebersole, B.A.; Smith, 
J.M.; Atkinson, J.H.; Jensen, R.; Resio, D.T.; Luettich, R.A.; 
Dawson, C.; Cardone, V.J.; Cox, A.T.; Powell, M.D.; 
Westerink, H.J., and Roberts, H.J., 2010. A high-resolution 
coupled riverine flow, tide, wind, wind wave, and storm 
surge model for southern Louisiana and Mississippi. Part II: 
Synoptic description and analysis of hurricanes Katrina and 
Rita. Monthly Weather Review, 138, 378-404. 

Egbert, G. and Ray, R., 2003. Semi-diurnal and diurnal tidal 
dissipation from TOPEXP/OSEIDON altimetry. 
Geophysical Research Letters, 30(17). doi 
10.1029/2003GL017676 

Holland, G.J., 1980. An Analytic model of the wind and pressure 
profiles in hurricanes. Monthly Weather Review, 108(8), 
1212-1218. 

Joh, M.; Yuk, J.-H., and Kang, J.S., 2018. Introduction of K-
MPAS and verification of its typhoon track prediction. 15th 
Annual Meeting Asia Oceania Geosciences Society.  

Kang, J.-S.; Yuk, J.-H., and Joh, M., 2017. Performance of K-
MPAS on typhoon track prediction with variable resolution 
grids focusing on Western Pacific Basin. Journal of 
Supercomputing Information, 5(2), 5-11.  

Kawaguchi, K. and Kawai, H., 2007. Estimation of wind and 
wave during typhoon based on mesoscale model. Technical 
Note of the Port and Airport Research Institute No. 1169. 

Luettich R. and Westerink, J., 2004. Formulation and numerical 
implementation of the 2D/3D ADCIRC. Finite element 
model version 44. XX. 

Ministry of the Interior and Safety, 2017. Statistical Yearbook of 
Natural Disaster 2017 (in Korean). 

Skamarock, W.C.; Klemp, J.B.; Dudhia, J.; Gill, D.O.; Barker, 
D.M.; Duda, M.G.; Huang, X.-Y.; Wang, W., and Powers, 
J.G., 2008. A description of the advanced research WRF 
version 3. NCAR Tech. Note NCAR/TN-475+STR, pp. 113. 
doi: 10.5065/D68S4MVH. 

Skamarock, W.C.; Klemp, J.B.; Duda, M.G.; Fowler, L.D., and 
Park, S.H., 2012. A multiscale nonhydrostatic atmospheric 
model using centroidal voronoi tessellations and C-grid 
staggering. Monthly Weather Review, 140, 3090-3105. 

 

 

 
Figure 7. Typhoon-induced maximally predicted coastal inundation 
displayed on Google Earth. 

 
 



 

 
 

Journal of Coastal Research SI 91 161–165 Coconut Creek, Florida 2019 

Numerical Investigation of Local Scour with Inclined Piles 
 
Shengtao Du†, Bingchen Liang†*, and Dong Young Lee‡ 

 
 
 
 
 

ABSTRACT 
 
Du, S.; Liang, B., and Lee, D.Y, 2019. Numerical investigation of local scour with inclined piles. In: Lee, J.L.; Yoon, 
J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal 
Research, Special Issue No. 91, pp. 161-165. Coconut Creek (Florida), ISSN 0749-0208. 
 
In coastal and offshore engineering applications, foundations of breakwaters, offshore wind turbine foundations and 
piles are often damaged by local scour induced by currents or waves, which will threaten people’s property and life 
security. The present study focuses on the local scour around cylinder piles, which are inclined toward upstream, 
downstream, and lateral. A vertical pile together with the three types of inclined piles was investigated by a numerical 
model in clear-water scour condition. Each type of the inclined pile was simulated for five inclination angles ranging 
from 15° to 45°. The angle of inclination is between the pile axis and the bed normal. By solving the Reynolds Averaged 
Navier–Stokes (RANS) equations, steady currents around the piles are simulated with the validated model. The results 
show significant differences in scour and deposition for the vertical and inclined piles. Sediments transport induced by 
the horseshoe vortex, contracted streamlines and the wake vortices were analyzed. Upward flow and downward flow 
in front of the pile were seen quite contrary between downstream inclined pile and upstream inclined pile. Local scour 
in lateral inclined pile was found moving toward to the inclined side. Maximum scour depth for inclined piles decreases 
in different degrees compared to the vertical pile.  

  
ADDITIONAL INDEX WORDS: Clear-water scour, steady currents, angle, mechanism, maximum scour depth. 
 

 
INTRODUCTION 

In marine and coastal engineering, structures supported by 
piles often failed due to local scour induced by current 
(Kitsikoudis et al. 2013). To design the structures safely, 
estimating the maximum scour depth of the piles is thought to be 
a fundamental principle. Local scour around piles is a complex 
three dimensional phenomenon. To obtain the mechanism and 
influence factors of the maximum scour depth, researchers have 
studied it for a long time (Baker 1979; Dargahi 1989; Dey et al. 
1995; Melville and Sutherland 1988; Sheppard and Miller 2006; 
Sumer and Fredsøe 2002; Wang, Xiong, and Liang 2017).  

However, for the purpose of improving the stability or bearing 
capacity of the structures, the piles used for foundations may be 
designed inclined. This is common in a tripod wind turbine which 
is supported by three inclined cylinders, similarly with a pile-
supported pier or breakwater. As is concluded by Sumer and 
Fredsøe (2002), the pile inclination is one of the factors that affect 
the maximum scour depth around the pile. Majd et al. 2016 
observed that the flow field changed considerably when the pile 
was inclined. Nevertheless, a large amount of studies focused on 
the vertical piles (Wang, Xiong and Liang 2017) rather than the 
inclined. For circular cylinders, Bozkus and Yildiz (2004) studied 
the downstream inclined piles experimentally and obtained that 
local scour depth decreased significantly with the increase of 
inclination. In addition, based on the relative water depth and 
Froude number, they proposed four empirical formulas with 

inclination of 2°, 5°, 10° 15°. Later, Bozkus and Cesme (2010) 
investigated an upstream inclined pile which was joined with a 
downstream inclined pile at its top. And they obtained that 
maximum scour depth of the two piles decreased a lot. But their 
research was restricted to an inclination within 15°. Vaghefi, 
Ghodsian and Salimi (2016) extended the inclination to 21° and 
gave an empirical formula by modifying equations from Melville 
(1997). For larger inclination angles, Euler et al. (2014) simulated 
the bended woody riparian plants under current. In their 
experiments, they observed that the scour hole upstream of the 
pile shifted towards to the downstream direction with the 
inclination increased. When the inclination angles were around 
60-65°, the lee-wake vortices dominate the scour rather than the 
horseshoe vortex. And the scour hole was only seen downstream 
of the pile. Vaghefi, Ghodsian and Salimi (2016) compared scour 
of a vertical pile and an angle of 21° lateral inclined pile in four 
flow intensities.  

As is suggested by Karimi, Heidarnejad and Masjedi (2017), 
the scour pattern and trend of the upstream inclined and lateral 
inclined piles can be different from the downstream inclined ones. 
Configurations of these kinds need to be studied, which motivated 
the authors. The main purposes of this paperare (1) to investigate 
the maximum scour depths of the upstream, downstream and 
lateral inclined piles. (2) to obtain the distributions of scour and 
deposition of them. (3) to analyse the flow field and the 
mechanism of them. In order to achieve these goals, a 
computational fluid dynamics (CFD) model was used for 
simulations in clear-water scour under steady current. 
 

METHODS 
The CFD model used in this paper is FLOW-3D. Its method for 
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tracking fluid-air interface is volume of fluid (VOF). And 
fractional area-volume obstacle representation (FAVOR) 
technique is adopted in the interface between fluid and solid 
boundaries. The model has been applied in hydraulic and coastal 
engineering by many researcheres (such as Smith and Foster 2005; 
Omara and Tawfik 2018).  
 
Model and Equations 

The model solves the continuity equation (1) and the three 
dimensional Navier-Stokes equations of incompresible flows (2). 

                                        0i i
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Where xi (i = 1,2,3) is the ditrection of Cartesian coordinates of 
i; ui is mean velocity of the flow; P is pressure; Ai,, Aj are fractional 
open area open to flow in the i and j direction separately; Vf  is 
fractional volume open to flow; Gi represents the body 
accelerations; fi represents the viscous accelerations; ρ is water 
density. 

The start-up of a sediment particle is estimated by equation (4): 
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Where 
θcr,i is the critical shields parameter estimated by the principle 

of Soulsby-Whitehouse equation; β0 is the angle of slope of bed; 
φi is the user-defined angle of repose for sediment species i; ψ is 
the angle between the flow and the upslope direction; 

Meyer, Peter and Muller equation (4) is employed for 
calculating the volumetric flow of sediment per unit width over 
the surface of the packed bed. 

( )1.5
,i cr ii iβ θ θ ′Φ = −                                (4) 

Where  
θi is the shields parameter of the sediment particle i；βi = 8.0. 

 
Model Setup and Validation 

For piles of vertical, downstream inclined, and upstream 
inclined, semi symmetric structures were used for simplicity of 
the simulations. The flume is 100D in length, 10D in width, and 
3D in height. As is seen in Figure 1a, the boundaries of inlet, 
outlet, bottom, front, back and top are velocity, outflow, wall, 
symmetry, symmetry and pressure separately. To save 
computation time, the restart function of grid ovelay is used for 
scouring process. And a gradual mesh refinement is adopted to 
make the computation faster and more precise. The minimum and 
maximum grids are 0.1D and 0.25D (Figure 1b).  

Before carrying out the numerical tests, a series of validations 
including the flow velocity, pressure, shear stress, scour profile 
and maximum scour depth were compared with data available in 
literature. The pressure (Figure 2a) and velocity distributions 
along the vertical profile (Figure 2b) were compared with the 
results of Dargahi (1989) and Zhao et al. (2012). The Reynolds 
number based on the pile diameter in Dargahi (1989) was ReD = 
39000. And the ratio of water depth to pile diameter was 1.33. As 
is shown in Figure 2a, the pressure exhibits a constant value in 

the range of -0.8 < x/D < -0.7. The existence of this plateau is 
attributed to the smoothing effect of the horseshoe vortices, which 
paly a major role in local scour. For the distribution of velocity, 
Figure 2b fitted an agreement with the logarithmic law. 

Another important facor contributing to the sediment transport 
in local scour is the contracted streamlines on both sides of the 
pile (Sumer and Fredsøe 2002). To test this effect, the amplified 
shear stress (Figure 2c) was compared with the result from 
Roulund et al. (2005). In their experiment, the Froude number and 
Reynolds number of the pile are 0.14 and 1.7×105. The water 
depth valued 54 cm equals to the boundary layer thickness. 
 

  
(a) Simulation model and boundaries.      (b) Grids in X view. 
 
Figure 1. Simulation model and its grids. 

 
 

  

 
(a) Pressure distribution.                         (b) Velocity along water depth. 

 
(c) Bed shear stress amplification.         (d) From Roulund et al. (2005). 
 
Figure 2. Validations of the flow. Note: P is pressure along the upstream 
of the pile surface; Pb is the pressure at the toe of the pile; τ0 is the shear 
stress around the pile surface near bed; τ∞ is is the undisturbed bed shear 
stress. 

 
 
Moreover, the sediment scour model was also verified with the 

experimental test ranked A4 in Zhao et al. (2012). The scour 
depth normalized by the pile diameter around the boundarires of 
the pile is shown in Figure 3. On the whole, the scour and 
deposition distributions are accord with the experiment. And the 
maximum scour depth simulated is 17% smaller than the 
experimental result, whereas Roulund et al. (2005) found the 
laboratory test for maximum scour depth is 15% larger than the 
numerical test in general. 
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Figure 3. Packed sediment height changes along the pile boundaries. 

 
 
Scour with Inclined Piles.  

The validated numerical model above is applied for simulating 
local scour with inclined piles. In the process of these simulations, 
parameters of the flume, pile diameter (D), water depth (h) and 
depth averaged velocity (U), medium sediment size (d50), 
sediment density (ρs) and gradation (σg), physical scour time (t), 
and grid mesh are kept constant. The parameters and numerical 
tests are listed in Table 1 and Table 2. And ds is instead of the 
maximum scour depth in local scour. 
 
Table 1. Parameters for numerical tests. 

Parameter ρs 
(kg/m³) 

d50 
(mm) 

σg 
h 

(cm) 
D 

(cm) 
U 

(cm/s) 
Value 2650 0.18 1.0 50 20 28.8 

 
Table 2. Numerical resultes. 

Upstream inclined Downstream 
i li d 

lateral inclined 

α (°) de (cm) β (°) ds (cm) γ (°) ds (cm) 

0 13 0 13 0 13 

15 11 15 9 15 10.5 

20 10.8 20 6 20 10.5 

25 10 25 5.6 25 10.5 

30 8 30 4.6 30 10.5 

45 6.7 45 3.4 45 10.5 
 

RESULTS 
Figure 4 shows the variations of the normalized maximum 

scour depth with the inclination obtained from all the numerical 
simulations. Figure 5 are the contours of the scour and deposition 
for cases of vertical, upstream incined, downstream inclined and 
lateral inclined piles. And the inclinations of the inclined piles are 
chosen for a medium angle at 25°. The legend named packed 
sediment height change exhibits that bule represents scour and red 
for deposition. In addition, for the sake of the best presentation of 
the results, the two dimensional contours of the scour and 
deposition are shot from different heights of z. But there are still 

some area covered by the pile, especially for the scour holes in 
Figures 5b and c. 

 

 
Figure 4. Variations of non-dimensional maximum scour depth with the 
inclination angle. 

 
 

To analyse the mechanism of the variations in scour depth, the 
velocity vectors along the flume centerline in XZ plane are 
employed in Figure 6, in which the horizontal ordinates and 
longitudinal coordinates are normalized with the pile diameter D. 
And the velocity vectors for water flowing around the vertical and 
lateral inclined piles are displayed in Figure 7.  
 

DISCUSSION 
Obviously, the vertical pile surfers the local scour most (Figure 

4), whereas the upstream inclined piles and downstream inclined 
piles have benifited from the inclination. And both of their 
maximum scour depths decrease with the increased inclination 
angle significantly. However, for lateral inclined piles, an 
interesting phenomenon is obtained. The maximum scour depth 
decreases a bit within the inclination of 15°, and keeps a constant 
value for angles between 15° and 45°. The similar results were 
obtained by Vaghefi, Ghodsian, and Salimi (2016), in which they 
stated the scour profiles of the lateral inclination for 7° and 14° 
were almost the same with the 21° case. Apart from the maximum 
scour depth, the scour and deposition for the four types of piles 
(Figure 5) vary a lot in distribution. 

When the flow passes the vertical pile, it separate to upward 
and downward at z/D = 1.5 (Figure 6a). But for upstream inclined 
pile, all the blocked flow in front of the pile alters the direction to 
the bed (Figure 6b), whereas most of the velocity vectors of the 
downstream inclined pile flow to upward (Figure 6c). The 
downward flow in the scour hole (as is seen in Figure 6a and b 
belowing z/D = 0) and the pressure gradient along the pile surface 
(Figure 2a) contribute to the formation of the horseshoe vortex in 
front of the pile (Roulund et al. 2005). 

Due to the absence of pile obstruction in the centre, the velocity 
vectors of the lateral inclined pile (Figure 6d) moved almost 
parallel with the flat bed. As the researchers (such as Sumer and 
Fredsøe 2002) concluded, the scour pit at the upstream of the pile 
is caused by the downward flow together with the horseshoe 
vortex. The contours of the scour in Figure 5 presented the results 
of the the variations of the velocity vectors well. Scour depth in 
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front of the pile arrayed for decreasing are upstream inclined, 
vertical, lateral inclined and downstream inclined piles. 
 

 

 
(a) Contours for vertical pile. 

 
(b) Contours for upstream inclined 25°. 

 
(c) Contours for downstream inclined 25°.

 
(d) Contours for lateral inclined 25°. 
 
Figure 5. Contours of the scour and deposition for part of the simulations. 
Note: In order to minimum the shelters of projectivation, (b), (c) and (d) 
are viewed from z = 0.24 m, 0.37 m and 0.301 m separately. 

 
 

 

 
(a) Vertical pile.                                       (b) Upstream inclined pile. 

 
(c) Downstream inclined pile.                  (d) Lareral inclined pile. 
 
Figure 6. Velocity vectors along the flume centerline (y/D = 0) for Piles. 
Note:The angle of inclination in (b), (c) and (d) is 25°. 

 
 

 

 
(a)Vertical pile                                          (b) Lareral inclined pile for 25°. 
 
Figure 7. Velocity vectors near bed in the horizontal plane for vertical and 
lateral inclined piles. 

 
 

It is understandable that contours of the scour and deposition 
in Figure 5a, b and c are symmetrical whereas the lateral inclined 
pile in Figure 5d tends to scour and deposit in the inclined side. 
As the distributions of the velocity vectors around the pile are 
almost the same for the symmetrical piles, the velocity fields near 
bed in the horizontal plane are shown for vetical and lateral 
inclined piles only (Figure 7). In fact, despite of the distribution 
of the scour around the pile, the local scour depth of lateral 
inclined pile is almost the same as the vertical pile. 

The contracted streamlines that can amplify the shear stress for 
several times (Figure 2c) play an important role in scouring 
(Sumer and Fredsøe 2002). The velocity vectors in Figure 7 
showed the concentrated flow around the two sides of the pile. 
Similarly with the observations in Zhao et al. (2012), the scour is 
found to start from the sides of the pile. Therefore, this effect 
maybe stronger than the horseshoe vortex in the initial of scouring. 
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Another effect for sediment transport is the lee-wake vortices 
behind the pile. The velocity vectors behind the piles in Figure 6 
a, b and Figure 7 showed the vortex caused by the adversed 
pressure gradient. And the upward flow behind the piles in 
upstream inclined and downstream inclined piles transported the 
sediment further whereas the vertical and lateral inclined piles 
deposited near the piles. 
 

CONCLUSIONS 
Local scour with inclined piles in steady currents are studied in 

clear-water scour condtion. A numerical model was employed for 
simulating the three dimensional scour with packed sediments. 
The differences of the flow fields and scour are compared and 
analyzed. The main conclusions can be drawn as follows: 

 
(1) Simulations for the distributions of the pressure, velocity, 

shear stress and scour profile around the pile showed a good 
agreement with the experimental data. 

(2) The maximum scour depth of the upstream inclined and 
downstream inclined piles decreases with the increased angle of 
inclination. And the lateral inclined piles change little in 
maximum scour depth compared to the vertical pile. 

(3) Distributions of the scour and depositon vary significantly 
for the inclined piles. Due to the strong downward flow and 
horseshoe vortex, the largest scour depth in front of the pile is 
observed in upstream inclined pile. 

(4) The contracted streamlines on both sides of the pile have a 
great influence on local scour. For lateral inclined piles, 
sediments tend to scour in the  inclined side. 
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ABSTRACT 
 
Kim, H.; Kim, E.J.; So, J.K.; Kim, K.O., and Cha, D.H., 2019. Forecast of rapidly-intensified typhoon Nepartak 
(T201601) in the eddy-rich Northwestern Pacific region. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. 
(eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 166-
170. Coconut Creek (Florida), ISSN 0749-0208. 
 
To predict the typhoon tracks and intensity in Northwestern Pacific (NWP), an operational typhoon prediction system 
has been established. Real-time 5-day prediction is conducted two times per day using the WRF model forced with 
results from NCEP-GFS. To improve the accuracy of typhoon track prediction the spectral nudging is adopted for the 
bias reduction in the large-scale environmental field. As a way of improving the prediction accuracy near the initial 
stage of tropical cyclone (TC) development, the dynamic initialization scheme is employed which helps to obtain a 
stable initial condition without numerical shocks between different models in the system. The real-time typhoon 
simulations for the typhoon NEPARTAK using WRF forced with NCEP-GFS prediction data is compared with results 
from major typhoon prediction agencies. The best results on the track prediction are obtained with the multi-nested 
case of WRF model. It is however noted that underestimation of the maximum wind speed of WRF prediction still 
exists, obviously requiring better understanding of RI-related processes to improve the model prediction. 
 
ADDITIONAL INDEX WORDS: Rapidly-intensified typhoon, eddy-rich northwest pacific, typhoon nepartak. 
typhoon forecasting. 
 

 
INTRODUCTION 

Information on real-time typhoon predictions in the 
Northwestern Pacific has been distributed by various agencies, 
for example, KMA, JMA, JTWC, NMC, CWB, HKO and 
PAGASA. Currently the movement of the typhoon can be 
predicted with an error of less than 100 km in 48 hours, however 
it is difficult to accurately predict the intensity of the typhoons 
especially for the Rapidly Intensified (RI) Typhoons. The Rapid 
Intensification is defined as an increase in the maximum sustained 
wind speeds of a TC higher than 30kt in a 24-hour period 
according to the Glossary of National Hurricane Center (NHC) 
Terms (www.nhc.noaa.gov/aboutgloss.shtml). 

The mean occurrence of RI typhoon amounts to 5.5 times a 
year for past 40 years (1977-2016), occupying 21.5% of typhoons 
in NWP based on the best track dataset from the Regional 
Specialized Meteorological Center (RSMC), JMA. Especially the 
RI typhoon in the eddy-rich Northwestern Pacific (ER-NWP) 
occurred 1.9 times a year, covering 34.9% of typhoons in ER-
NWP. Table 1 shows the occurrence numbers of four classes of 
typhoons passing NWP and ER-NWP.  

Care must be taken when counting the RI typhoon because the 
definition of the sustained wind speed of the RSMC best track 
dataset is different from that of JTWC best track dataset. RSMC 
uses the 10-minute averaged wind speed, while JTWC uses 1-
minute averaged speed. Thus, these data cannot be directly 

compared. The 1-minute speed can be converted to 10-minute 
speed by applying the empirical radio of 88%, but such 
conversion is insufficient for the very strong wind condition. The 
World Meteorological Organization (WMO) suggested another 
conversion factor of 93% at sea (Harper et al., 2008), however 
this ratio is still in dispute in the scientific community as well.  

In this study we have compared past typhoon predictions 
announced by various agencies with reanalysis, RSMC best track 
dataset, from the year 2009 because the past prediction 
information has been archived at the typhoon2000 web site since 
then (www.typhoon2000.ph/multi/log.php). Total occurrence 
numbers of typhoons from 2009 to 2016 at NWP and ER-NWP 
are 188 and 48, respectively, and the total occurrence numbers of 
RI typhoons at NWP and ER-NWP are 55 and 20, respectively. 
The yearly occurrence numbers of typhoons are not increased but 
the numbers of very strong typhoons and RI typhoons are rapidly 
increased after 2011 (Figure 1).  
 
Table 1. Numbers of typhoon passing NWP and ER-NWP during 
1977~2016 (RSMC). 
 

Category Max. sustained 
wind (kt) NWP ER-

NWP 
Typhoon (TP) 34 ~ 63 1016 256 

Strong Typhoon (ST) 64 ~ 84 559 189 
Very Strong Typhoon 

(VS) 85 ~ 104 255 103 

Violent Typhoon (VT) 105 ~ 61 23 
RI typhoon  218 76 
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Figure 1. The yearly numbers of typhoon in NWP. 

 
 
We calculated the prediction error defined as the difference of 
maximum wind speed in m/s during the developing stage, which 
is before the time of maximum wind speed occurrence. Figure 2 
shows the quantile error of the difference of maximum wind 
speed drawn in units of 0%, 25%, 75% and 100% with the mean 
of the RI typhoons passing ER-NWP. 
 

 

 
Figure 2. Errors of maximum wind speed of RI typhoon passing ER-NWP. 

 
 
We can see that from the mean difference of 48-hour intensity 

prediction JTWC overestimates by about 7 m/s, while JMA and 
KMA underestimate by about 5 m/s.  Note that JTWC data must 
be reduced based on the definition of maximum wind speed 
(Figure 2). 

We have also compared the RI typhoons passing through the 
Korean Peninsula (KP) in Figure 3. Totally 4 RI typhoons, 
KOMPAS (201007), MUIFA (201109), SANBA (201216) and 
CHABA (201618), passing through KP during 2009 to 2016. In 
the 48-hour intensity prediction, the mean differences of JTWC 
reveals underestimate by about 5 m/s, while JMA and KMA 
reveal underestimate by about 10 m/s. Generally, weak intensity 

predictions for RI typhoon are announced at almost agencies. 
Especially the weaker predictions are announced when passing 
through KP. 

 
 

 
Figure 3. Errors of maximum wind speed of RI typhoon passing through 
the Korea Peninsula. 

 
 

RI TYPHOON SIMULATION 
Real Time Typhoon Prediction Simulation 

The real-time simulation for 5-day prediction is conducted two 
times per day using the Weather Research and Forecasting model 
(WRF-ARW version 3.9) forced with results from the Global 
Forecast System of the National Centers for Environmental 
Prediction (NCEP-GFS). The largest computational domain (D0) 
uses the low resolution of 22.5 minutes in both longitude and 
latitude, covering 90°E~170°E and 5°N~60°N area. The WRF 
physics schemes are shown in Table 2. To improve the accuracy 
of typhoon track prediction the spectral nudging is used for the 
bias reduction in the large-scale environmental field. It is noted 
that NCEP-GFS produced the typhoon track with reasonable 
accuracy, considering the large scale of atmosphere circulation. 

 
 

 
Figure 4. Domains of typhoon prediction modelling system. 
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Table 2. Major physical schemes in the typhoon prediction model. 

Physics Schemes 
Microphysics WRF single-Moment 6-class scheme 

Cumulus No cumulus 
Radiation LW RRTM scheme 
Radiation SW Dudhia scheme 

PBL Yonsei University scheme 
Land surface Noah Land Surface Model 
Surface layer MM5 similarity 

 
Dynamic Initialization 

As a way of improving the prediction accuracy near the initial 
stage of TC development, the dynamic initialization (DI) scheme 
is employed. This method helps to obtain a stable initial condition 
without numerical shocks between different models in the system. 
For that, an integration of the initial fields is carried out several 
times until the dynamically conserved initial typhoon field is 
obtained. 

 
 

 
 
Figure 5. The real-time forecasting system for tropical cyclones over the 
northwestern Pacific with the use of the dynamical initialization scheme 
proposed by Cha and Wang (2014). 

 

In DI, cyclic runs with a 6-hour window before the initial 
computing time are repeatedly conducted to dynamically spin up 
the axisymmetric component of the TC vortex until the model-
generated TC intensity is comparable to the observed intensity. A 
relocation method is applied after the last cycle run to reduce the 
initial position error. Figure 5 is the schematic flow diagram of 
the DI scheme. Cha and Wang (2014) demonstrated the 
effectiveness of the proposed DI scheme by conducting 
experiments for 13 TCs over the northwest Pacific in 2010 and 
2011. Compared to the forecasts without the DI, forecasts with 
the DI reduce, on average, the position and intensity errors by 10% 
and 30%, respectively.  

Figure 6 shows the example of typhoon intensity predictions 
without DI (upper) and with DI (lower). It can be seen that WRF 
simulation without DI makes the central pressure similar with 
input reanalysis data, while simulation with DI makes the lower 
central pressure similar to the RSMC best track. 

 
 

 

 
 

Figure 6. The predictions of typhoon intensity: upper) without DI and 
lower) with DI. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. The typhoon tracks of (left) reanalysis data, (center) WRF simulation without assimilation, and (right) WRF simulation with Spectral Nud. 
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Spectral Nudging 
It is well-known that keeping accurate forecasting of typhoon 

track and intensification is a difficult task in typhoon prediction. 
The typhoon track is strongly dependent upon the large-scale 
atmospheric circulation. Although the typhoon track in the 
reanalysis data is well reproduced, however the typhoon 
prediction using the reanalysis data is not. For that, Waldron et al. 
(1996) proposed a spectral nudging scheme, and this scheme is 
used to correct the simulated large-scale circulation without 
deteriorating regional scales. Guo and Zhong (2017) showed that 
the spectral nudging scheme improved the simulated typhoon 
track by nudging background information in the simulation 
process. Its use however weakened the simulation of relatively 
small-scale physical processes, which might be due to the limited 
experimental design spuriously amplifying the role of large-scale 
circulation at the lower atmosphere levels. Figure 7 shows the 
typhoon track of JTWC and RSMC best track and the location of 
the minimum pressure in reanalysis data, WRF typhoon 
simulations without assimilation and with spectral nudging 
scheme.  

 
RESULT 

A RI typhoon, NEPARTAK (T201601), occurred in July 2016. 
At the beginning stage of its development many forecasting 
agencies predicted its move into the Yellow Sea. In reality, 
however, it straightly headed for Taiwan. The prediction accuracy 
values of the T201601 by KMA, JMA and JTWC were compared 
with the adjusted best-track data from JMA. The track prediction 
of typhoon by JTWC is compared with RSMC best track data 
(Figure 8). Throughout the time all predictions were leaned to the 
east than best track.  

The sequential prediction data are summarized with 6-hour 
interval from 3th to 10th July 2016. The JMA prediction of the 
typhoon track and the JTWC predictions of the maximum wind 
speed were found to be best. Figure 9 shows the predictions of 
maximum wind speed (m/s) of JTWC, JMA and KMA. These 
predictions are compared with RSMC best track wind speed. All 
predictions are showing the delayed pattern of intensification with 
peak shift of about 1.5 days. 

 
 

 
Figure 8. The prediction of typhoon track by JTWC. 

 

 

 

 

 
Figure 9. Predictions of typhoon intensity by JTWC, JMA and KMA. 

 
 

 

 
Figure 10. The differences of typhoon center. 

 
 
The numerical simulations using WRF model forced with 

NCEP-GFS prediction data is compared. The simulations using 
one domain (D1) and two domains (D2) using a moving nest 
scheme with or without the spectral nudging (SN) are compared. 
Comparison of the errors on the track shows the differences of 
100 km in 48-hour prediction and 200 km in 72-hour prediction 
on average (Figure 10). The best results on the track prediction 
are obtained with the D2 case of WRF model. However, 
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underestimation of the maximum wind speed of WRF prediction 
still exists as seen in Figure 11, obviously requiring better 
understanding of RI-related processes to improve the model 
prediction. On the while, JTWC made stable prediction in the 
intensity and intensification process. 

 
 

 
Figure 11. Differences of maximum wind speed. 

 
 

DISCUSSION 
With the recent progress in the prediction of large-scale 

atmospheric circulation, it is possible to predict typhoon track 
with reasonable accuracy. However, to improve the prediction 
accuracy of typhoon intensity remains as an issue of requiring 
further in-depth study. In detail, the better hindcasting or 
reproduction of the typhoon tracks can be attained using the 
numerical techniques such as dynamic initialization and spectral 
nudging. However, the prediction of typhoon intensity is still 
troublesome, obviously requiring better understanding of RI-
related processes to improve the model prediction. 

The intensification processes can be divided into two, namely 
the local impact and the outer regional impact. The momentum 
flux parameterized by the wind speed and drag coefficient 
considering wave effect and sea spray aerosol and heat flux 
exchange relating the atmospheric and ocean temperatures and 
moisture flux relating the atmospheric humidity belong to the 
local effects. Sea surface temperature (SST) has been the 
oceanographic input used in most of the statistical and dynamical 
prediction models. The Ocean Heat Content (OHC) associated 
with the vertical ocean circulation is a potential factor to be surely 
considered for the better heat flux.  

 
 

 
Figure 12. Observed latent heat flux (red) in ER-NWP and simulated 
latent heat flux (blue) 

 

The observation reported that the computed heat flux using 
numerical model is significantly different from the observed 
latent heat flux (LHF) during the cruse using R/V Isabu (Figure 
12). Considering that the latent heat flux is approximately 300 
W/m2 and 20-35 m/s at 850 hPa vertical height during typhoon 
LAN in October, the warm eddy observed in September remains 
intact and latent heat remains almost same as September. Such 
weak latent heat and wind speed, just prior to the rapid 
strengthening of typhoon LAN, basically suggest that the 
exchange of parameters of heat and momentum may not be 
realistic. 

Vertically integrated moisture flux from the South China Sea 
called Moisture Conveyer Belt can be considered to have 
influenced the strength of the typhoon as the outer regional impact. 
During the typhoon LAN, Moisture Conveyer Belt is well 
reproduced in WRF simulation in Figure 13. 

 
 

 
Figure 13. Vertically integrated moisture flux during Typhoon LAN 
(2017-10-20T00) 
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ABSTRACT 
 
Kang, S.K.; Kim, K.O.; Kim, E.J.; Seung, Y.H., and So, J.K., 2019. Satellite-driven observational and numerical 
modeling evidence of negative surge by typhoon Talim 2017 over the shelf of East China Sea. In: Lee, J.L.; Yoon, J.-
S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal 
Research, Special Issue No. 91, pp. 171-175. Coconut Creek (Florida), ISSN 0749-0208. 
 
Typhoon Talim was generated in the Northwest Pacific (NWP), entering into the East China Sea (ECS) off the 
Northeastern Taiwan after propagating northwestward, and then slowly turning northeastward before finally crossing 
the Kyushu, Japan, from Sep. 9 to 17, 2017. Satellite altimeter data extraordinarily revealed the presence of negative 
surge in the ECS, while it was greatly masked by warm and cold eddies dominant in the open ocean of the NWP, south 
of the Ryukyu Islands. This fact was confirmed by a numerical modeling which shows that the negative surge appears 
in the ECS off the northeast Taiwan as the typhoon Talim approaches the shelf. It seems that the negative surge is 
driven by typhoon Talim associated with the Ekman divergence forced by strong positive wind stress curl formed 
around the typhoon center. 
 
ADDITIONAL INDEX WORDS: Satellite altimetry, negative surge in the shelf, numerical surge modeling.  
 

 
INTRODUCTION 

Typhoon induced surge is often validated using sea level data 
at the coastal tidal stations (Kang et al., 2017), but its validation 
in the open sea is very difficult because sea level data are not 
usually available in the open ocean. Even though sea level 
anomaly data by satellite altimetry are available in the open sea, 
analysis of surge level is not easy because inverse barometric 
effect is often hardly captured in the analysis. However, if sea 
level anomaly is dominated by wind stress, such signals can be 
detected from the satellite data. Also note that surge signals are 
greatly masked by warm or cold eddies, making the analysis 
further difficult.   

In modeling surge in the Northwestern Pacific, a sufficiently 
broad model domain is usually needed in order to cover the whole 
process of generation, propagation, and decays of surges, as 
demonstrated by Kang et al. (2017) who examined the surge 
generation in the Northwestern Pacific including the Yellow and 
East China Seas. They showed the possibility that negative surges 
are generated in the shelf of the East China Sea (ECS) and 
propagates toward the Yellow Sea. They also suggested that the 
typhoon-induced surge propagates along the Yellow Sea as 
Kelvin wave. The similar feature also appears in the tidal residual 
signal along the coastal stations in the Northwestern Pacific and 
was numerically validated.  

It is generally known that in the Northwestern Pacific, tropical 
cyclones (TC) are rapidly intensified during the passages over the 

warm waters, mostly in the latitudes of 20⁰ to 25⁰N (Kang et al., 
2016; Lin et al., 2005), probably due to the interaction of TCs 
with warm ocean eddies in the eddy-rich zone (Lin et al., not been 
enough observations of surges in the shelf area of the ECS. 
Occurrence of a negative surge induced by super typhoon Maemi 
in 2003 was found in the shelf sea of the ECS (Kang et al., 2017), 
but it was not observationally confirmed because of no available 
satellite-derived residual data there.     

Typhoon induced surges may undergo various processes, 
generation, amplification, and decaying, over the large areas 
including the NW Pacific, East China Sea shelf and coastal areas 
of Taiwan, China, Korea, and Japan. Therefore, it is practically 
necessary for numerical surge modeling to maintain a sufficiently 
high resolution along with a large domain enough to cover the 
whole processes. For this, one needs a special strategy of 
modeling, that is, coarse gridding over the whole area and fine 
gridding in the coastal seas. The usual nesting techniques might 
well be adopted, but such methods tend to cause numerical errors 
due to various problems arising near the nesting boundaries and 
internal area. The finite element grid may provide an efficient 
gridding alternative (Choi et al., 2013), but it requires much 
computational burden due to explicit scheme. Overall, the 
modeling of typhoon-induced surge in the NWP is not an easy 
task because it should have both sufficiently high resolution and 
broad enough model domain. To overcome this problem, we 
attempt here the fetched variable grid system (Kang et al., 2017). 

In this paper, the findings of negative surge over the shelf of 
the East China Sea during passage of typhoon Talim in 2017 are 
reported by analyzing satellite-derived sea level anomaly data.  
Then, a numerical modeling is performed to confirm that the 
broad negative surge can actually be driven by typhoon Talim. 
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In the following sections, the methods for numerical surge 
modeling in the NWP and the analysis needed to extract surge 
signals from satellite altimetry data are briefly described first. 
Then, the results of observed data analysis and modeling are 
described with discussion. 

 
METHODS  

Numerical Modeling 
The governing equations for the long wave motion for the surge 

propagation are described in the spherical polar coordinate system 
to consider curvature of the earth, and variation of Coriolis force 
with latitude, as described in previous works (Kang et al., 1998; 
Kang et al., 2017). The typhoon-forced, depth-integrated, two-
dimensional shallow water equations in terms of depth-integrated 
velocities are described as follows:  
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where the subscripts χ and φ indicate the east-west and south-
north coordinate components, respectively, and: 

 
h = total-water depth 
η = water-surface elevation  
t = time 
U = flow per unit width, east-west direction 
V = flow per unit width, south-north direction 
R = radius of earth 
Kb = g/c2, bottom friction coefficient with Chezy coefficient C 
g = acceleration due to gravity 
f = Coriolis parameter 
Wχ = wind component, south-north direction 
Wφ = wind component, south-north direction 
Cw = wind stress coefficient 
Fχ(Fφ) = turbulent diff. component in the direction χ(φ) 
ρ0 = water density 
ρair = air density 

 
Wind stress coefficient Cw, is parameterized following Moon 

et al. (2009). The Chezy coefficient is normally chosen as 62.642 
m1/2/s, or bottom friction coefficient of 0.0025, as used in various 
applications such as Kang et al. (1998) and Kang et al. (2017). 

The governing equations are discretized using alternating 
direction implicit (ADI) finite difference method, as explained in 
Kang et al. (1998). This method has been successfully utilized 
through applications to many regions dominated by tides and 
surges (Kang et al., 1998; Kang et al., 2017), as well as in the 
stratified ocean, such as two-layered internal tidal flow (Kang et 
al., 2002) and two-layered inertial current generation by typhoon 
(Kang et al, 2016).  

A special grid algorithm named fetched variable grid system is 
newly designed to keep the whole domain in one grid system, 
consisting of about 1,350,000 grid cells, which were shown to 
work well in the previous study (Kang et al., 2017). The method 
is briefly described here. The grid size is 10 minute in the eastern 
East/Japan Sea (EJS) whereas it is 0.2 minute near the coastal 
areas of the Korean Peninsula. The grid size in south-north 
direction, Δφ, varies from 0.2 to 10 minute southward from the 
Yellow Sea (YS) toward the southern boundary, while Δφ in the 
EJS and NWP is 10 minute (Figure 1). The coastal regions in the 
EJS are also fine-resolved with 0.2-0.3 minute interval. Gridding 
feature in the present study is similar to the usual variable grid 
system, as seen in Figure 1 in the southern latitude from south 
open boundary latitude to 35.5⁰N. In the east-west direction, 
variable grid size, Δχ, is taken from 0.2 minute to 10 minute, 
while Δχ varies with φ in the northwestern coastal region of the 
Korean peninsula. Overall, from the viewpoints of both economic 
computing time and large enough model domain, the fetched 
variable grid strategy adapted here seems to be suitable, 
especially for this model domain which includes deep open 
oceans, shallow shelf areas and coastal regions with 
geometrically-complicated coastal boundaries. 
 

 

 
Figure 1. Surge model grid system for the Northwestern Pacific, including 
the ECS, EJS, and YS. 
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Figure 2. Sea surface height anomaly on Sep.10, 2017 (UTC). The track 
of typhoon Talim is shown (black solid dots in lower right corner). Arrows 
are current vectors obtained by geostrophic relation from residual surface 
gradient. 

 
 
Analysis of Satellite Data 

Figure 2 shows the sea surface height anomaly (SSHA) on 
Sep.10, 2017, provided by Copernicus website. These data are 
obtained from residual sea surface height anomaly after  removal 
of tide and pressure effect. The residual signal still includes the 
surface distuburance by steric effect or other dynamic effect such 
as wind stress and eddies. The steric effect comes from 
thermosteric and halosteric processes, as described by Kang et al. 
(2005).   

Since the thermosteric and halosteric effects change slowly, the 
sea level change on time scale of order several days can be 
considered to be due mostly by wind and eddies.  

The SSHA in Figure 2 shows the sea surface anomaly  in the 
NWP, which demonstrates the existence of many eddies with 
radius of 200-300km. In fact, in the recirculation region of the 
Kuroshio Current, south of Kyushu, (28⁰-35⁰N, 132⁰-140⁰E in 
model domain), many warm and cold eddies are usually found.  
The warm and cold eddies are also seen off Taiwan (19⁰-26⁰N, 
120⁰-130⁰E).  

 
RESULTS AND DISCUSSION 

Surge from Satellite Data 
A series of sea surface height anomaly data are presented in 

Figure 3, which shows the variation of SSHA with time during 
the period of Sep.10 through Sep.17, 2017. The timely approach 
of typhoon Talim can be seen (black solid dots in each daily plot 
of Figure 3). A remarkable event worth noting is the variation of 
SSHA off northeastern Taiwan: A weak negative SSHA 
represented by light blue on Sep.10 in that area progressively  

becomes dark bule as time goes on when typhoon Talim 
approaches Taiwan. The typhoon begins to slowly turns toward 
northeast on Sep.13. 

Concurrently, an intensified negative SSHA develops off the 
northeastern Taiwan. Then it quickly propagates toward Kyushu, 
Japan, during the period of Sep.16 through Sep.17. This kind of 
broad negative surge was absent before the typhoon Talim 
approaches Taiwan, suggesting that the negative surge is indeed 
driven by Talim. It is the first time that the negative surge is 
clearly identified in the ECS off the northeast Taiwan.  

In order to examine the negative surge in more details, we 
calculated the deviations of daily SSHA from that on Sep.10 and 
present them in Figure 4. Indeed, the clear signal of negtive  surge 
are seen more clearly. Overall, it is evident that negative SSHA 
can be generated by typhoon, forced by the positive wind stress 
curl forming around the center of typhoon, as demonstrated here 
in the ECS.  
 

 

 
Figure 3. Daily SSHA during the period Sep. 10 through 17 with the track 
of typhoon Talim (black solid dots). 

 
 

 

 
Figure 4. Deviations of daily sea surface height anomaly (SSHA) from 
that on Sep.10 (UTC) during the period Sep.13 to through 15. 

 
 
Results of Surge Modeling in the NWP 

In order to check if the surge is really generated in the NWP 
and ECS by typhoon Talim, a numerical modelling was carried 
out. The typhoon tracks and winds at 6 hours-interval are used as 
input data, as done in Kang et al. (2017). 



174    Kang et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

 

 
Figure 5. SST field after the passage of typhoon Talim obtained from 
composite of microwave and infrared satellites images (a) and variation 
of wind speed with time during the period around the time of maximum 
speed (120 kts) on Sep.14 (UTC) (b). 

 
 
The observed SST data on Sep.18 (Figure 5) reveals that 

intense cooling occurs during the passage of typhoon on Sep.15, 
with lowest temperature of 22⁰C-24⁰C, while temperature in the 
neighboring area remaining around 30⁰C. It seems that the 
strongest wind with speed 120 knots blowing on Sep.14, 06 (UTC) 
may have created an intense upwelling forced by Ekman 
divergence, as also explained in Kang et al. (2017). 

Figure 6 shows the model results. A weak negative surge (light 
blue) begins to be generated on Sep. 14 northeast off Taiwan 
around the typhoon center becoming strongest around Sep. 15.  

In order to see the detailed process of negative surge generation 
in the numerical model, the variation of surge with time at 3 
hours-interval is shown in Figure 7a. It is found that the 
intensification of surge in the shelf takes place within 6-9 hours. 
The spatial and temporal patterns of surge are generally similar to 
those by satellite observations. Figure 7b shows the distribution 
of sea surface height and wind field driving it on Sep.14 (15:00h). 
It is clearly seen that the intense negative surge (dark blue) is 
located near the typhoon center where maximum positive wind 
stress curl, and hence the strongest Ekman divergence, occurs.  

The direct comparison between model results and satellite 
observations is made in Figure 8 where it is confirmed again that 
the broad negative surge is driven by typhoon Talim. It is 
remarkable that the intensification of surge around Sep. 14 
(Figures 7a and 8) seems to be closely related with the strong 
wind stress (Figure 5b and Figure 7b). 

 

 

 
Figure 6. Surges obtained by numerical model for the period Sep. 13-Sept. 
16. 

 
 

 

 
Figure 7a. Surges obtained by numerical model presented at 3 hours-
interval on Sep.14 (UTC). 
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Figure 7b. Distribution of sea surface height (color) obtained by numerical 
model with wind vectors (arrows) used as input forcing near center of 
surge on Sep.14 15h (UTC). Typoon track is shown (open circles with 
connecting solid lines). 

 
 

 

 
Figure 8. Model results of surge (upper) and the observed SSHA 
deviations from that on Sep. 10 during the period Sep. 14-Sep.15 (lower). 

 
 

In Figure 7b, the negative surge is indeed driven by the 
Ekman divergence forced by strong positive wind stress curl 
formed around the typhoon center. 
 

CONCLUSIONS 

Satellite altimeter data clearly show the geneartion and 
intensification of the negative surge by typhoon Talim 
propagating over the ECS in 2017. Such an event has never been 
reported in this region, although the existence of weak negative 
stationary surge by typhoon Maemi in 2003 has been indicated in 
the numerical modeling study by You and Seo (2013). The 
corresponding numerical model results reveal the generation of 
the negative surge when typhoon Talim approaches the shelf 
region and turns slowly northeastward. These modelling results  
are well compared with the satellite observations. It seems that 
the Ekman divergence, forced by strong positive wind stress curl 
formed around typhoon center, drives the negative surge shown 
in Figure 7b, also as suggested in the study on the typhoon Maemi 
by Kang et al. (2017).  
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ABSTRACT 
 
Yuanita, N.; Kurniawan, A.; Setiawan, H.; Hasan, F., and Khasanah, M., 2019. Physical model of natural coastal 
protection system: Wave transmission over mangrove seedling trees. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., 
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Erosion is one of main problem in coastal area. In order to solve erosion problem, currently natural coastal protection 
using vegetation such as mangrove is preferable in many places in the world. However, there are challenges in 
development of this natural coastal protection, e.g. mangrove-seedling-trees have been damaged by the waves or 
current, before they are growth strongly which required at least 2 years of plantation. To solve this problem, a natural 
coastal protection system consists of combination of main natural protection and temporary manmade structures is 
proposed. The study aimed to quantify the wave height reduction with various mangrove densities as well as the 
influence of mangrove seedling trees arrangements on wave reduction. The laboratory experiments were conducted in 
a narrow wave flume using model of mangrove as main natural protection and geotextile-geobag models as temporary 
manmade structure. Various wave conditions were generated during this laboratory test. This paper focus on the 
experiment results of wave transmission over mangrove seedling trees in order to determine the most effective 
configuration of mangrove trees plantation against wave. The results showed that the wave height reduction in area 
with mangroves was about two times larger compared to that in bare land. The wave reduction difference between 
tandem and staggered arrangements of trees was less than 20 %. It is also found that the temporary structure is 
significantly reduce wave height and protect mangrove seeds grow from waves attack.  

  
ADDITIONAL INDEX WORDS:  Natural coastal protection, mangroves protection, geobags as temporary 
structures. 
 

 
INTRODUCTION 

Coastal area is the band of dry land and adjacent ocean space 
(water and submerged land) in which terrestrial processes and 
land uses directly affect oceanic processes and uses, and vice 
versa (Ketchum, 1972). There are several physical processes  
affect coastal area, i.e. tidal, wave, nearshore currents, sediment 
transport and river. Coastal area contains habitats and ecosystem 
that provide goods and services to coastal communities, and in 
many coastal states in the world coastal area serve as the source 
or backbone of the national economy. 

One of main problem in coastal area is erosion. There are 
several approaches to protect beach from erosion, i.e. hard and 
soft engineering. Hard engineering means using solid structures 
to resist forces of erosion, such as breakwater, seawall, groin and 
revetment. Soft engineering is protecting coastal by using an 
approach that considers all aspects if management including; 
environment, social and economic factors and it usually uses 
smaller structures often from natural resources.  Currently, natural 
coastal protection using vegetation such as mangrove is 
preferable in many places in the world (Bao, 2011; Gedan et al., 
2010; Parvathy K G and Bhaskaran, 2017; Othman, 1994). 

Generally, mangroves are plant formations found growing in 
alluvial soil in coastal and estuaries flooded by ocean tides. 
Extensive researches have been carried out to study the 
performance of mangrove forests in wave reduction that is caused 
erosion, e.g. Husrin, Strusi´nska, and Oumeraci (2012), 
Strusińska-Correia, Husrin, and Oumeraci (2014), and Hashim 
and Catherine (2013) that carried on laboratory experiment of 
mangroves as coastal protection. 

 
Background 

However, there are challenges in development of this natural 
coastal protection, e.g. mangrove-seedling-trees have been 
damaged by the  waves or current, before they are growth strongly 
which required at least 2 years of plantation. Verhagen (2012) 
indicated that temporary structures is required in mangrove 
plantation in coastal area. Related to this issue, a natural coastal 
protection system consists of combination of main natural 
protection and temporary manmade structures is proposed 
(Yuanita, 2017). Typical of natural coastal protection is presented 
in Figure 1. 

The main part of natural coastal erosion protection system 
consists of mangrove trees that have been proved and 
implemented in many places as a solid structure that can shield 
beach profile from erosion. 

Generally, mangroves are plant formations that is found 
growing in alluvial soil in coastal and estuaries area which is 
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Figure 1. Typical of natural coastal protection that is consisted of 
temporary structures and main protection (mangroves). 

 
 

flooded by ocean tides. One of important aspect to be considered 
when designing the mangrove rehabilitation is the suitable habitat 
and planting technique. Design of type of mangrove is determined 
by considering the existing mangrove type existed at nearby area 
and its seed availability.  

For Rhizophora apiculata mangrove, seedlings are ready to be 
plant in beach if the height is at least 30cm and consist of 4 pieces 
of leaves. Whereas Rhizophora mucronata seedlings are ready to 
be planted if the minimum height of 55cm and number of leaves 
at least 4-6 strands. Mangrove trees should be placed in the area 
where both wet and dry condition is occurred daily, as mangrove 
will not grow neither at only the wet or dry area.  

In order to have daily wet and dry condition, the mangrove 
protection should be planted at the coastline (0.0 m MSL) up to 
the mean low water zone. Other important consideration is the 
mangrove planting density, hence maximum density should be 
applied. Based on Khazali (1999), the required space for 
mangrove seedling is 1 seed per m2 or 10,000 mangrove seeds per 
hectare. For total required mangrove, additional 30% for 
replanting backup is needed to be considered.  

Temporary structure is designed as a dyke-type structure 
consists of geobag. The design life is determined by the growth 
period of mangrove seeds, that is minimum of 2 (two) years to 
accommodate the time of planting mangrove seed and the 
mangrove growing until they are strong enough to serve as the 
erosion protection. As it is required daily dry and wet condition, 
the temporary structure is designed to allow the inflow of water 
at high tide to supply sea water to the mangrove to help mangrove 
grows. Since the design location is in the remote area where 
access is limited, temporary structure design should consider 
manual construction method. Any heavy equipment is out of 
option because it is very difficult to be mobilized in such area. In 
order to satisfy the construction method requirement, temporary 
structure comprises of geobag units that is possible to be lifted 
and arranged without any heavy equipment. It is a bag made of 
special material and filled with sand. 

The study aimed to quantify the wave height reduction with 
various mangrove densities as well as the influence of mangrove 
seedling trees arrangements on wave reduction. The laboratory 
experiments were conducted in a narrow wave flume using model 
of mangrove as main natural protection and geotextile-geobag 
models as temporary manmade structure. Various wave 
conditions were generated during this laboratory test. 

This paper focus on the experiment results of wave 
transmission over mangrove seedling trees in order to determine 
the most effective configuration of mangrove trees plantation 
against wave.  

METHODS 
As indicated in previous section, the approach that is used to 

aim the objectives in this research is by carry out experiment of  
physical modeling in laboratory. Physical model experiment is 
followed method of Physical Models and Laboratory Techniques 
In Coastal Engineering (Hughes, 1993) 

 
The methodology of Physical Modeling of Natural Coastal 

Protection System is as follow: 
 
(1) Literature study on various research on physical 

modeling of mangrove protection. 
(2) Planning of Physical Model Experiment  
(3) Model Preparation 
(4) Running of Physical Model Simulation 
(5) Model Results Interpretation  

 
Planning of Physical Model Experiment 

Physical modeling experiment is carried on in the wave flume, 
in Ocean Engineering Laboratory of Faculty of Civil and 
Environmental Engineering – Bandung Institute of Technology 
(Figure 2). Dimension of Wave flume 2D is as follow:  flume 
length 40 m, width 1.2 m and height 1.5 m. There are 4 wave 
gauges that is installed to measure wave parameters at several 
points along the flume. 

 
 

 
Figure 2. The wave flume in Ocean Engineering Laboratory of Faculty of 
Civil and Environmental Engineering – Bandung Institute of Technology. 

 
 
Configuration of physical model experiment is presented in 

Figure 3. Water depth (d) inside the flume is uniform for all 
scenarios that is 0.65 m near the wave maker and 0.4 m at the 
beach area. In modeling simulation there are variation of regular 
waves that is generated by the wave maker to the beach model 
(beach slope 1:9). Artificial mangrove model made by iron bars 
that are installed on the beach model as shown in Figure 3. There 
are several combinations of mangrove configuration and 
mangrove densities. Positions of wave gauges are indicated by 
CH0, CH1, CH2 and CH3. 
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Figure 3. Configuration of physical model experiment in wave flume. 

 
Model scale is determined based on several aspects, i.e. 

laboratory condition (capacity) and model similarity. Based on 
laboratory condition, the selected scale is 1:10. Dimension of 
mangroves prototype is based on Khazali (1999), Bao (2011) and 
Lovelock et al. (2005). Kinematics similarity is determined using 
Froude number, as follow. Froude number of model must be 
identical to Froude number of prototype. 

 
𝐹𝐹𝐹𝐹𝑚𝑚 = 𝐹𝐹𝐹𝐹𝑝𝑝 = 𝑉𝑉𝑚𝑚2

𝑔𝑔𝐿𝐿𝑚𝑚
= 𝑉𝑉𝑝𝑝2

𝑔𝑔𝐿𝐿𝑝𝑝
 (1) 

α = 𝐿𝐿𝑝𝑝
𝐿𝐿𝑚𝑚

= 0.1                          (2) 

𝑉𝑉𝑚𝑚
𝑉𝑉𝑝𝑝

= �
𝐿𝐿𝑚𝑚
𝐿𝐿𝑝𝑝
�

1
2

= √𝛼𝛼 = √0.1 ≈ 0.316 

𝑇𝑇𝑚𝑚
𝑇𝑇𝑝𝑝

=
𝐿𝐿𝑚𝑚/𝑉𝑉𝑚𝑚
𝐿𝐿𝑝𝑝/𝑉𝑉𝑝𝑝

= √𝛼𝛼 = √0.1 ≈ 0.316 

 
Where: 𝐹𝐹𝑟𝑟= Froude number; V=Velocity; L=Length; 𝑔𝑔=gravity 

acceleration; subscript m is for model; p is for prototype. 

Model Preparation 
Based on similarity between model and prototype as indicated in 
the previous section, mangroves model is prepared. Mangroves 
model is made by using iron bar materials, with diameter of each 
bar 8 mm and length 130 cm, with various density (number of 
bars per m2) which represent a mangrove seedling tree. These iron 
bars are installed on the boards, then positioned on the beach 
model frame. Illustration of mangroves model is presented in 
Figure 4.   
 
Running of Physical Model Simulation  

Model physic simulation is carried out for variations of wave 
conditions and mangroves configuration. There are 4 types of 
model setting based on mangroves configuration, that illustrated 
in Figure 5. 

 
(a) Bareland configuration (no mangroves) 
(b) Mangroves tandem arrangement with space between 

iron bars 5 cm (Figure 5). 
(c) Mangroves tandem arrangement with space between 

iron bars 10 cm (Figure 5). 
(d) Mangroves staggered arrangement with space between 

iron bars 10 cm (Figure 5). 
 

In order to observe the effect of mangroves presence, 
simulation is applied for bareland (without mangroves) and with 

the presence of mangroves.  
At the beginning of modeling, before the application of model 

scenarios, calibration is carried out to check instrument accuracy. 
In each scenario of model simulation, manual visual observation 
data is also collected. Visual observation is carried out in order to 
confirm the consistency of data that is recorded by wave gauges.  
 

 

 
Figure 4. Photos of model of mangroves seedling trees in wave-flume, 
made from iron bars. 

 
 

 

 
Figure 5. 3 types of mangroves configuration scenario in modeling 
simulation (a) tandem arrangement 5 cm; (b) tandem arrangement 10 cm; 
(c) staggered arrangement 10 cm.

 
 

RESULTS 
Based on comparison of model results that was recorded by 

wave gauges and data that is collected  by visual observation, it is 
shown that the recorded data is consistent with visual data. Hence 
for the data analysis, wave gauge data is used. Range of generated 
initial wave parameters: wave heights 2.44 - 19.43 cm and wave 
periods 2.7 – 4.7 s.  

The effect of mangroves model is analyzed based on parameter 
of wave transmission coefficient (Kt). Transmission coefficient is 
ratio of transmitted wave height (Ht) and initial wave height (Hi). 
Transmitted wave height (Ht) is observed from data of wave 
gauge CH3, while initial wave height (Hi) is from data of wave 
gauge CH2. 

 
𝐾𝐾𝑡𝑡 = 𝐻𝐻𝑡𝑡(𝐶𝐶𝐶𝐶3)

𝐻𝐻𝑖𝑖(𝐶𝐶𝐶𝐶2)
 (3) 

 
Where Kt is transmission coefficient, Ht is height of transmitted 

wave and Hi is height of incoming wave. 
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Simulated transmission coefficient for all scenarios are from 
0.58 to 1.19. For the 4 types of setting, the results of transmission 
coefficient is presented in Table 1 and Table 2 . 
 
Table 1. Average transmission coefficient Kt for each model setting. 

Type of model setting Kt (%) 

Bareland (without mangroves) 119% 

Mangroves tandem (10 cm gap) 93% 

Mangroves staggered (10 cm gap) 58% 

Mangroves tandem (5 cm gap) 90% 

 
ANALYSIS 

At the first analysis wave transmission over mangrove seedling 
trees forest is compared to wave transmission over the bare land 
by determined Kt of model results. Then wave transmission 
coefficient is analyzed to wave steepness and density of 
mangroves for several mangroves configuration (tandem and 
staggered). Figure 6 presents relationship of transmission 
coefficient Kt to wave steepness for all types of model setting 
(bareland, tandem and staggered arrangement mangroves). The 
linear lines are regression of results data of each setting scenario. 
From the graph, it is shown that the transmission coefficient Kt is 
reduced between the bareland and with the presence of mangrove 
protection. Reduction of Kt represents that the transmitted wave 
is reduced compare to initial wave, due to the presence of 
mangrove protection. The wave reduction varies on wave 
steepness. 

 
 

 
Figure 6. Relationship of transmission coefficient Kt to wave steepness 
for all scenarios. 

 
 
The relationship of transmission coefficient Kt to relative 

mangroves density (variation of space between mangroves) for 
tandem arrangements of mangroves is presented in Figure 7. The 
graph shows the effect of mangroves density to transmission 
wave. Higher density of mangroves, that represented by space 
between mangroves tree 5 cm,  makes lower transmission 
coefficient Kt with maximum reduction of wave transmission 
coefficient Kt about 20% compare to mangroves tandem 
arrangement 10 cm. 

Figure 8. shows relationship of transmission coefficient Kt to 
wave steepness for tandem and staggered arrangement of 
mangroves that have similar density. Based on the graph, Kt of 
staggered arrangement mangroves is lower than Kt of tandem 
arrangement. Thus, staggered arrangement mangroves will give 
more beneficial effect to wave reduction. 
 
Table 2. Results of wave transmission Kt for all scenarios. 

No 
Mangroves Waves 

Kt Space 
(cm) Arrangement Hi (cm) Ht (cm) T (s) 

1 Bareland 2.51 3.00 4.70 1.195 

2 Bareland 6.80 5.00 3.46 0.735 

3 Bareland 8.90 6.50 2.76 0.730 

4 Bareland 4.38 5.00 4.68 1.142 

5 Bareland 8.69 7.00 3.49 0.806 

6 Bareland 11.67 11.00 2.76 0.943 

7 Bareland 6.43 7.00 4.69 1.089 

8 Bareland 12.56 10.50 3.48 0.836 

9 Bareland 18.17 17.50 2.76 0.963 

10 10 Tandem 2.56 3.00 4.68 1.172 

11 10 Tandem 5.82 5.00 3.51 0.859 

12 10 Tandem 8.36 6.50 2.77 0.778 

13 10 Tandem 4.53 5.00 4.65 1.104 

14 10 Tandem 8.90 7.00 3.50 0.787 

15 10 Tandem 12.58 10.50 2.77 0.835 

16 10 Tandem 6.14 7.00 4.76 1.140 

17 10 Tandem 12.09 9.50 3.50 0.786 

18 10 Tandem 17.55 16.00 2.78 0.912 

19 10 Staggered 2.75 2.50 4.68 0.909 

20 10 Staggered 5.42 3.50 3.50 0.646 

21 10 Staggered 8.32 5.00 2.76 0.601 

22 10 Staggered 4.78 4.50 4.69 0.941 

23 10 Staggered 9.08 5.50 3.46 0.606 

24 10 Staggered 12.31 9.00 2.77 0.731 

25 10 Staggered 7.31 6.00 4.66 0.821 

26 10 Staggered 12.89 7.50 3.48 0.582 

27 10 Staggered 17.12 13.50 2.77 0.789 

28 5 Tandem 2.58 3.00 4.68 1.163 

29 5 Tandem 6.13 4.50 3.49 0.734 

30 5 Tandem 8.45 6.50 2.80 0.769 

31 5 Tandem 4.41 5.00 4.69 1.134 

32 5 Tandem 9.25 7.00 3.49 0.757 

33 5 Tandem 11.97 10.00 2.78 0.835 

34 5 Tandem 6.66 7.00 4.69 1.051 

35 5 Tandem 13.24 9.50 3.49 0.718 

36 5 Tandem 17.31 15.50 2.77 0.895 
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Figure 7. Relationship of transmission coefficient Kt to relative 
mangroves density for tandem arrangement of mangroves. 

 
 

 

 
Figure 8. Relationship of transmission coefficient Kt to wave steepness 
for tandem and staggered arrangement of mangroves.

 
 

DISCUSSION 
Based on model results it is observed that effectiveness of 

mangroves protection is significantly depend on the incoming 
wave parameters, especially wave steepness. The steeper the 
wave steepness, the more reduction of transmitted wave height is 
occurred. This means, the mangroves protection is not effective 
for longer wave � 𝐻𝐻𝐻𝐻

𝑔𝑔𝑇𝑇2
> 1.2�. On the protection side, mangroves 

configuration i.e. mangroves arrangement and density are 
significantly affect to wave reduction.   
 

CONCLUSIONS 
The results showed that the wave height reduction in area with 

mangroves was about two times larger compared to that in bare 
land. The wave reduction difference between tandem and 
staggered arrangements of trees is significant, with wave 
reduction is about 20 %, staggered arrangements is preferable.  
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ABSTRACT 
 
Muin, M. and Yusuf, I.Y.A., 2019. Application 3D Non-Orthogonal hydrodynamics model to assess the impact of 
reclamation in Benoa Bay Indonesia. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 181-185. Coconut Creek 
(Florida), ISSN 0749-0208. 
 
MuHydro3D, non-orthogonal boundary fitted three dimensional ocean hydrodynamics model in spherical coordinate, 
was applied to assess the impact of reclamation to water current and salinity in Benoa Bay. The comparison between 
results of simulation and observations before reclamation are excellent. The simulation results indicate that the water 
current in the mouth of the bay will decrease significantly. It will cause the longshore sediment will be deposited in 
the mouth of the bay. The simulation results show significant change of salinity in the bay, which will impact the 
mangrove ecosystem of the bay.  

  
ADDITIONAL INDEX WORDS:  Hydrodynamics model, non-orthogonal curvilinear, spherical coordinate, Bali, 
Benoa, Indonesia. Reclamation. 
 

 
INTRODUCTION 

The Benoa Bay is located at southern region of Bali Island, 
Indonesia (Figure 1). The Bali Province planned to continue 
reclamations project of the Benoa Bay. The reclamation is 
expected to develop 800 hectares of land, which investors could 
develop large-scale tourist resorts and the Benoa Port extension 
in the bay. The controversial project was initially approved in 
2012. In May 2014, the government of Indonesia also signed a 
regulation revising the conservation status of Benoa Bay. 

 
 

 
Figure 1. Location of study Area, southern of Bali Province, Indonesia. 

 
 
The potential impacts of the reclamation upon water quality 

conditions within the bay will need to be evaluated. The following 
two specific areas of impact will need to be addressed through the 

application of predictive models: 
 
 Potential impact to marine life in the bay due to a 

decreasing of the salinity.  
 Potential sedimentation in the inlet of the bay because 

of decreasing current. 
 
Reclamation of the Benoa Bay will alter the temporal and 

spatial distribution of water current, salinity, and sedimentation. 
MuHydro3D, the state-of-the art non-orthogonal boundary fitted 
hydrodynamics model, was applied to simulate the water level, 
current, and salinity in Benoa Bay. The non-orthogonal boundary 
fitted hydrodynamic model uses a very flexible grid that provides 
higher grid resolution in the area of interest to calculate the water 
elevation, velocity and salinity, which was forced by tides, winds, 
rivers, and density differences. The modeling simulation was 
conducted in two scenarios, before and after reclamation. 

 
DESCRIPTION OF STUDY AREA 

The Benoa Bay is approximately 4 km x 5 km, the total water 
area is approximately 18 km2 (Figure 2). It receives the main 
freshwater inflow from the catchment area of Denpasar, capital 
city of Bali Province. 

Mandara Bridge crosses the Benoa Bay. It connects the city of 
Denpasar and South Kuta, Badung Regency, Nusa Dua and 
Ngurah Rai International Airport. 

The water depths of Benoa Bay are very shallow except along 
the channel of the inlet. Along the inlet channel, water depth is 
about 12 meter. The type of tides in the Benoa Bay is semi-diurnal 
(M2). The tidal range is about 3 meter. 

Longshore sediment in the eastern of Bali Island, from south to 
north, are well known in the literature. There are many groins had 
been built to protect shoreline from Nusa Dua to Benoa. 
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Figure 2. Benoa Bay and location of ADCP current measurement. 

 
 

MODEL DESCRIPTION 
The hydrodynamic model used in the present study, known as 

MuHydro3D, is a state-of-the-art, 3D, time-dependent, non-
orthogonal, boundary-fitted model in spherical coordinates, 
developed by Muin (1993). The time step is no longer limited by 
gravity wave speed, for both exterior and interior modes. 
Therefore, the model is very robust. The computations are 
performed on a space staggered grid system both in the horizontal 
and vertical. Time is discretized using a three level scheme. Muin 
(1993), Muin and Spaulding (1996, 1997a) provide a detailed 
description of the governing equations, numerical solution 
methodology, and testing against analytic solutions for two and 
three dimensional flow problems. 

The model had been applied to simulate hydrodynamic 
circulation worldwide; in Providence River (Muin and Spaulding, 
1997b), Bay of Fundy (Sankaranarayanan and McCay, 2003a), 
San Francisco Bay (Sankaranarayanan and McCay, 2003b), 
Mount Hope Bay (Swanson et al., 1998), and Buzzards Bay 
(Sankaranarayanan, 2007). 

 
MODEL APPLICATION 

Model Setup 
After reclamation project, the geometry of Benoa Bay become 

very complex. Non-orthogonal curvilinear coordinate or also 
known as boundary-fitted technique is excellent model for the 
study area. The advantage of non-orthogonal boundary fitted 
model is that the orthogonal grid system is not required.  

The computational domain of the Benoa Bay before and after 
reclamation are shown in Figure 3 and 4, respectively. The non-
orthogonal grid systems were aligned to the shorelines to best 
characterize the study area. Grid sizes ranged from 30 meter to 
200 meters. 

The bathymetry data used in the model was from Indonesia 
Navy Institute (Hidral). The open boundaries were specified by 
tidal component which is obtained from larger computational 
domain modelling in Lombok Strait. The daily averages wind 
data used for model simulation was obtained from NOAA. The 
river flow are 34.4 m3/s in wet season and 2.9 m3/s in dry season, 
respectively. The data are provided by Ministry of Marine Affairs 
and Fisheries Indonesia. 
 

 

 
Figure 3. Grid system before reclamation. 

 
 

 

 
Figure 4. Grid system after reclamation. 

 
 

Model Calibration 
The success of any model application depends on the 

credibility of the model predictions. This credibility is gained by 
careful comparison of model predictions with observations. The 
purpose of calibration is to select model coefficients to best match 
observed data. The primary calibration data in this study are water 
current from field observation Ministry of Marine Affairs and 
Fisheries Indonesia (Wisha et al., 2017). Location of observation 
is presented in Figure 2. The calibration data for salinity are 
observation from previous study (Hendrawan and Koji, 2014).  

The bottom friction was tuned to match observed data. The 
water current comparison between model and observation is 
presented in Figures 5. The model predicted velocities clearly 
display both the magnitude and the variation in the range of the 
values observed. The agreements between model and field 
observation are very good. The simulation results indicate that 
water currents in the inlet channel of the bay is clearly tidal 
dominant. The maximum current is 0.8 m/s. However, in the 
upstream of the bay, the density induced current will play an 
important factor in salinity and water quality distribution. 
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Figure 5. The comparisons between the predicted and observed currents 
at Benoa Bay inlet. 

 
 
The salinity distribution at the mid-depth during dry season for 

flood tide is presented in Figure 6. It is comparable with the 
measurement data from previous study at Benoa Inlet where the 
salinity is about 33 ppt. However, we found the salinity along the 
west coast of the Benoa Bay is lower than that of previous study 
by Hendrawan and Koji (2014). The differences is caused by 
fresh water discharge to the Benoa Bay. They used 360 m3/day 
for each river. While we employ the latest data from field 
observation data from Ministry of Marine Affairs and Fisheries 
Indonesia, in which the total flow during dry season is 0.5 m3/s. 

 
 

 
Figure 6. Salinity distribution at mid-depth for flood tide in dry season. 

 
 

RESULTS 
The hydrodynamic simulation is carried out for two conditions, 

before and after reclamation. The simulation results show that the 
reclamation in Benoa Bay will change water current at the inlet 
significantly. 

The flow pattern during inflow and outflow for existing 
condition are presented in Figure 7 and Figure 8, respectively. 
The water currents are strong in the inlet of the bay, which is 
about 0.8 m/s. The model assumed that the bridge of toll road will 

not disturb the water flow. Strong current along the inlet will 
maintain the channel as deep water. 

 
 

 
Figure 7. Typical flow pattern during inflow for existing condition. 

 
 

 

 
Figure 8. Typical Flow Pattern during Outflow for Existing Condition. 

 
 
The flow pattern during inflow and outflow after reclamation 

condition are presented in Figure 9 and Figure 10, respectively. 
The water currents along the Bay Inlet become weaker than the 
existing condition (before reclamation). 

Figure 11 presents the comparison between near seabed water 
current before reclamation and that of after reclamation. The 
simulation results show that the maximum water current, near 
seabed in the inlet, will decrease from 0.9 m/s to 0.5 m/s. This is 
due to reclamation where tidal prism of the bay become smaller. 

Weak water current along the channel of inlet will cause serious 
problem. The longshore sediment will be deposited at the inlet 
because the bottom shear stress become lower than critical shear 
stress for erosion. Therefore, the water depth along the inlet will 
be shallower and it may be plugged up in the future. 

As results of changing water depth at inlet. It will also reduce 
the flux of saltwater to the Benoa Bay. The salinity in the Benoa 
Bay will decrease significantly, which has significant impact to 
mangrove system. 
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Figure 9. Typical flow pattern during inflow after reclamation. 

 
 

 

 
Figure 10. Typical flow pattern during outflow after reclamation. 

 
 

 

 
Figure 11. The comparisons water current before and after reclamation at 
Benoa Inlet. 

 
 

Figure 12 shows the comparison of the salinity distribution at 
mid-depth during wet season for ebb tide. The simulation results 
indicate that the salinity will decrease significantly in reclamation 
area. This is also indicate that the reclamation can cause the 

increasing of pollutant concentration, which may have significant 
impact to marine life in Benoa Bay. 
 

 

 
Figure 12. Comparison of salinity distribution at mid-depth, before and 
after reclamation, during wet season, ebb tide. 

 
 
Figure 13 and Figure 14 show the comparison of salinity in 

time series between before and after reclamation, in the upstream 
and downstream region, respectively. The modelling results show 
that the significant impact of reclamation to salinity, are in the 
upstream region. 

 
 

 
Figure 13. The comparisons of salinity before and after reclamation 
during wet season in the upstream region. 

 
 

 

 
Figure 14. The comparisons of salinity before and after reclamation 
during wet season in the downstream region. 

 
 

DISCUSSIONS 
From the calibration results, it is clear that the model performs 

extremely well. The model is quite capable of reproducing the 
water current observation data, trends the magnitudes of salinity. 
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However, the grid resolution should be finer in the region of river 
discharge and mangrove system. 

Temporal variation data of river discharge and salinity are 
recommended for future study. The time variation of salinity 
stratification should be investigated in more detail. 

 
CONCLUSIONS 

Hydrodynamics simulation in Benoa Bay had been conducted 
using 3D non-orthogonal curvilinear spherical coordinate model. 
The comparison between the model and observation are excellent. 

The simulation results indicate that the water current in the 
channel inlet of the bay will decrease significantly. It can cause 
the longshore sediment will be deposited at the mouth of the bay. 
Therefore, as results of reclamation, the Benoa Harbor must be 
relocated because the entrance of shipping will become shallower. 

The model indicates that salinity in the upstream region will 
decrease significantly which can cause serious impact on marine 
life in Benoa Bay. 

As a consequence of the reclamation, the tidal flushing of the 
Benoa Bay will decrease significantly which can impact the water 
quality of the bay.  
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ABSTRACT 
 
Yoon, I.J. and Hong, J.-W., 2019. Development of disaster prevention system based on deep neural network using deep 
learning with dropout. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water 
Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 186-190. Coconut Creek (Florida), ISSN 
0749-0208. 
 
Recently, unprecedented abnormal climates and disasters of the greatest intensity have increased worldwide due to 
various problems such as global warming. In particular, from the Great East Japan Eartquake in March 2011, Japan 
has suffered from the highest frequency of disasters (floods, earthquakes, etc.) and the single largest external force 
(tsunami) that have not been experienced before. For such disasters of the maximum frequency, the hard and soft 
countermeasures alone have limitations and it is critical to integrate and appropriately harmonize them with various 
disaster prevention systems. 
The purpose of this study is to develop a flood risk management information system to support natural disaster 
mitigation measures. The main function of the disaster prevention support system is to select the most similar one to a 
typhoon before landing based on past typhoon data and artificial intelligence (AI) technology and to present guidelines 
for prior disaster prevention activities according to various disaster factors caused by the selected typhoon (e.g., water 
level and river flow rate). A database was constructed for 189 typhoons that directly or indirectly affected the target 
area among those that occurred between 1950 and 2017, and a system was developed by applying AI technologies such 
as Deep Neural Network (DNN) and Dropout. The main parameters of this database are typhoon route, central pressure, 
moving speed, precipitation, water level, and flow rate. For the grid sizes of the model, 2° and 1° in longitude and in 
latitude were considered. The system search results showed the highest reliability of the model at the grid size of 1° 
when only typhoon route, center pressure, and moving speed were considered compared to the results of considering 
other parameters.  
 
ADDITIONAL INDEX WORDS: Deep Neural Network (DNN), disaster prevention system, Artificial Intelligence 
(AI), flood risk. 
 

 
INTRODUCTION 

Currently, disasters of maximum strength often occur due to 
abnormal climates caused by various problems such as global 
warming, leading to significant levels of human and property 
damage. These large-scale disasters are an international issue, and 
awareness of disasters and interest in disaster prevention 
measures are rapidly increasing. 

In Japan, disasters of maximum strength occur frequently, such 
as the severe earthquake disaster in western Japan in March 2011. 
Recently, super-typhoon #21, named Jebi (2018), struck Japan 
and broke the record for the maximum observed tide level in the 
Osaka region that was the region that was directly affected 
(September 4). Strong rainfalls also occurred in Hokkaido, a 
region that was indirectly affected. Afterwards, a magnitude 7 
earthquake occurred in Hokkaido on September 6 while the 
ground was in a weakened state due to the rainfall, and a complex 
disaster occurred in which dozens of people lost their lives and 
societal functions were paralyzed. To deal with this, national and 

local governments are conducting a great deal of research on 
improving disaster prevention technologies, but it is difficult to 
predict the characteristics of the current disasters, and the 
governments have experienced many difficulties in creating 
response plans. 

A large amount of disaster prevention information is actively 
published globally to support natural disaster reduction measures. 
In Japan, calculations of external force according to planned  
 

 

 
Figure 1. Diagram of flood crisis management information system 
(Kumano River basin). 
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frequency as well as projected frequency have been made since 
2015 in several fields such as rivers, coasts, ports, etc., based on 
disaster data obtained from large scale disasters, and these data 
are being used to create a hazard maps (Kim et al., 2016). There 
are active researches being conducted on developing various 
disaster prevention systems to support flood control activities 
(Tanaka et al., 2015). However, the paradigm for current disaster 
characteristics is changing, and large improvements cannot be 
expected from current reduction measures alone. As such, there 
is need for studies on how to improve existing disaster prevention 
systems as well as developing a multi-faceted disaster prevention 
technology. 

The objective of this study is to create a disaster prevention 
system that supports existing natural disaster reduction measures 
(Figures 1). A major function of the system is to search for the 
most similar typhoon among past typhoons using the predicted 
typhoon information before landing. The purpose is to present 
preemptive disaster prevention activity guidelines (e.g., 
evacuation announcement times) and provide major information 
on flood control according to a behavior timeline based on 
hydrographs and water levels in major rivers that occurred during 
the typhoon found in the search. A distributed parameter runoff 
model was created to perform an analysis of the runoff caused by 
the rainfall that occurs during the typhoon period. A one-
dimensional unsteady flow model was created to predict water 
levels for the Kumano River, and the river water levels were 
calculated. To effectively search for similar past typhoons, 
artificial intelligence and a deep neural network were combined 
to rapidly respond to a disaster paradigm that is constantly 
changing. A dropout model was applied to avoid overfitting. As 
a result, the search results for similar typhoons were found to be 
particularly good. 

 
Background 

The target of this study is the Kumano River basin (Japan, 
Wakayama Prefecture, Figure 2), located on the Kii Peninsula. 
The basin’s average annual rainfall exceeds 3126 mm (1981–
2010), and over 80% of Wakayama Prefecture is mountainous 
(altitude of 1915 m), representing a topographical feature that is 
very vulnerable to landslide disasters. A record-breaking rainfall 
of 888.5 mm over 48 hours (536 mm/24 h) occurred in the 
Kumano River basin due to the effects of typhoon #21, named 
Lan (2017). Therefore, emphasis is being placed on strengthening 
measures for reducing damage from flooding and typhoons that 
reoccur every year. 

 

 
Figure 2. Study area (Kumano River basin in Japan). 

 

 

 
Figure 3. Results of searching similar typhoons (Case1). 

 
 
Several disaster prevention systems for reducing damage are 

being operated at the Kinan Office of Rivers and National 
Highways that manages the Kumano River. Among these, the 
evacuation activity timelines were set to link the weather 
administration and local governments in Japan to quickly respond 
to constantly changing situations and implement the best 
evacuation activities, starting 3 to 5 days before the typhoon 
makes landfall. When setting the timeline, it is very important to 
quickly share information such as river information according to 
rainfall and the results of searching for similar typhoons with 
local governments based on the typhoon’s approach. Operation of 
the system for quickly sharing information began on April 2015, 
and it is still in operation, but there currently remains a problem 
with the accuracy of searching similar typhoons (Figure 3). 

 
METHODS 

A major function of the system is to search for the most similar 
typhoon among past typhoons using the predicted typhoon 
information before landing. The searching system in this study 
were established as follows. 

 
Creating a DNN Model that Uses Deep Learning 

This study used a DNN composed of multiple hidden layers to 
perform an effective similar typhoon search, as shown in Figure 
4. Learning performed by a neural network with 2 or more layers 
is called a deep learning. This study built an artificial neural 
network with 2 hidden layers between the input and output layers. 

 
 

 
Figure 4. Diagram of DNN (in this study). 
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Training Method for the Neural Network 
A neural network is a mathematical model that imitates the 

structure of neurons, as shown in Figures 5. The structure can 
produce an output (response) of suitable data in response to fixed 
input data (stimulus). 

 

∑
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Figure 5. Neural network diagram of an element. 

 
 

 

 
Figure 6. Feed forward method. 

 

Here, the input in the element is xn, the weight on a synapse is wn, 
while the output is y. In this study, backpropagation was used to 
train the neural network. Backpropagation is a typical feed 
forward (Figure 6) training method for neural networks. In this 
method, small modifications were made to the weight on a 
synapse every time training data are given. 
 
Building a Training Model via DNN 

For the study data, mesh data (1° of longitude/latitude) were 
created from the major typhoon information provided by National 
Institute of Informatics (NII), including the central pressure, 
movement path, and movement speed. At this point, interpolation 
(Figure 7) was performed to create one-hour time interval data to 
accurately depict the path of movement of the typhoon. The study 
data were created from only the typhoons that passed through an 
area with a 300 km range centered within the target region from 
1951 to 2017. The detailed conditions for the verification 
calculations are shown in Table 1. 

 
Providing River Information 

One of the major functions of the system is to provide real-time 
river information. To provide river information for constantly 
changing similar typhoons, analysis of the runoff according to 
rainfall was first performed. A distributed parameter runoff model 
of the target river basin was created based on a 250 m mesh to 
calculate the volume of runoff. The analyzed rainfall (Japan 
Meteorological Business Support Center) and data from nearby 
rainfall observatories were used. In addition, a one-dimensional 
unsteady flow model was created for the river water levels caused 
by runoff. 

 

 
Figure 7. Mesh segmentation in typhoon information. 
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Table 1. Conditions and parameters used in the system.  
Item CASE1 CASE2 CASE3 CASE4 CASE5 
 
 
 
 
 
 
Condition 

Model DNN DNN DNN DNN DNN 
- Dropout method Dropout method Dropout method Dropout method 

Hidden layers 2 2 2 2 2 
Mesh size 2 degree 1 degree 1 degree 1 degree 1 degree 
 
Range analysis 

Lat. 20～40 degree 

Long.120～150 degree 

Lat. 20～40 degree 

Long.120～150 degree 

Lat. 25～40 degree 

Long.120～150 degree 

Lat. 30～40 degree 

Long.120～150 degree 

Lat. 20～40 degree 

Long.120～150 degree 
 
Input parameter 

location, pressure, 
velocity 

location, pressure, 
velocity (at hourly 
intervals by 
interpolation) 

location, pressure, 
velocity (at hourly 
intervals by 
interpolation) 

location, pressure, 
velocity (at hourly 
intervals by 
interpolation) 

location, pressure, velocity, rainfall 
(at hourly intervals by interpolation) 

Input layer 450 1800 1350 900 2400 
Hidden layer 1st : 200 

2nd : 50 
1st : 1800 
2nd : 1800 

1st : 1350 
2nd : 1350 

1st : 900 
2nd : 900 

1st : 2400 
2nd : 2400 

Output layer 450 1800 1350 900 2400 
Number of study data 162（1951～2014） 162（1951～2014） 162（1951～2014） 162（1951～2014） 162（1951～2014） 
Number of test data 14 （2015～2017） 14 （2015～2017） 14 （2015～2017） 14 （2015～2017） 14 （2015～2017） 
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Table 2. Similarity Appraisal Standards. 

Appraisal standard Appraisal Value 
Maximum distance ＜ 2.5° ○ 1.0 

2.5＜=Maximum distance ＜ 5° △ 0.5 

Maximum distance >= 5 ° ⅹ 0.0 
 
Verification of the System Model 

With reference to a mesh size of 1° (Case 2) compared to the 
mesh size of 2° (Case 1) for the existing models, the model was 
created with an increased number of hidden layers compared to 
the existing model because the number of input layer elements 
had greatly increased. It was necessary to avoid overfitting due to 
the increased number of elements. In computer learning, 
overfitting happens when the study data are suitably learned, but 
regularization of unknown data cannot be achieved. In this study, 
a dropout model was applied to avoid overfitting. A dropout 
model is a model that creates a regularized state by compulsorily 
omitting nodes in the hidden layer when training the neural 
network. In the similar typhoon search results, similarity was 
evaluated as the output value of a softmax function. The similarity 
appraisal values were calculated using the evaluation standards in 
Table 2 from the target typhoon and from similar typhoons 
between a latitude of 30° and 35° north that includes the target 
region. 

 
RESULTS 

The numbers of lifeboats, rescue boats, life belts, watch towers, 
and swimming area notices at 314 swimming beaches were 
analyzed. Generally, beaches with high numbers of visitors 
tended to be designated, and their facilities were well equipped 
by local governments. Therefore, the data were also analyzed 
according to the designation status of beaches, in order to show 
the gap present between designated beaches and undesignated 
ones.  

 
Similar Typhoon Search Results 

To verify the model, the study data was created from 162 
typhoons that occurred from 1951 to 2014. The test typhoon 
calculations were performed using 14 typhoons that occurred 
from 2015 to 2017 (Table. 1). The search results for the model  

 
Table 3. Results of similarity evaluation values. 
 

No Typhoon Case1 Case2 Case3 Case4 Case5 
1 2015T06 0.86 1.00 0.86 0.93 0.93 
2 2015T11 0.86 0.71 0.86 0.86 0.64 
3 2015T12 0.43 0.43 0.64 0.79 0.00 
4 2015T15 0.64 0.79 0.64 0.71 0.64 
5 2015T18 0.64 1.00 0.93 1.00 0.79 
6 2016T07 0.57 0.36 0.21 0.29 0.21 
7 2016T09 0.71 0.71 0.79 0.64 0.79 
8 2016T12 0.50 0.64 0.79 0.79 0.57 
9 2016T16 0.86 1.00 1.00 1.00 1.00 
10 2016T18 0.43 0.50 0.64 0.57 0.50 
11 2017T03 0.64 0.57 0.57 0.57 0.71 
12 2017T05 0.36 0.79 0.79 0.93 0.71 
13 2017T18 0.93 1.00 1.00 1.00 1.00 
14 2017T21 1.00 1.00 1.00 0.93 0.93 

Total 9.43 10.50 10.72 11.01 9.42 
 

were output as softmax function values. Table 3 shows the mean 
values (of the top 7 ranks) of the similarity evaluation values that 
were found according to the evaluation standards (Table 2). 

In the evaluations, Case 2 that uses 1° was found to exhibit 
better search reproducibility than the existing model (Case 1) due 
to the mesh size. This is considered to be due to the high 
resolution of the mesh model and the one-hour interpolation of 
the typhoon information. The mesh for the model was created at 
latitudes of 20°, 25°, and 30° north (Cases 2–4) according to the 
typhoon’s approach to the target area, and the results showed that 
Case 4 (latitude of 30° north) had the best search results. It is 
important to use these results to create a suitable a mesh according 
to the search time points. 

 
Similar Typhoon Search Which Considers Rainfall 

Even when the typhoons had the same path, the scale of 
flooding varied significantly according to whether or not there 
was a rain front and antecedent rainfall. The purpose of searching 
for similar typhoons with rainfall as an additional parameter is 
make it possible to simultaneously understand the path of the 
typhoons and the antecedent rain that occurs before landfall. 
Therefore, similar typhoon search was reviewed by considering 
rainfall (24-hour basin mean rainfall) as a parameter along with 
the current path, atmospheric pressure, and speed (Case 5). 

In the search results, the search reproducibility of Case 5 that 
has rainfall added as a parameter was found to be on a similar 
level as the existing search system results (Case 1). The similarity 
appraisal values for the typhoons that were accompanied by 
heavy rains were calculated to be high, while the similarity 
appraisal values of the typhoons with little rain tended to be 
reduced.  

 

 
Figure 8. Results of similar typhoon by system screen. 

 
 
Similar Typhoon Search System 

The similar typhoon search function searches for similar 
typhoons based on current typhoon information received from the 
weather administration. Information is provided according to the 
setting conditions within the system, and the system provides an 
overlay diagram of the path of the current typhoon as well as the 
path of similar typhoons, and a hydrograph of major points on the 
river (Figure 8). 

 

Hydrograph Result of similar typhoon
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Figure 9. Results of the search for similar typhoons (2017T21). 

Developing a System that Considers Preemptive Disaster 
Prevention Activities according to a Timeline 

Figure 9 shows the results of the search for similar typhoons 
(rank 1) for the target typhoon (2017T21) one and two days before 
landfall. Figure 10 shows a hydrograph of a similar typhoon 
found that is synchronized to the target typhoon’s dates. The peak 
time in the hydrograph of the results two days before landfall is 
expected to be relatively accurate, and the time that the typhoon 
enters the flood control system can be predicted beforehand. 
However, there was a large river water level mesh due to the 
different rainfall events, and the system was not able to find a 
similar typhoon that was accompanied by large-scale rainfall. 
 

DISCUSSION 
This study presented a new method for improving the 

reproducibility of searches focused on search similarity for 
typhoon paths. The results showed great improvement in typhoon 
similarity search results compared to the existing system. The 
search results of a model created with a mesh with a latitude of 
30°–40° (Case 4) north were found to be the best, but showed 
limited ability to perform searches for typhoons 3–5 days before 
landfall. Therefore, it is important to make the system operate by 
considering the characteristics of the target typhoon (e.g., 
movement speed) and the search time needed to select the applied 
model. In the model that considered rainfall (Case 5), a 24-hour 
rainfall was converted into equivalent data like the speed of 
movement of the typhoon, and the search results were found to be 
on the level of the existing system. As such, there is a need for a 
new examination method that searches for similar typhoons while 
taking rainfall into account.  

 
CONCLUSIONS 

This study created a similar typhoon search system to support 
natural disaster reduction measures. Problems were discovered in 

the typhoon searches even when the similarity of rainfall was 
included, but the degree of similarity in the search paths of the 
typhoons were significantly improved by the enhanced 
performance of the search system. Since the challenge of 
considering rainfall was discovered (it can be a future task) as a 
factor that reduced performance, it was not considered in this 
system. As such, future research will focus on new deep learning 
methods that consider both the path of the typhoon and type of 
rainfall as hydrological data. 
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ABSTRACT 
 
Lee, J.-H., Choi, J.U., Jung, H.-S., Kwon, J.-I., and Woo, H.J., 2019. Development of a Marine Environmental 
Information System (MEIS) using data on Land–Sea interactions in the Nakdong River Estuary, South Korea. In: Lee, 
J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of 
Coastal Research, Special Issue No. 91, pp. 191-195. Coconut Creek (Florida), ISSN 0749-0208. 
 
The Nakdong River in South Korea is about 510 km long and is subject to natural erosion and sedimentation and 
various potential sources of human pollution, such as urban dumping and input from industrial complexes and many 
cities. This study developed a marine environmental information system (MEIS) to understand the land–sea 
interactions and provide data on the characteristics of the brackish water zone around the barrier islands. The MEIS 
was run in real time (1-s intervals) and made periodic marine observations (one to four times a year). The real-time 
data were largely obtained from a closed-circuit television and automatic weather stations using long-term evolution 
communication at two stations in March 2016. Since May 2015, the data have included periodic observations of surface 
sediment distributions (n = 90), the characteristics of suspended sediments in inlets and channel (n = 4), the brackish 
water zone environment during spring tide ebb and flood (n = 14, three lines), the seasonal variation in sedimentation 
along tidal flats (n = 29, three lines), and landscape classifications of the sub-environment (n = 30) in the barrier islands. 
The collected information includes real-time and a huge heterogeneous dataset characterized by multi-dimensional, 
multivariate, and spatiotemporal distribution variability. The system enables data management, and open access is 
necessary. The MEIS will enable effective estuary management and contribute to reducing the damage caused by 
natural disasters. Real-time prediction information has been integrated with environmental sensitivity index maps, 
which are provided using a geographic information system to enable a response strategy. 
 
ADDITIONAL INDEX WORDS: Busan, coastal wetland, dam discharge, sedimentary impacts, tidal currents. 
 

 
INTRODUCTION 

Most of the major Korean estuaries, including the Gem, 
Yeongsan, and Nakdong River estuaries, have dams that have 
caused environmental problems, including restricted water 
circulation, low water quality, decreased biodiversity, and 
wetland destruction. The Nakdong River Estuary (NRE) in the 
Republic of Korea is a typical example of an estuary in which 
throughput is manipulated artificially. The Noksan Dam, built in 
1934, blocks the flow of the West Nakdong River, and the NRE 
Dam (i.e. bank, dike, embankment, etc.) was completed between 
1983 and 1987 to regulate the flow of the East Nakdong River. 
With the construction of several large industrial complexes on 
reclaimed land near the NRE Dam in the last 50 years, the 
hydraulic circulation in the NRE has undergone dramatic changes 
in river discharge and geomorphic configuration, such as the 
formation of a series of barrier islands. The two large dams 
control the natural river flow and prevent the upstream intrusion 
of saltwater (Williams et al., 2014). The mixing and circulation 
of water in the estuary has been controlled by the freshwater 

discharge since the dam’s construction (Chang and Kim, 2006). 
Consequently, the saltwater wedge that once reached 
approximately 40 km upstream is now blocked at the dams, 
considerably reducing the tidal prism. The tides in the estuary are 
semidiurnal and micro-tidal, with a mean tidal range of 1.07~1.50 
m (Yoon and Lee, 2008; http://www.khoa.go.kr/sw tc/main.do; 
http://opendata.kwater.or.kr/main.do). There are various sub-
environments in the lagoon, including tidal flats, salt marshes, 
tidal channels, sand bars, and sand spits (Woo et al., 2018). The 
schematic diagram in Figure 1 shows the regional distribution of 
the sediments investigated in and around the barrier island system 
in the NRE. In particular, a sample collected from zone (b) in the 
protected delta fringe marsh contained the halophytic vegetation 
Phragmites communis Trin. (Gramineae, common reed) or 
Scirpus planiculmis Fr. Schmidt (Cyperaceae). The purpose of 
this study was to demonstrate the marine environmental 
information system (MEIS) as a tool for understanding land–sea 
interactions and providing data on the characteristics of the 
brackish water zone surrounding the barrier islands in the NRE in 
southeastern Korea. 

 
METHODS 

Beginning in May 2015, the MEIS has been run in real time (1-
s intervals) and has made periodic marine observations (one to 
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four times a year). The real-time data consist of two items and the 
periodic marine observation data consist of five items. 

 
 

 
Figure 1. Flow chart of the development, interpretation, and application 
of the marine environmental information system in the Nakdong River 
Estuary (NRE), southeastern Korea. The blue dashed rectangle encloses 
the two steps in the index development of the real-time (1-s interval) and 
periodic (one to four times per year) marine observations. The dashed 
arrows indicate the two adaptive feedback loops driving decision changes. 

 
 
Real-Time Observations 

The real-time data have been largely obtained from closed-
circuit television (CCTV; operating rate: 100%; 35°03′06″N, 
128°55′45″E WGS-84) since June 26, 2017, and an automatic 
weather station (AWS; operating rate: 81%; 35°03′16″N, 
128°55′45″E WGS-84) using 4 generation (4G) long-term 
evolution (LTE) communication at two stations since March 25, 
2016. Both the AWS and CCTV are installed on the east side of 
the Doyodeung barrier islands in the NRE, approximately 309 m 
apart (Figure 3a). A monitoring system for the brackish water 
zone (i.g. salinity, temperature, chlorophyll-a, etc.) is planned for 
installation near the Eulsukdo Bridge in the first half of the year 
2020 (Figure 3a, d). 

 

 

 
Figure 2. Landsat Enhanced Thematic Mapper Plus (Landsat ETM+) 
image of the barrier–lagoon system in the Nakdong River Estuary (NRE), 
southeastern Korea. The Landsat ETM+ image was obtained from 
KOMPSAT-2, South Korea (a); The sediments were investigated in and 
around the barrier island system in the NRE (mS, muddy Sand; sC, sandy 
Clay; sM, sandy Mud; mS, muddy Sand; (g)-, slightly gravelly- (b~g)). 

 
 
The AWS equipment consists of a weather observation sensor 

(WXT536; Vaisala Co., Ltd., Finland), 100 W solar panel (Poly; 
Ningbo Osda Solar Co., Ltd., China), 100 Ah battery (BX60R; 
AtlasBX, Korea), 12 V solar controller (SS-6L; Morningstar Co., 
Ltd., USA), 4G LTE modem for bidirectional communication 
(LS-LTER; NexG Co., Ltd., Korea), 3 m triangular frame, and 
software (BS2; Bgain Co., Ltd., Korea) to acquire real-time 
weather information. The weather observation sensor measures 
six items in the following measurement ranges in real time: wind 
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direction (0~360 ± 3°), wind speed (0~60 ± 0.3~0.5 m/s), 
temperature (−52~60 ± 0.3°C), relative humidity (0~100 ± 
3.0~5.0%), atmospheric pressure (600~1,100 ± 0.5~1.0 hPa), and 
rainfall (0~200 ± 5 mm/h). The observed information is 
transmitted to the laboratory computer server via 4G LTE 
communication (Figure 3b, e). 

The CCTV research equipment consists of a camera (UI-
T4210X; Huisun, Co., Ltd., China), a digital video recorder (DS-
7204HQHI-SH; Hikvision Co., Ltd., China), two 120 W solar 
panels (SPM; Spdolar Co., Ltd., China), three 100 Ah batteries, a 
12 V solar controller, a 4G LTE modem for bidirectional 
communication, a 3-m triangular frame, and software (iVMS-
4500; Hikvision Co., Ltd., China) to acquire real-time weather 
information. The camera is a 1/2.9" Sony complementary metal-
oxide semiconductor standard and has a 1,080 p (1,920 × 1,080) 
effective decimal number with H.264 video codec. It is possible 
to record real-time images at night by installing an infrared sensor. 
The information is transmitted to the laboratory computer and 
smartphone application server via 4G LTE communication 
(Figure 3c, f). 

 
Periodic Marine Observations 

The data include periodic observations of surface sediment 
distributions (n = 90), the characteristics of suspended sediments 
in inlets and channel (n = 4), data on the brackish water zone 
environment during spring tide ebb and flood (along three lines), 
seasonal variations in sedimentation along tidal flats (n = 29, three 
lines), and landscape classifications of the sub-environment (n = 
30, 14 a priori groups) in the barrier islands using the method 
described in the United States Environmental Protection Agency 
manual from May 2015 (U.S. EPA, 1998). 

Sediment (n = 90) was sampled for a sedimentary analysis in 
August 2015 and August 2016. The grain-size distribution was 
analyzed using standard sieving for the sand fraction (<4 Φ) and 
a particle size analyzer (Sedigraph 5100; Micromeritics) for the 
mud fraction (>4 Φ) at half-Φ intervals. An inclusive graphic 
method was used to determine sediment type, mean, sorting, 
skewness, and kurtosis (Folk and Ward, 1957). 

The characteristics of suspended sediments in the inlets and 
channel (n = 4) at four stations over 12.5 hour were determined 
based on measurements of hydrodynamic parameters and 
suspended sediment concentrations during the summers of 2015, 
2016, and 2017. 

In the study of the brackish water zone environment (n = 14, 
three lines), the temperature, flow direction, flow rate, salinity, 
pH, and dissolved oxygen concentration of the upper and bottom 
layers were measured using a multi-parameter display system 
(YSI 650 MDS; YSI Environmental Co., Ltd., USA) and 
Seaguard® recording current meter (Aanderaa Co., Ltd., Norway) 
to assess the ebb and flood of the spring tide during April and July 
2018. 

The seasonal variations in sedimentation along the tidal flats (n 
= 29, three lines) were measured using a differential global 
positioning system. Geomorphic changes by sediment 
deposition/erosion were measured for 1 year (May 2015~2016) 
along two transects (Jinu-do (JW) and Sinja-do (SJ) lines) on the 
tidal flats and for 2 years (May 2015~2017) along one transect 
(Eulsuk-do (ES) line). 

 

 

 
Figure 3. Pilot implementation of the marine environmental information 
system using real-time (1-s interval) data collection in the Nakdong River 
Estuary, South Korea (a); The real-time data are largely obtained from an 
automatic weather system (AWS) and closed-circuit television (CCTV) 
using 4G LTE communication at two stations on the east side of the 
Doyodeung barrier islands (b, c); An additional monitoring system 
(salinity, temperature, chlorophyll-a, etc.) is planned for installation near 
the Eulsuk-do bridge by the first half of 2020 (d); Screen capture image 
showing six parameters measured in real time from the AWS browser 
using 4G LTE (e); 4G LTE enables real-time acquisition of CCTV 
information using a smartphone application or personal computer browser 
with a web connection (f). 

 
 
The development of landscape-based environmental 

classifications (n = 30, 14 a priori groups) represented a 
preliminary step for investigating the distribution of 
environments in the study area in August 2015 and 2016. In other 
words, a priori grouping was required in advance of sub-
environment classification using qualitative factors (i.e., 
topography, sediment texture, waves, flushing, vegetation, and 
biological activity) (Woo et al., 1997; Alcantara-Carrio et al., 
2014). 
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RESULTS 
The sediment distributions were classified into four 

sedimentary facies: Sand (S), muddy Sand (mS), sandy Mud (sM), 
and mud (M). The mean grain size in the barrier island system of 
the NRE ranged from 1.1 to 8.9 Φ (average: 3.9 Φ). Sand 
sediment generally dominated the seaward side of the barrier 
islands, while muddy sand sediment dominated the lagoon. Sandy 
mud and mud sediments were distributed in the tidal flat near the 
Noksan industrial district, on the west side of Eulsukdo Island, 
and in the channels near the dams (Figure 4a). 

The characteristics of suspended sediments in the inlets and 
channel (based on four 12.5-hour anchoring surveys) during the 
spring tide were determined based on hydrodynamic parameters 
and suspended sediment concentrations at the inlets between 
Sinja-do and Doyo-deung (C) during summer 2015, between 
Jinu-do and Sinja-do (B) during summer 2016, and between 
Nulcha-do and Jinu-do (A) and at the channel mouth (D) near 
Maenggeummeori-deung during summer 2017. The calculated 
residual flow (Rf) veered seaward in the three layers (surface, 
middle, and bottom layer) at stations B and D. The Rf at stations 
A and C veered seaward in the surface and middle layers and 
landward in the bottom layer. Depth-integrated net suspended 
sediment loads (QS) for one tidal cycle at stations A, B, C, and D 
showed seaward movement of 498.6, 2318.6, 1698.4, and 278.7 
kg/m, respectively (Figure 4b). 

In the study of the brackish water zone environment (three 
lines), the average surface layer and lower layer water 
temperatures of lines A, B, and C were 12.4~29.2 and 
11.6~25.7 °C, respectively, and the mean surface–bottom layer 
difference in April and July was 1.9 °C. The average surface layer 
and lower layer salinities of lines A, B, and C were 2.9~18.2 and 
12.4~32.5 psu, respectively, and the mean surface–bottom layer 
difference in April and July was about 13.8 psu (Figure 4c). 

In the seasonal variation in sedimentation along tidal flats (n = 
29, three lines), deposition dominated the tidal flat along the JW 
and SJ lines, with net deposition rates of 10.09 and 12.38 mm/year, 
respectively. Erosion dominated over the course of 2 years on the 
tidal flat along the ES line, located on the eastern side of the 
system, at an annual erosion rate of −12.76 mm/year (Figure 4 
(d)). 

Data for landscape-based environmental classifications (n = 30, 
14 a priori groups) were collected and analyzed for factors related 
to grain size and organic matter. Based on the results, the study 
area was divided into a mixed environment influenced by land 
and a marine environment influenced by the ocean. Using 
multivariate analysis, these two large environments were further 
divided into six sub-environments such that sub-environments 1 
and 2 were in the mixed environment, and sub-environments 3, 4, 
5, and 6 were in the marine environment (Figure 4e). 

 
DISCUSSION 

The differences in surface sediment distributions in the 
summers of 2015 and 2016 showed that sand sediments expanded 
into the back-barrier lagoon. The amount of rainfall and the 
average discharge flow from the dams in July 2015 and 2016 were 
160.10 mm and 508.35 m3/s, and 239.80 mm and 803.83 m3/s, 
respectively (www.water.or.kr). The annual difference in surface 
sediment distribution should be dependent on the quantity of 
discharge flow from the Nakdong dams. 

 
 

 
Figure 4. Pilot implementation of a marine environmental information 
system using marine observations (one to four times per year) in the 
Nakdong River Estuary, South Korea. The data include periodic 
observations of sediment distributions (n = 90) (M, mud; sM, sandy Mud; 
sC, sandy Clay; mS, muddy Sand; S, Sand; (g)-, slightly gravelly) (a); the 
characteristics of the suspended sediments in inlets and channel (n = 4) 
(Qs, suspended sediment load; Rf, residual flow) (b); data on the brackish 
water zone environment during ebb and flood (lines A, B, and C) (c); 
seasonal variations in sedimentation along tidal flats (n = 29) (three lines: 
JW, Jinu-do; SJ, Sinja-do; ES, Eulsuk-do) (d); Landscape classifications 
of sub-environments (n = 30, 14 a priori groups) (DFM, delta fringe 
marsh; DSF, delta sand flat; SB, sand bar; ASDM, artificial structure dyke 
marsh; RM, replacement marsh; BBFM, back-barrier fringe marsh; ILSF, 
MLSF, and OLSF, respectively, inner, middle, and outer lagoon sand flats; 
BB, barrier beach; SS, sand spit; SC, shallow channel; DC, deep channel; 
CM, channel margin) (e). 

 
 

The four 12.5-hour anchoring surveys at the inlets and channel 
revealed that net suspended sediments were transported into the 
open sea during the tidal cycle in summer. Generally, the seasonal 
variations in sedimentation on the tidal flats indicated that in 
summer, deposition occurred with an inflow of sediments from 
dam discharges due to heavy rainfall, whereas in winter, erosion 
dominated due to waves. However, seasonal variations in 
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sedimentation revealed the reverse cycles of sedimentation on the 
sand bar at the southern end of the tidal flat along the ES line. 

In the stratification index analysis, the Nakdong River (line A) 
located at the bottom of the Noksan floodgate was classified as a 
“salt-water wedge estuary” with strong stratification in the ebb, 
and showed a “well mixed estuary” in which surface-bottom 
mixing occurred during the flood (Hansen and Rattray, 1966; 
Shaha and Cho, 2009). However, the Nakdong River (line B) on 
the east side of Eulsukdo Island and the right main stream of the 
Nakdong River (line C) showed a distinctive “salt-water wedge 
estuary” showing stratification during both the ebb and flood. 
There was little discharge from the Noksan Dam floodgate (line 
A) and the floodgate east of Eulsukdo Island. In addition, the 
topographic characteristics of the moat form (east of the Eulsukdo 
mud flat and in front of the water line on the right side of 
Eulsukdo Island) were expected to represent large changes in the 
waterside geological and water quality after full or partial opening. 

The short-term sedimentation rates showed that the tidal flats 
of Jinu-do (JW line) and Sinja-do (SJ line) had net deposition 
rates of 10.09 and 12.38 mm/year, respectively. However, the 
tidal flat at the southern end of Eulsukdo Island (ES line) eroded 
at a rate of −12.76 mm/year. 

Although the parameters related to grain size and organic 
matter used for the sub-environment classification were effective 
in identifying the major regulatory factors responsible for creating 
different environments, they could not be used to identify the 
ecological functions of the sub-environments in the NRE. To 
address these limitations, it is necessary to evaluate additional 
parameters. For example, in addition to physical factors, future 
analyses should include chemical and/or microfossil data (Figure 
5). 

 
 

 
Figure 5. This map is diagram of sedimentary processes during the flood, 
ebb in the spring tidal current, modified from Woo et al. (2018) within the 
Nakdong River Estuary. 

 
 

CONCLUSIONS 
The acquired data and research findings reveal the real-time, 

multidimensional, multivariate, and spatiotemporal distribution 
variability characteristics of the NRE. The MEIS provides 
information to clarify land–sea interactions and the characteristics 
of the surrounding brackish water zone around the barrier islands, 
enabling the effective management of the estuary. Moreover, it is 
possible to use comparative data of the characteristics of 
environmental changes in this estuarine watershed to prepare the 
Nakdong River for the full or partial opening of the dams. 
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ABSTRACT 
 
Lee, J. and Kim, J., 2019. Development of survival swimming curriculum for prevention of drowning: Delphi method. 
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The purposes of this study were two-fold: (a) identify issues of major concerns regarding survival swim programs and; 
(b) determine skills or knowledge necessary to learn for grade three to five students of elementary schools. Experts (n 
= 21) were invited to identify and rank issues in order of importance following the Delphi method protocol. Based on 
the results, lack of educational facilities, limited space and time, poor instruction, revision of physical education 
curriculum, and lack of government support were determined the most critical issues regarding the survival swim 
program. Further, skills or knowledge to learn were the water adjustment, the general knowledge about survival swim, 
drowning prevention and rescue methods. 
 
ADDITIONAL INDEX WORDS: Survival swim, Delphi method, rescue, drowning, elementary students. 

 
 

INTRODUCTION 
On April 16, 2014, the Sewol ferry capsized and sank off the 

southwestern coast of South Korea. More than 300 people died, 
and 5 are still missing. Unfortunately, most of them were high 
school students who had never had a chance to attain their dream. 
The Sewol ferry disaster was reported as the country’s worst 
catastrophe in decades and will never be forgotten to victims’ 
family, relatives, friends, as well as, many of us who had 
witnessed the ferry sinking through the broadcasting. 

Every year more than a hundred people lose their lives in 
water-related accidents in South Korea. The government has 
implemented strict safety measures for coastal areas, but 
unintentional drowning deaths continue to grow. According to the 
Korea coast guard (2018), 115 deaths near the coastal area were 
reported in 2017, and the number decreased by 12% compared to 
2016. However, unintentional drowning was the leading cause of 
death, accounting for 65% of all water-related deaths.  

Drowning is not only a local or national tragedy but a global 
concern. According to the World Health Organization (WHO, 
2014), unintentional drowning was the third leading killer among 
children and youth worldwide. Surprisingly, the number of 
drowning deaths surpassed those of traffic accident fatalities.  The 
WHO emphasized the need for tighter safety measures to prevent 
drowning for children and youth (Shin, 2017). 

However, in South Korea, swim instructors seemed unprepared 
to teach drowning prevention and water safety skills for children. 
Studies reported that swim instructors had little training in how to 
teach survival swim and were weak or unconfident survival 
swimmer themselves (Choi, 2015; Kim, 2017; Kwon, 2016; Park, 

2017). Further, the instructors felt slightly irresponsible for 
learning and teaching survival swimming skills (Chu and Kim, 
2016; Go, 2014; Jeon, 2014; Park, 2017). 

In addition, a regular swimming curriculum appeared to be 
inappropriate for children to learn survival skills because it 
generally provides lessons for swimming strokes which takes 
years to master. In consideration of unprepared instructors and 
improper swimming curriculum, an urgent need for the 
development of a survival swim program is logically reasonable. 
A survival swim program is relatively more accessible for 
children to learn and provides lessons to improve the ability to 
float and breath regardless of water’s depth for an extended period 
of the time. Further, the program should be made available to the 
instructors to improve their teaching competency in the survival 
swim. 

Therefore, the purpose of this study was to determine issues of 
major concerns regarding survival swim programs and skills or 
knowledge necessary to learn for grade three students of 
elementary schools.  

 
Survival Swim Program in South Korea and Developed 
Countries 

Since the Sewol ferry disaster, the Ministry of Education 
announced a comprehensive plan for drowning prevention and 
water safety for school children in 2015. In consideration of local 
facility conditions, swim programs are provided for third- to 
sixth-grade students of elementary schools (Ministry of 
Education, 2015).   

The Seoul Metropolitan Office of Education (SOME) and 
Korea Maritime and Ocean University (KMOU) are major institutes to 
provide survival swim programs for school children. The SOME 
establishes educational goals with the same target distance for all 
the grade levels but with a difference in the success rate, whereas 
the KMOU’s educational goals are different in the target distance and 
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success rate by grade. The program of the SOME is similar to the 
program recommended by the Ministry of Education. On the 
other hand, the KMOU shows a distinct feature of the program 
focusing on skills (e.g., float, tread water, mobility after wearing 
a lifejacket) necessary to cope with water-related accidents. 

In developed countries such as the United States, Germany, 
England, drowning has already been recognized as a public 
concern since the 1990s (Cho, Lee, and Kim., 2016; Kang et al., 
2013). Thus, government agencies and private institutes have 
collaborated to develop and disseminate a survival swim program 
for drowning prevention and water safety for children. Survival 
swimming education curriculum in Germany, England, and the 
United States shows that students are required to learn survival 
skills (e.g., gaining adjustment to water) and knowledge and 
educational goals are set differently based on skill levels. 

In the United States, survival swim training is divided into 
eight stages (Cho, 2015).  Children are given a certificate when 
they achieve the standard. The training focuses on coping skills 
for water-related accidents. Further, the water safety, survival 
swimming skills, and rescue techniques are provided for children 
to learn how to protect the safety himself or herself. 

A survival swim program in Germany is given in four stages: 
Seepferdchen, Bronze, Silber, and Gold (Cho, 2015). It is step-
by-step training for the improvement of water confidence, diving, 
and coping skills. Further, the program appears to be more 
effective than a regular swim program. 

In England, the survival swim program is divided into 13 levels 
(Cho, 2015). Each level is evaluated in skills related to water 
safety, and survival and rescue methods. Children passing each of 
the 13 levels are awarded a pin. The program is intended to be 
less stressful than a regular swimming class that a result of the 
evaluation is not reflected in the student grade book. Children 
who receive a pin feel a sense of accomplishment, self-efficacy, 
competence, and confidence. 

 
METHODS 

Participants 
Participants were selected using a purposeful sampling method 

and 21 experts (n=21) in the field of survival swim including 
school teachers, swimming instructs, and professors were chosen 
in B City. The experts had expertise in at least one of the topics 
(i.e., survival swim, water safety, drowning prevention) and more 
than five years of experience in teaching regular and survival 
swim classes. The questionnaire was used to identify their 
opinions about survival swim program. The distribution of the 
questionnaire began on May 7, 2015 and finished on January 23, 
2016. Questionnaires were mailed out three times (May, June, and 
July) and reminder calls were also made three times to encourage 
completion.  

 
Delphi Method 

The Delphi method was employed with the use of three rounds 
of questionnaires (Figure 1). The first round was carried out to 
identify issues of significant concerns regarding survival swim 
program. Open-ended questions were asked, and responses were 
recorded in document sheets. Then the principal and collaborative 
investigators sorted responses into 36 distinct issues with five 
categories (i.e., educational facility, curriculum, instruction, 
awareness of survival swim, educational budget). Following 

rounds were used to rank and re-rank the issues. At the end of the 
third round, a reasonable level of agreement between experts was 
reached. 

 

 
Figure 1. Delphi method procedure. 

 
 
Round 1 

The round one involved a panel of experts. They were invited 
to ask open-ended questions about survival swim program. The 
experts included a school district commissioner in charge of 
survival swim program, two teachers, and two swim instructors. 
The meeting took place twice to discuss issues regarding 
problems and solutions of the survival swim program. During the 
session, the principal investigator facilitated to reach consensus 
on the agenda among the experts. 
 
Round 2 

In the round two, based on the results of round one, a draft 
questionnaire was designed then combined with the questionnaire 
used in a study of Chu and Kim (2016), Kwon (2016), Park (2017). 
Once a draft version of the questionnaire was completed, 
investigators and survey experts (more than ten years in survey 
research) were asked to provide any editorial changes if they 
thought it would improve the readability and the quality of the 
questionnaire. The draft questionnaire was revised based on the 
feedback from all the reviewers.  

The final version consisted of 36 items that attempted to 
measure opinions regarding the educational facility, curriculum, 
teaching method, perception of survival swim program, and 
budget. Additional 26 items were comprised to ask the necessary 
skills to be learned in order of the importance according to 
students’ grade levels. 

During the round two, the questionnaires were sent to the 
participant to ask to rank issues in order of importance. 
Importance of issues was determined by mean rank. The 
participants were again asked to rank the most critical issues to 
the least. 
  
Round 3 

Before round three, all participants received the results of 
round one and two indicating the rankings of issues related to 
survival swim programs. They were asked one last time to re-rank 
issues. The three rounds of the questionnaire were determined to 

Identify Issues
Issues ranked in 

order of 
importance

Issues re-ranked 



198  Lee and Kim 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

reach a reasonable level of consensus among the experts. In the 
result and discussion, data from the final round is presented and 
discussed. 
 

RESULTS AND DISCUSSION 
Based on the results, issues regarding survival swim programs 

and the importance of skills for each grade level were determined. 
The issues and skills were ranked in order of importance by the 
mean. 

 
Critical Issues Regarding Survival Swim Program 

The most critical issues regarding survival swim program in 
South Korea are divided by five subcategory topics (i.e., 
educational facility, curriculum, instruction, education awareness, 
budget) illustrated in Tables 1 through 8. Each issue in the topics 
is discussed briefly below. 
 
Top Five Issues Regarding Educational Facility 

Lack of educational facilities was ranked first in importance 
(Table 1). The finding was similar to previous studies (Kim, 2017; 
Kwon, 2016; Sung, 2004). The studies reported that the most 
challenging work to expand survival swim programs to all grade 
levels students of elementary schools was of building new 
swimming facilities. Students were less likely to have 
opportunities for survival swim programs when there were no 
swimming pools near the schools than schools which were 
located near swimming pools. It was reported that more than half 
of elementary schools had no access to the pools in Korea.  

In contrast, in Japan, approximately 90 percent of schools 
provided elementary and middle schoolers with survival swim 
programs using in-school pools or through the cooperation of 
neighboring private or public swimming facilities.  

In South Korea, pools are available in the distance from the 
schools because private, or public swimming facilities are in 
neighboring residence. Thus, teaching time losses due to traveling 
between schools and swimming facilities. Kim (2017) reported 
that actual learning time for students was only half of 6 hours. 

 
Table 1. Educational facility. 

 
Issues M SD Rank 

Lack of educational facilities 4.14 1.15 1 

Lack of swimming pools 4.05 1.24 2 
Pool depth improper for 
survival swim program 4.00 1.23 3 

Difficult transition 3.81 1.25 4 

Poor conditions of facilities 3.33 0.80 5 
 
Top Five Issues Regarding Curriculum 

Limited space and time for survival swim programs were first 
ranked in importance (Table 2). Kim and Kang (2017) reported 
that there were no pools available dedicated to survival swim 
classes. The classes were generally held in public facilities 
sharing with other members so that it was very difficult to obtain 
the attention of elementary school students in survival swimming 
education. In addition, the assigned time needs to increase. It was 
difficult to reach the desired levels of survival skills within the 

ten-hour program. More time should be allocated to the program 
and at the same time, instruction should be improved to reduce 
the time being wasted.  

A standardized curriculum was unavailable across the institutes. 
There were differences in the contents of survival swim programs 
between the institutes. Further, the instruction was unsatisfactory. 
School districts hire nonprofit or profit educational institutes who 
pass the evaluation. However, some might not perform as 
supposed to perform (Kim and Kang, 2017). There is a need for 
strict management and supervision as well as comprehensive 
evaluation. 

 
Table 2. Curriculum. 
 

Issues M SD Rank 

Limited space 3.90 0.89 
1 

Limited time 3.90 0.89 
Inconsistent educational 
curriculum between institutes 3.81 1.17 3 

Minimum time assigned 3.57 1.17 4 
Curriculum differentiated 
based on grade levels 3.33 1.43 5 

 
Top Five Issues Regarding Instruction 

The first ranked issue was that instruction does not meet the 
needs of students (Table 3). Kim and Kang (2017) reported that 
survival swimming instructors did not develop a lesson plan and 
did not give a lesson in consideration of students’ interests. 
Survival swimming skills might not be attractive to students but 
should be provided with enjoyable activities to maximize the 
learning. 

In addition, the experts felt doubts that students in the survival 
swim programs were able to perform necessary responses to an 
emergency when it actually occurred. Learning can be enhanced 
with repetition and application of the learned skills to the real 
situations. Thus, students should have sufficient time to practice 
survival swimming skills as well as opportunities to apply them 
to circumstance as close as to a real emergency (Kim and Kang, 
2017). 
 
Table 3. Instruction. 

Issues M SD Rank 

Instruction does not meet children’s 
needs 4.38 0.81 1 

Program Unproper for Emergency 
Response 4.05 0.74 2 

Need of Full Time Instructors 4.00 0.84 3 

Unqualified instructors 3.76 1.22 4 
Shortage of instructor education 
programs 3.67 1.16 5 

 
Another intriguing issue was a need of full-time instructors 

dedicated to teaching survival swim programs. It was reported 
that many institutes had employed part-time instructors to reduce 
the total operating expense (Kim and Kang, 2017). Further, 
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qualified instructors are rarely available, and instructor training 
courses are scant. To ensure the quality of teaching and learning, 
national or local government should provide more financial 
support and have the policy changed to require a full-time 
instructor highly qualified to teach survival swim for students. 

 
Top Five Issues Regarding Awareness of Education 

The most critical issue regarding educational awareness of 
survival swim programs was a need for survival swim education 
to be part of physical education curriculum (Table 4). This issue 
of concerns was settled in 2015 that the Ministry of Education 
(2015) revised physical education curriculum in 2015 and 
reflected water safety concerns to the curriculum in the leisure 
domain of physical education. In addition, a new curricular 
subject, called safe life, is developed with the inclusion of water 
safety in part and now offered to students at elementary schools. 
The safe life is a required subject to all the third-grade students 
and provided more experiential-oriented practice. programs was 
impossible. Further, it seemed that the lack of equipment and 
supplies for the program caused the decrease in teacher 
effectiveness. There should be a need for ongoing efforts of 
leaders and policymakers to increase the budget for education as 
well as survival swim education. 

 
Importance of Survival Swim Skills 

Since elementary students in grade three to five were provided 
survival swim lessons in South Korea, the importance of survival 
swim skills for each grade were determined and presented below. 

 
Table 4. Educational awarenesss. 

Issues M SD Rank 

Survival swim as part of 
physical education curriculum 4.71 0.56 1 

Effective Survival swim 
program 4.52 0.93 2 

Survival Swim program as 
whole-person education 4.48 0.75 3 

Doubtful effectiveness 4.33 0.73 4 

Lack of awareness 3.00 1.52 5 
 
Table 5. Budget. 

Issues M SD Rank 

Lack of government support 3.76 1.04 
1 

Insufficient equipment 3.76 1.04 
Difficulty of effective 
education 3.71 1.19 3 

Lack of local government 
support 3.67 1.11 4 

No access to swimming 
facilities 3.62 1.24 5 

 
Top Five Issues Regarding Budget 

The top issue was a lack of government support and adequate 
training equipment (Table 5). The combination of two issues 

makes it even more difficult for instruction to be effective. The 
finding of a previous study (Kim, 2007) supported this revealed 
issue. Kim (2017) reported that because of the recent budget cut 
for education, an increase in the budget for survival swim  

 
For Grade 3 

The first ranked skill for third-grade students was of adapting 
to water through various enjoyable activities in water, followed 
by floating, swimming 25~50m on the front, swimming on the 
back, basic level of knowledge regarding survival swim (Table 6). 

In a study of Bielee (2007), to overcome the fear of water was 
the most important goal of school swimming education. Further, 
Millward (2002) stated that schools needed to provide training for 
the water adjustment over swimming skills. Lee (2009) suggested 
that when students became adjusted to water, it was much easier 
for instructors to teach succeeding lessons about swimming skills 
and water safety. As shown in the study of the goals of the third-
grade swimming education in elementary school was to adjust to 
water, to learn nature of water, to enjoy swimming, to 
perseverance, to enhance challenging spirit. These previous 
studies support the present findings that water adjustment was the 
essential skill for the third-grade students of elementary schools. 

 
Table 6. Skill or knowledge for grade 3. 
 

Skill M SD Rank 

Water adjustment through play 4.67 0.66 1 

Float 4.57 0.81 2 

Swim 25~50m on front 4.48 0.68 3 

Swim on back 4.38 0.74 4 

Basic level of knowledge 4.33 1.07 5 
 
For Grade 4 

The skills or knowledge most desired for fourth-grade students 
were the general knowledge about survival swim, followed by 
how to float with flotation devices, treading water, breaststroke, 
and diving (Table 7). In the Germany survival swim program, the 
Seepfedchen and Bronze stage require students to learn similar 
skills and knowledge to those in South Korea. Further, the experts 
believed that the skills of improvising floatable objects (bucket, 
ball, bottle, cloth) were critical for the rapid response to an 
unforeseen emergency. 

 
For Grade 5 

The most important skills or knowledge to learn for fifth-grade 
students were the mastery of skills related to drowning prevention 
and rescue methods (Table 8). The second was the education for 
how to board a life raft. The third was the methods of improvising 
floatation device. The results showed that more advanced skills 
for the fifth-grade students were desired to learn. This standard 
was similar to the mastery level in the fourth stage (or Gold stage) 
of the youth survival swim course in Germany (Cho, 2015). 
Further, since many of the students who had poor survival skills 
were killed at the Sewol ferry incident, the skills and knowledge 
related to rescue, driving, floatation became essential components 
of the survival swim program. 
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Table 7. Skill or knowledge for grade 4. 

Skill M SD Rank 

Intermediate level of knowledge 4.29 1.06 1 

Float using a flotation device 4.19 0.98 2 

Tread water 4.10 1.18 3 

Elementary breaststroke 4.05 0.81 4 

Diving 4.00 0.78 5 
 

Table 8. Skill or knowledge for grade 5. 

Skill M SD Rank 

How to deal with drowning 
accident, how to rescue 4.43 0.75 1 

How to board a life raft 4.38 0.87 2 
How to make improvised 
floatation devices 4.29 0.90 3 

How to use floatation devices 4.24 1.00 4 
How to rescue using rescue 
device 4.10 1.14 5 

 
CONCLUSIONS 

The Delphi method provided critical issues regarding survival 
swim education in South Korea. Based on the results, lack of 
educational facilities, limited space and time, poor instruction, 
revision of physical education curriculum, and lack of 
government support were determined the most critical issues 
regarding the survival swim program. Further, skills or 
knowledge to learn were the water adjustment, the general 
knowledge about survival swim, drowning prevention and rescue 
methods. 
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The Korean National Assembly passed amendments to the Labor Standard Act in February 2018. The amendments 
mainly pertain to reduction in legal working hours (from 68 to 52 hours), excluding some special cases of work hours 
and recess hours, thus extending mandatory rest time. The amendments will take effect gradually according to the size 
of enterprises from July 2018 to December 2022. Thus, this study examined the effects of reducing legal working hours 
on employment in the ocean and fishery industries based on the result of a survey of 1,155 enterprises in this industry. 
The survey consisted of three parts, the current state of working hours, the impact of reducing working hours on 
business operations, and the preferred supporting measures from the government. According to the survey results, the 
average weekly working time is 42.8 hours, and 8.5% of the respondents are expected to be affected by the reduction 
in working hours. However, only a few companies have developed countermeasures against it. And the smaller the 
size of a company, the more difficult to come up with countermeasures. In order to establish stable working time 
reduction, it is essential to improve labor productivity and establish various government support policies. 
 
ADDITIONAL INDEX WORDS: Working hour, labor standard act, the ocean and fishery industries. 
 

 
INTRODUCTION 

Overtime work has served as a buffer to counter economic 
fluctuations in periods of economic growth. In a boom period, 
instead of hiring additional workers, the overtime working hours 
of existing workers are extended, and in a recession, overtime 
work is reduced to minimize the adjustment of employment. 
However, working for long hours results in various social costs, 
lowering the workers’ quality of life.  

The annual average working hours of Korean workers were 
2,024 hours in 2017. This is the second highest among member 
countries of the Organisation for Economic Co-operation and 
Development (OECD), whose average working hours were 1,729 
hours; thus, in Korea, the working hours were 5.7 hours more per 
week than in those countries. The Korean National Assembly 
revised the Labor Standards Act (LSA) in 2018 to reduce the 
weekly working hours and drastically decrease the scope of 
exceptional industries for extended working hours.  

Korea has about 140,000 ocean and fishery companies, and the 
number of workers they employ is estimated to be around 1.2 
million as of 2016. The added value of those industries are over 
38 trillion KRW, accounting for more than 2.7% of the gross 
domestic product (estimated by the 2014 Input-Output table of 
Korea and applied to the Korean System of Special Industrial 
Classification for the ocean and fishery industries).  

Korea’s ocean and fishery industries are composed of nine 
industries, including fishery, shipping, port, shipbuilding, and 
marine tourism. As these are diverse industries, such as primary, 
manufacturing, and service industries, the impact of the LSA’s 
revision is expected to vary. Nevertheless, so far, there is a lack 
of research into the working conditions of these industries.  

A reduction in working hours is a factor in increasing overtime 
expenditure in the corporate sector, leading companies to reduce 
production and employment (Crepon and Kramarz, 2002; 
Hamermesh, 1993; Hunt, 1999; Kawaguchi, Naito, and 
Yokohama, 2008; Konig and Pohlmeier, 1988). A regulation of 
working hours can be expected to lead to additional employment 
when associated policies are accompanied by improved 
employment and working conditions (Cho, 2018; Kim, 2008; 
Ministry of Employment and Labor, 2010, 2014a,b; Seifert, 1991; 
Shin et al., 2002; Yoo and Lee, 2014). The impact on the ocean 
and fishery industries depend on the economic conditions and 
institutional complementary measures involved. Thus, this study 
aims to review the impact of the government’s implementation of 
reduction in legal working hours on each sector of the ocean and 
fishery industries and suggest several alternative governmental 
supports to stabilize the regulation. To this end, this study does 
the following. First, we review the trend of annual working hours 
in Korea and deal with the contents and scope of industries under 
the regulation, including the ocean and fishery industries. Next, 
through a survey of the ocean and fishery industries, we analyze 
enterprises’ responses to the implementation of the new 
regulation as well as the employment prospects. The discussion 
section presents policies the government should implement on 
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priority based on the analysis results. The last section presents the 
conclusion.  

 
BACKGROUD 

The LSA prescribes the statutory working hours in Korea. The 
act was enacted in May 1953 and has been revised over 40 times. 
However, only twice, in 1989 and 2003, have the amendments 
pertained to reducing legal working hours. The 1953 act set the 
maximum working hours at 48 hours a week. In 1989, the legal 
working hours were reduced to 44 hours a week, and they could 
exceed to 56 hours a week if 12 hours of the extended work were 
added (Kim, 2017a). If there was an expedient that the extended 
work would not include holiday work, then the maximum 
working hours increased to 64 hours a week. The revised law in 
2003 reduced the legal working hours to 40 hours a week, which 
resulted in a shortened workweek from six days to five. The 
maximum working hours were 52, including 12 hours of extended 
work. However, many businesses interpreted holiday work 
differently from extended work and put their employees to work 
68 hours a week. (Ministry of Employment and Labor, 2018) 

In 1988, average weekly working hours of the employed were 
2,834 hours. This steadily decreased after introduction of the LSA, 
but Koreans still worked 2,024 hours per year (in 2017), the 
second highest number of hours globally according to the OECD 
(Figure 1). 
 

 

 
Figure 1. Trend of average yearly working hours (including all overtime) 
of the employed in Korea, 1980–2017. The dotted lines indicate times 
when the working hours were reduced. 

 
Sources:  OECD(2018) and Kim (2017b) 
 

Employment has been on the rise from 52% in 1963, but it 
decreased rapidly in 1998 due to the financial crisis. The 
employment/population ratio in 2017 was 60.8%, the highest 
since 1997 (Figure 2). 

The ocean and fishery industries, as defined in Korea, includes 
marine resources development, shipping and port, shipbuilding 
and plant, fisheries and aquaculture, seafood processing, seafood 
distribution, tourism and leisure in marine fisheries, marine 
fishery machine and equipment, and marine fisheries service. The 
number of regular employees of businesses with more than five 
employees is estimated to be about 1.03 million. Businesses with 
more than five regular employees are subject to the LSA, and 
under Articles 59 and 63 of the Act, shipping, fisheries, and 

aquaculture are not affected by the provision pertaining to 
working hours. (Ministry of Government Legislation, 2018.) 
Therefore, the number of businesses affected by this reduction in 
working hours is estimated to be 7,035 in the ocean industry and 
less than 32,900 in the fishery industry.  
 

 

 
Figure 2. Trend of the employment/population ratio in Korea, 1963–
2017. The vertical line indicates times when the working hours were 
reduced. 

 
Sources: OECD(2018) and KOSIS(2018) 
 

METHODS 
In this study, we conducted a survey to investigate the status of 

working hours and the effects of a reduction in working hours in 
the ocean and fishery industries. From the survey results, we 
induce the need for support polices and present policy 
implications.  

The survey questionnaire is composed of three parts: the 
current state of working hours, impact of reducing working hours 
on business operations, and plan for preparing a countermeasure 
and preferred supporting measures from the government. 
 
Table 1. Characteristics of the respondents. 
 

Characteristics No. of 
respondents          

Percentage 

Total 1,155 100.0 
Industry   

marine resources development  47 4.1 
shipping and port 300 26.0 
shipbuilding and plant 232 20.1 
fisheries and aquaculture 
sea food processing 
seafood distribution 
tourism and leisure in marine fisheries 
marine fishery machine and equipment 
marine fisheries service 

Number of workers 
1-9 
10-29 
20-49 
50-99 
100-299 
> 300 

39 
50 

181 
29 

131 
146 

 
448 
275 
246 
91 
71 
24 

3.4 
4.3 

15.7 
2.5 

11.3 
12.6 

 
38.8 
23.8 
21.3 
7.9 
6.1 
2.1 
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We conducted the survey with enterprises in the ocean and 
fishery industries that employ more than five workers through 
telephone interviews. We used the non-proportionate quota 
sampling method and allocated the sample through large-scale 
classification based on the ocean and fishery industrial 
classification. There are nine categories in this classification: 
marine resources development, shipping and port, shipbuilding 
and plant, fisheries and aquaculture, seafood processing, seafood 
distribution, tourism and leisure in marine and fisheries, maritime 
and fishery machine and equipment, and marine and fisheries 
service. The maximum allowed sampling error was ±2.88%p at 
the 95% confidence level.  

The survey began on May 9, 2018, and was completed on 
June 5, 2018, with a total of 1,155 respondents. The 
characteristics of the respondents are listed in Table 1. 

 
RESULTS 

Status of Working Hours 
According to the LSA, businesses employing more than 300 

workers should reduce working time to 52 hours from July 1, 
2018. According to the result of our survey, the average weekly 
working hours for the marine fisheries sector were 42.8 hours. By 
industry, marine fishery machine and equipment had the longest 
hours at 47.2 hours, followed by fisheries and aquaculture at 45.1 
hours and shipbuilding and plant at 45.0 hours. As Figure 3 shows, 
the average working hours per week exceed 52 hours in 6.0% of 
the companies. 

 
 

 
Figure 3. Average working hours per week of marine fisheries workers. 

 
 
Impact of the Reduction in Working Hours 

In the marine fisheries sector, 21.2% of the respondents said 
that they would be subject to reduction in working hours, and only 
8.5% will be affected by the implementation of the reduction in 
working hours. In the ocean and fishery sub-sectors, the 
percentage of respondents who said that they were affected by the 
reduction of working hours was high in shipbuilding and plant as 
well as tourism and leisure in marine fisheries.  According to 
company size, the larger is the size of the company, the more it is 
affected by the reduction in working hours.  

Regarding new recruitment plans due to shortened working 
hours, 15.2% of respondents answered that they have a 
recruitment plan. The larger is the company, the more likely it 
was to hire new employees. Regarding the difficulties in 
recruiting new employees, 30.4% of respondents answered that 
they had a high labor cost burden due to financial conditions, 21.8% 

said that it was difficult to find workers with the necessary skills 
for their jobs, and 19.1% answered that they face the burden of 
hiring new employees because it is difficult to dismiss. 

 
 

 

 
Figure 4. (a) Impact of shortened working hours on the ocean and fishery 
industries; (b) Impact of shortened working hours by the size of the firm.  

 
Note: (a) “Not relevant” means all workers worked less than 52 hours, 
and “Unaffected” means that workers worked more than 52 hours, but 
there are no problems in reducing the working hours. 

 
 

 
Figure 5. Difficulty in recruiting new employees. 

 
 
Figure 6 shows the problems expected to result from the 

reduction in working hours: 57.6% of the respondents said that 
they could not keep up with the target production, and annual 
sales would decrease; 47.3% were concerned about the loss of 
labor due to decrease in real wages, and 36.3% said they could 
not respond to seasonal and temporary demand increases. 
 
Countermeasures and Government Supports 

As regards the establishment of countermeasures against the 
implementation of the working hours reduction system, only 6.1% 
answered that they have developed a countermeasure, and 93.9% 
answered that there is no countermeasure. Overall, there are a few 

(a) 

(b) 
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countermeasures against the reduction in working hours. The 
larger is the company, the more likely it is to have prepared 
countermeasures for shortened working hours. 

 

 
Figure 6. Problems caused by reduction in working hours. 

 
 

 

 

 
Figure 7. (a) Preparation of countermeasures according to reduced 
working hours; (b) Preparation of countermeasures by the size of the firm. 

 
 
Regarding the desired government support system for the 

reduction in working hours, 30.5% of the firms want wage 
support and 16.8% want benefits for compliance with the law 
such as reduced tax. Moreover, 10.7% said they need education 
and training support for employees, and 10.3% want automation 
and facility support. Except for a direct support system such as 
wage support, the proportion of companies wishing to receive 
supports related to human resources (education, professional 
labor supply, and labor matching) is very high. 
 

DISCUSSION 
Based on the results of the survey conducted in this study, some 

implications are suggested.  
The survey showed that the smaller are the companies, the less 

prepared they are for countermeasures. Therefore, to implement 

the reduction in working hours in the ocean and fishery industries 
more efficiently, it is necessary to provide employment assistance 
to small businesses. Support for improving the human resources  

 

 
Figure 8. Desired government support systems 

 
 

management system, such as through consulting, education, 
coaching, and job model development, is needed to improve 
employment conditions focusing on small businesses. 

Second, if a company chooses to increase its employees to keep 
the business, various government supports are needed to help the 
new hire. Regarding recruitment of new employees, the ocean and 
fishery manufacturing sectors face the large burden of personnel 
expenses and difficulties in finding suitable people with 
appropriate work skills that they need. To implement the 
regulation and lead to more employment, investment in 
businesses and significant government support are needed. 

Third, it is essential to improve labor productivity for the 
establishment of shortened working hours. Most companies do 
not want to change their production and number of employees 
after the working hours are reduced. Therefore, improvement in 
labor productivity should precede the successful implementation 
of reduced working hours. Moreover, the government should set 
up various support policies for improving labor productivity, such 
as education and training programs and provision of professional 
labor. 
 

CONCLUSIONS 
This study investigates working conditions in the ocean and 

fishery industry as well as the influence of legal working hour 
reduction through a survey of companies in the industry. 
According to this survey of 1,155 companies, the average 
working hours per week were 42.8 hours, and the percentage of 
companies whose average weekly working hours exceeded 52 
hours was 6.0%. Major problems anticipated by the companies 
due to this reduction in working hours include a decrease in sales, 
shift in the workforce, and inability to respond to temporary high-
volume demand. Only 6.1% said they had plans to prevent the 
expected problems; the situation was worse for small-sized 
companies.  

On the other hand, 15.2% answered that there is a new 
recruitment plan, which suggests that working hour reduction 
may lead to an increase in workers’ quality of life, which was the 
original intention, and new employment may also increase. 
However, it was pointed out that investment in companies and 
government support are needed for the implementation of this 
new system to actually lead to such employment increase. In 

(a) 

(b) 
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addition, even if working hours are reduced, majority of the 
companies that want to keep both production and employment at 
the current level are expected to increase productivity, which shall 
become the most important factor for the establishment of the 
working hour reduction system. 

Since the 52-work-hour system is being phased in from July 
2018, it has become urgent for the government to formulate 
policies to support this system. First, government support 
schemes such as wage support for employees preferred by 
companies in the ocean and fishery industry, provision of benefits 
to law-abiding companies, support for human resources education, 
and support for building automated facilities should be given 
priority consideration. Second, there is a need to improve the 
effectiveness of policies by providing a clear roadmap that 
considers the demand from the sub-sectors of ocean and fishery 
industry. To develop appropriate policies, it is necessary to 
conduct detailed follow-up research on industries such as the 
wholesale and service industry and the shipping industry, which 
are expected to be significantly affected by the legal working hour 
reduction. In addition, it is important to build an employment 
database for the ocean and fishery industry to find up-to-date 
statistics and identify trends over time. 
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ABSTRACT 
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Most underwater divers, including recreational participants, use compressed air with a composition of 21% oxygen 
and 78% nitrogen for breathing while submerged. Deep underwater diving often requires a lengthy decompression time 
shortly after surfacing, especially if the operator was submerged for an extended period, or descended to a considerable 
depth. This process is required to remove nitrogen which dissolves into the body with the increase in pressure with 
depth. If this intervention is not taken, the diver’s safety cannot be ensured, and the likelihood of ensuing 
decompression sickness increases. This means that in the case of air diving, there is significant risk associated with 
working in deep sea conditions or remaining submerged for a prolonged period of time. To address this issue, a new 
type of breathing gas with a higher oxygen-to-nitrogen ratio called nitrox has been formulated, which has resulted in 
an increased use by the recreational diving community. In addition, the use of nitrox in the case of commercial diving 
has also recently increased. Nitrox diving results in a significantly reduced decompression time since the amount of 
nitrogen dissolved in the body is drastically reduced due to the high oxygen-to-nitrogen ratio in nitrox. Correspondingly, 
the risk of suffering from decompression sickness is reduced. In this report, the applicability of nitrox diving using the 
Varying Permeability Model (VPM) to improve diver safety and work efficiency is discussed. The study results 
indicate that the beneficial effects of nitrox are nonexistent for shallow diving operations, regardless of the breathing 
gas used. This is because the no-interval-decompression limit is too long. However, using a 36%-oxygen nitrox in deep 
diving scenarios can decrease the total work time by 33% and the decompression time by up to 73% compared to air. 
Therefore, for scenarios in which the depth does not exceed the maximum operating depth, nitrox is both safer and 
more efficient than diving with air. 
 
ADDITIONAL INDEX WORDS: Nitrox dive, commercial diving, varying permeability model, diving simulation. 
 

 
INTRODUCTION  

Divers exposed to a high-pressure underwater environment as 
represented in Figure 1 are always at risk of diving-related 
illnesses, and the risk increases drastically with time spent 
underwater. Even if modern heavy machinery such as the 
example shown in Figure 1b is used, the operator is still exposed 
to the high-pressure underwater environment. Therefore, because 
diving operators are constantly exposed to such an environment, 
safety must be prioritized under all circumstances. Also, in 
commercial diving scenarios, work efficiency is directly related 
to economic viability. It follows naturally that underwater work 
must be conducted in an environment that is able to satisfy both 
criteria. 

Most diving, including recreational diving, involves the use of 
breathable air with a composition of 21% oxygen and 78% 
nitrogen. The amount of nitrogen dissolved in the body increases 
drastically when the operator is exposed to an extended diving 

period or in deep-water diving conditions. Although some of the 
nitrogen accumulated within the body is expelled via the 
breathing process due to the reduction in pressure during ascent, 
the operator must spend some time performing decompression 
steps to get rid of the remaining nitrogen in the body. If these 
measures are not taken, severe injury can result and even death 
can result. This implies that air diving alone not ideal for reliably 
safe deep water or extended underwater operations.  

In the 1970s, the National Oceanic and Atmosphere 
Administration (NOAA) introduced nitrox; a type of breathing 
gas that has a higher oxygen content and a lower nitrogen content. 
However, regulations regarding nitrox used in professional 
settings, such that depicted Figure 1, have only recently been 
implemented (IMCA, 2012; ADCI, 2014). Nitrox diving reduces 
the amount of nitrogen that dissolves into the body, thus reducing 
the decompression time. Furthermore, it reduces the risk of 
decompression sickness caused by accumulated nitrogen in the 
body. However, the partial pressure of oxygen, which is affected 
by depth, renders the operated much more susceptible to oxygen 
toxicity compared to air. Therefore, the maximum operating 
depth which is determined by the proportion of oxygen in the air 
must be clearly established. 
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This study investigates the applicability of nitrox diving in 
improving diving operator’s work efficiency and safety. Using 
the VPM, both air and nitrox are simulated in 1-dive-in-a-day and 
2-dive-in-a-day conditions. Finally, the data is analyzed, and the 
safety and efficiency of nitrox diving are discussed. 

 
 

 
(a) Concrete block leveling by a diver 

 

 
(b) Rubble mound leveling by a heavy equipment 

 
Figure 1. The underwater operations in marine construction. 

 
 

METHODS 
Lifeboats and Rescue Boats 

Nitrox diving is characterized by both a higher proportion of 
oxygen and a lower proportion of nitrogen in the inhaled gas. 
Accordingly, type of diving increases the possibility of the 
occurrence of oxygen toxicity, while nitrogen narcosis is 
decreased compared to air diving. Oxygen toxicity is further 
increased if the partial pressure of the inhaled oxygen is high, or 
the exposure time in the water is increased. Therefore, various 
diving organizations have established set limits on the maximum 
allowed partial pressure of oxygen (ppO2). The range of this 
acceptable limit is 1.2-1.8 ppO2 depending on the type and 
purpose of the diving. In this study, the maximum allowed ppO2 
of 1.6 is applied to diving simulations. This is the standard for 

commercial diving. 
Therefore, it is possible to compute the maximum operating 

depth (MOD) by substituting the maximum allowed ppO2 and 
fraction of oxygen (FO2) into Equation (1). In addition, the 
equivalent air depth (EAD) necessary for the decompression 
procedure can be computed by inserting values for the diving 
depth (D) and the fraction of nitrogen (FN2) into Equation (2): 

 

2

2

ppOMOD [m] 10 1
FO

 
= × − 

 
                           (1)  

 
( )2FN 10

EAD[msw] 10
0.79

D +
= −                        (2) 

 
Decompression Model  

The VPM is an algorithm that attempts to model the behavior 
of bubbles within the human body during decompression. The 
algorithm was initially developed by Yount (1979) in laboratory 
testing by Baker (1998a, 1998b). This work has been subject to 
expert review and the final work was completed by Yount et al. 
(2000). They added the final revision to VPM-B by Baker (2002), 
which has become the standard in common use today. 

The fundamental relationship of the dissolved gas model is 
described by a differential equation: 

 

( )i
dP k P P
dt

= −                                      (3) 

which states that the instantaneous rate of change of inert gas 
pressure in a hypothetical tissue compartment is equal to a time 
constant (k) multiplied by the difference between the inspired 
inert gas pressure (Pi) and the present (or initial) compartment 
inert gas pressure (P). 

When exposed to pressure, the inert gas pressure at any time in 
each compartment during on-gassing or off-gassing can be 
calculated according to its given Thalf. The basic formula is: 

 
( ) ( ) ( )half0.693 /

0 0 1 t T
iP t P P P e= + − × −                    (4) 

where, P(t) is the compartment inert gas pressure; P0 is the initial 
compartment inert gas pressure; t is the time; Thalf is the half-time 
of the compartment. 
 
Diving Simulation Conditions  

In this study, diving simulations were conducted with both air 
and nitrox. The conditions are divided into one-dive-in-a-day and 
two-dive-in-a-day, as shown in Table 1. The time for 1-dive and 
rest are set to two hours each. The diving depths are 10 m, 20 m 
and 30 m with a speed of descent of 15 m/min and a speed of 
ascent at 8 m/min. The gaseous components of the breathing gas 
are shown in Table 2. Air and two types of enriched air nitrox 
(EAN) with 32% oxygen and 36% oxygen, called EAN32 and 
EAN36 respectively, are considered during the simulations. 
These two enriched gases for the diver’s breathing are 
standardized for use by the NOAA. 

The environmental pressure Pamb applied in the decompression 
model follows from the hydrostatic pressure obtained using 
Equation (5). 
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ambP ghρ=                                        (5) 

 
where, ρ is the seawater density, g is gravitational acceleration, 

and h is the depth at which the diver operates.  

 
Table 1. Diving conditions used in diving simulations. 

Depth 
[m] 

Movement speed [m/min] Working 
time [hr] 

Surface 
interval time 

[hr] Downward Upward 

10, 20, 30 15 8 2 2 

 
Table 2. Breathing gas conditions used in diving simulations. 

Gas 
Component proportion 

Note 
Oxygen (FO2) Nitrogen (FN2) 

Air 0.21 0.78 Air diving 

EAN32 0.32 0.67 Nitrox 
diving EAN36 0.36 0.63 

 
Table 3. Maximum operating depths due to partial pressure of oxygen. 

Gas 
Maximum allowed ppO2 

1.2 1.4 1.6 1.8 

Air - 47.2 - 56.7 - 66.2 - 75.7 

EAN32 - 27.5 - 33.8 - 40 - 46.3 

EAN36 - 23.3 - 28.9 - 34.4 - 40 
 

RESULTS 
Maximum Operating Depth (MOD) 

Figure 2 shows the partial pressure of oxygen according to 
Dalton’s law. The black line represents air; the blue represents 
EAN32; and the red represents EAN36. The dotted lines represent 
the MOD when the ppO2 is 1.6.  

In Figure 2, the MOD for the air dive with the smallest FO2 is 
the largest. In the case of the two nitrox, EAN32 shows a greater 
MOD since it has a smaller FO2. This represents the fact that the 
operable water depth becomes increases with the FO2 of the 
breathing gas. The restrictions on the operable depth are greater 

when nitrox is used compared to air. However, due to their 
smaller FN2, the risk of nitrogen narcosis is reduced. 

Table 3 lists the MOD values that were calculated using 
Equation (1) at permissible ppO2 values between 1.2 to 1.8. It can 
be seen from this table that a higher ppO2 value results in a 
significant increase of the MOD. For EAN36, the value at 
ppO2=1.8 is almost twice the value at ppO2=1.2. 

Within the simulation, the standard commercial value of 1.6 is 
used for the maximum allowed ppO2. Under that condition, even 
at the MOD of 30 m, EAN36 with the greatest FN2 value does not 
exceed the ppO2 value of 1.6. As such, the operator is not at risk 
of oxygen toxicity (however, this study does not consider the 
maximum allowed operating duration according to the maximum 
allowed ppO2).  

 
Simulated Results 

Figure 3 shows the plot for the data obtained from the one-dive-
in-a-day simulation: (a) represents the operating depths of 10 m, 
(b) of 20 m, and (c) of 30 m. The black line shows data obtained 
using air, the blue dotted line shows the results for EAN32, and 
the red striped line shows the results for EAN36. 

 
 

 
Figure 2. Vertical distribution of partial pressure of oxygen. 

 
 

 

   
(a) Operating depth = -10 m (b) Operating depth = -20 m (c) Operating depth = -30 m 

Figure 3. Comparison of results using different breathing gases for the one-dive-in-a-day condition. 
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(a) Operating depth = 10 m 

 

 
(b) Operating depth = 20 m 

 

 
(c) Operating depth = 30 m 

 
Figure 4. Comparison of results using different breathing gases for the 
two-dive-in-a-day condition. 

 
 
In Figure 3, since the depth represented by (a) is relatively 

shallow, underwater tasks can be completed safely regardless of 
the breathing gas used as long as the ascent rate is kept at a certain 
threshold speed. This is because the no-decompression limit 
(NDL) time is longer than the working time. In the case of Figure 
3 (c), the decompression time is longer than the operating time 
when air is used. However, in the case of nitrox diving, despite 
the equal operating time compared to air, the NDL time is much 
shorter. EAN36, which has a greater FO2 value than EA32, is 
most effective at reducing the decompression time. As seen in 
Figure 3 (b), only EAN36 has a longer NDL time relative to the 
operating time at a depth of 20m. 

Figure 4 represents the data collected when another 2-hour 
underwater operation was conducted after a 2-hour surface 
interval period. The symbols used in this figure are the same as 
those used in Figure 3. 

During the surface interval time, accumulated nitrogen in the 
body from the previous dive is expelled through normal 
respiration. The typical time period required for complete 
removal of this gas is 12 hours. Therefore, a 2-hour rest on the 
surface is insufficient to completely expel all the accumulated 

nitrogen, which affects the subsequent dive. The effect can be 
seen in Figure 4, where the decompression time after the second 
round of underwater operation is significantly longer than the first 
dive. This is further supported by Figure 4 (c), which shows that 
a much longer decompression time is required when the operating 
depth is 30 m. However, using EAN32 or EAN36 reduces the 
time required by a considerable amount. This effect is greater for 
EAN36, since it has a larger FO2 value than EAN32. 

 
DISCUSSION 

Table 4 shows the total diving time required when the 
decompression time is included as discussed earlier. When the 
operating depth is 10 m, the amount of nitrogen dissolved in the 
body is reduced, due to the small difference between the 
environmental and atmospheric pressure. Therefore, there is no 
difference in the diving or decompression times between air and 
nitrox diving. However, when considering the case in which the 
most time-effective EAN36 is used, a total reduction of 38 
minutes 49 seconds at 20 m, and 1 hour 27 minutes 14 seconds at 
30 m is observed for the diving and decompression times, 
respectively, compared to air. Under the two-dive-in-a-day 
condition, the use of EAN36 results in an even further reduction 
for the second dive of 51 minutes 46 seconds at 20 m and 2 hours 
14 minutes 54 seconds at 30 m of operating depth. 

Table 5 shows the total working times including the first 
descent, first dive time, first decompression/ascent time, surface 
interval time, second descent, second dive time, and the second 
decompression/ascent time. At 10 m, the total time is equal 
regardless of the breathing gas used because the NDL time is 
shorter than the underwater time. At 20 m, using EAN32 saves a 
total of 1 hour 12 minutes 27 seconds compared to using air, and 
1 hour 25 minutes compared to EAN36. This is more effective at 
an operating depth of 30 m, where using EAN32 saves a total of 
3 hours 2 minutes 1 second, whereas using EAN36 saves 3 hours 
42 minutes and 8 seconds compared to using air.  

Based on the data collected from the diving simulations, there 
is no difference in decompression, diving, and operating times at 
shallow depths regardless of the breathing gas used. However, 
using air at a depth of 30 m to perform 2 hours of underwater 
operation requires 11 hours 9 minutes 11 seconds in total for 
complete decompression. In the case of deep diving scenarios, it 
is not safe for an operator to dive more than once using air, and 
the operator will be exposed to water for more than 4 hours since 
more than 2 hours is required for decompression even when only 
one dive is conducted. Therefore, in such a circumstance, nitrox 
diving is safer and more efficient. In short, using EAN36 reduces 
the total time required by 33%, first decompression time by 70%, 
and second decompression by 73%. 

 
CONCLUSIONS 

In this study, a series of diving simulations were conducted in 
order to study the effectiveness of nitrox diving in improving 
underwater operator safety and work efficiency. The VPM was 
used for the simulation, and the operating depth was chosen to be 
less than the maximum operating depth with maximum allowed 
ppO2 of 1.6. The operating time and surface interval time were 
both 2 hours each, and two conditions; one-dive-in- one-day and 
two-dives-in-one-day were considered. The following is a 
summary of the main findings of this study: 
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Table 4. Comparisons of decompression times in underwater and diving times.                                                                                         unit: HH:MM:SS                                                                      

Depth [m] Gas 
1st dive 2nd dive 

Decompression time Diving time Decompression time Diving time 

-10 
Air 00:00:00 02:00:15 00:00:00 02:00:15 

EAN32 00:00:00 02:00:15 00:00:00 02:00:15 
EAN36 00:00:00 02:00:15 00:00:00 02:00:15 

-20 
Air 00:38:49 02:38:49 00:51:46 02:51:46 

EAN32 00:06:01 02:06:01 00:12:07 02:12:07 
EAN36 00:00:00 02:02:30 00:00:00 02:02:30 

30 
Air 02:05:03 04:05:03 03:04:18 05:04:18 

EAN32 00:54:02 02:54:02 01:13:18 03:13:18 
EAN36 00:37:49 02:37:49 00:49:24 02:49:24 

 
Table 5. Comparisons of total working times including surface interval times.                                                                                          unit: HH:MM:SS 

Depth [m] Gas Total working time 

-10 
Air 06:00:30 

EAN32 06:00:30 
EAN36 06:00:30 

-20 
Air 07:30:35 

EAN32 06:18:08 
EAN36 06:05:00 

-30 
Air 11:09:21 

EAN32 08:07:20 
EAN36 07:27:13 

 
(1) When the maximum allowed ppO2 is 1.6, the MOD for 

air is -66.2 m, 40 m for EAN32, and -34.4m for EAN36. Depths 
lower than the specified value cannot be said to be sufficiently 
safe in regard to oxygen toxicity of the diver. 

(2) At an operating depth of 10 m, the total diving time is 
shorter than the no-decompression-limit time regardless of the 
breathing gas used. Therefore, the operator only needs to maintain 
a steady ascent rate and does not need to follow special 
decompression steps.  

(3) At an operating depth of 30 m which is considered to 
be deep diving, a longer decompression time compared to the 
operating time is required when air is used. This also has a 
significant effect on the second dive of the day, which increases 
the decompression time to 3 hours, thus resulting in a total diving 
time of over 5 hours in total.  

(4) In contrast, using EAN36 at 30 m reduces the total 
diving time by 33%, the first decompression time by 70%, and 
the second decompression time by 73%.  

The results of this study demonstrate that using nitrox with 
large FO2 and small FN2 values can be considerably effective in 
reducing diving and operating times. Also, since nitrox has a 
small FN2, it reduces the amount of nitrogen that dissolves into 
the body, thereby decreasing the risk of decompression sickness. 
In conclusion, nitrox is safer and more efficient in underwater 
operations than air. 
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the visit intention of Haeundae beach tourists: Focused on the extended goal-directed behavioral model. In: Lee, J.L.; 
Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of 
Coastal Research, Special Issue No. 91, pp. 211-215. Coconut Creek (Florida), ISSN 0749-0208. 
 
The purpose of this study was to identify the effect of safety perception on visit intention of Haeundae Beach visitors 
by applying extended goal-directed behavioral model. To achieve the goal of this study, a total of 243 surveys were 
collected from beach visitors who have visited Haeundae in recent 3 years. The collected data were analyzed and 
interpreted by SPSS 24.0 and AMOS 20.0. For the analysis, frequency analysis, confirmatory factor analysis, validity 
test, correlation analysis and structural equation model analysis were performed. All tests were performed using a .05 
significance level. The results of this study were as follows. First, attitude, subjective norm and positive anticipatory 
emotion had a significant relationship with desire. Second, negative anticipatory emotion and perceived behavioral 
control had not significant effect on desire. Third, safety perception had a significant effect on desire and visit intention. 
Fourth, desire and visit intention were significantly related. In conclusion, it is important to increase the level of safety 
perception in order to expand the number of visitors in Haeundae Beach.  
 
ADDITIONAL INDEX WORDS: Beach safety perception, goal-directed behavioral model, water safety. 
 

 
INTRODUCTION 

Beach is one of the most central tourism attraction around the 
world (Holden, 2008; Roca, Villares, and Ortego, 2009). Beach is 
highly popular in Korean tourism as well, which can be shown 
from growing population of beach visitors every year (Lee et al., 
2017). However, there were not many studies on beaches. This is 
also the case for Haeundae, which is the representative beach in 
Korea for 7 million people visited every year. Especially, the 
study of the beach safety is very important because it is directly 
related to the life of tourists. According to the Statistics Korea 
(2018), the number of beach accidents in South Korea has 
increased from 395 in 2015 to 523 in 2017 over the past three 
years. The death toll has also risen to 93 in 2017 for the past 10 
years, indicating that the response to the accident is insufficient. 
But most of the previous researches on the safety of Haeundae 
were on the study of the current (Choi, 2014; Kim et al., 2017), 
and the previous studies on the safety facilities and management 
were limited (Kim et al., 2014; Lee et al., 2017; Yoon and Hong, 
2017). Therefore, in this study the existing research will be 
developed to see how important the safety is for the tourists of 
Haeundae beach. 

 
Background 

In this study, Perugini and Bagozzi (2001)’s the model of goal-

directed behavior were used to analyze visitors’ behavioral 
intention to visit Haeundae beach. The model consists of attitude 
(AT), positive anticipated emotion (PAE), negative anticipated 
emotion (NAE), subjective norm (SN), desire (DE), perceived 
behavioral emotion (PBC), visit intention (VI). The goal-directed 
behavioral model is a useful in analyzing and predicting decision 
making process in the social science (Leone, Perugini, and 
Ercolani, 2004).  

This study added a safety perception variable to the existing 
theory in order to expand the theory and to understand tourists’ 
behavior patterns in various aspects following Conner and 
Abraham (2001)’s study. 
 
Purpose of Study 

The purpose of this study is to analyze the safety behavior of 
visitors to Haeundae beach using extended goal-directed 
behavioral model with safety perception as additional variables. 
Through this study, we will aim the importance of perceived 
safety to beach visitors and contribute to improving the 
attractiveness and management of tourists at Haeundae and 
Korean beaches. 

            
RESEARCH MODEL 

This study investigates the structural relationships by using 
extended goal-directed model among several variables. The 
selected variables for this research were as follows: attitude, 
positive anticipated emotion, negative anticipated emotion, 
subjective norm, desire, visit intention, perceived behavioral 
control and safety perception. The research model is shown in 
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Figure 1, from which the following nine hypotheses were 
developed.  

 
 

 
Figure 1. Research hypothesis. 

 
 

METHODS 
In this study, a questionnaire was used to determine the 

influence of safety perception on the visit intention of Haeundae 
beach tourists by focusing on the extended goal-directed 
behavioral model. All questions except were measured using a 5-
point Likert scale except for the general questions. A total of 261 
questionnaires were collected for tourists who visited Haeundae 
Beach in the last 3 years by using convenience sampling of non-
probability sampling. From which 243 valid questionnaires were 
analyzed using the IBM SPSS 21.0 and AMOS 20.0 programs. 
Frequency analysis, validity and credibility tests, confirmatory factor 
analysis, correlation analysis, and structural equation modeling analysis 
were conducted. 
 

PARTICIPANT CHARACTERISTICS 
The characteristic of participants is shown in Table 1. 

 
Table 1. Characteristic of participants. 
 

Category  N % 

Gender Male 
Female 

139 
104 

57.2 
47.8 

Age 

20’s 
30’s 
40’s 
50’s 

Over 60 

112 
68 
33 
26 
4 

46.1 
28.0 
13.6 
10.7 
1.6 

Number of visits 
to Haeundae 

in recent 3 years 

Less than 3 times 
3-9 times 

10-20 times 
More than 20 times 

161 
58 
14 
10 

66.3 
23.9 
5.7 
4.1 

 
MEASUREMENTS 

This study used 16 questions from Lee et al. (2017)’s safety 
perception questions that was developed previous study of Pinhey 
and Iverson (1994)’s and Kim (2013)’s research. The 24 
questions of goal-directed behavioral model were modified from 
Perugini and Bagozzi (2001)’s study.  

 
VALIDITY AND CREDIBILITY 

The constructed questionnaire of this study was reviewed for 
content validity by a leisure science major professor and three 

individuals with PhDs in leisure studies. Confirmatory factor 
analysis(CFA) were conducted for convergent and discriminant 
validity tests. This study also used the Tucker-index(TLI), the 
comparative fit index(CFI) and the root square error of 
approximation(RMSEA) to evaluate the model fit. When the TLI 
and CFI are over. 90 and the RMSEA is under .80, the model is 
considered to be valid and credible (Hu and Bentler, 1999). 
Following the Table 2 results indicated a good fit to the criteria. 

As shown in Table 2, convergent validity was verified in all 
questionnaires that each item’s values were over .70 in CR and 
over .50 in AVE results. Also, according to Fornell and Larcker 
(1981), the discriminant validity was confirmed as the AVE 
values (0.596–0.862) were higher than the square root of the 
correlation coefficient between the latent variables (0.082–0.547). 
The Cronbach α values were over .70, so the internal consistency 
is confirmed. The details regarding the validity tests and 
correlation analyses are shown in Tables 2. 
 

 
RESULTS 

Correlation Analysis 
All factors were found to be correlated at a .01 significance 

level for a result of the correlation analysis. The details of the 
correlation analysis are shown in Table 3. 
 
Model Fit 

The model for this study based on the hypothesis fit was tested. 
As seen in Table 4, the TLI, CFI, and RMSEA values met the 
criteria. 
 
Path Analysis 

Table 5 and Fig. 2 show the results of the path analysis. Seven 
hypotheses (H1, H2, H4, H5, H6, H8, H9) were statistically 
supported at a significance level of less than .001, two hypotheses 
(H3, H7) were rejected of the total nine hypotheses.  
 

 

 
Figure 2. Research results. 
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Table 2. Validity test and confirmatory factor analysis. 
 

  

Variables  Estimate Variance CR AVE Cronbach’s α 
Facility security 

(Safety Perception) 
Emergency signage was installed .838 .284 

.853 .660 .847 Fire extinguishers were prepared .826 .320 
Guidance for dangerous facilities and places was installed .754 .399 

Hygiene 
(Safety Perception) 

Overall cleanliness was good .810 .455 

.853 .596 .849 
Snacks and food sanitation at stores were good .841 .248 
Bathrooms were clean .822 .402 
Staff appearance was neat .627 .540 

Disabled facility 
(Safety Perception) 

Facilities for the old and the weak .866 .273 
.870 .690 .881 Facilities for the disabled .802 .389 

Facilities for the old and disabled were provided to rest .859 .292 
Emergency facility 
(Safety Perception) 

Emergency bell installed .763 .477 
.580 .656 .853 Proper instructions announced in an emergency .831 .297 

The emergency room location well-displayed .856 .277 
Police 

(Safety Perception) 
The police and life guard locations well-displayed .853 .274 

.900 .751 .898 Police and life guards wearing appropriate uniforms .850 .275 
Police and life guards capable of taking care of safety .886 .191 

Attitude 
(AT) 

Visiting Haeundae beach is useful behavior .887 .215 

.924 .753 .926 
Visiting Haeundae beach is valuable behavior .899 .212 
Visiting Haeundae beach is enjoyable behavior .815 .319 
Visiting Haeundae beach is meaningful behavior .887 .250 

Subjective norm 
(SN) 

People who are important to me assent with that I visit 
Haeundae beach .946 .110 

.952 .832 .951 

People who are important to me support that I visit Haeundae 
beach .918 .165 

People who are important to me understand that I visit 
Haeundae beach .844 .265 

People who are important to me agree with that I visit 
Haeundae beach .934 .127 

Positive anticipated 
emotion 
(PAE) 

If I visit Haeundae beach, I will feel interesting .827 .332 
.894 .739 .899 If I visit Haeundae beach, I will feel happy .875 .234 

If I visit Haeundae beach, I will be satisfied .893 .226 
Negative anticipated 

emotion 
(NAE) 

If I cannot visit Haeundae beach, I will feel sad .812 .264 
.858 .669 .840 If I cannot visit Haeundae beach, I will feel disappointed .822 .305 

If I cannot visit Haeundae beach, I will feel nervous .761 .375 
Desire 
(DE) 

I want to visit Haeundae beach in the near future .925 .151 
.949 .862 .957 I want to participate in Haeundae beach in the near future .959 .095 

I wish to visit Haeundae beach in the near future .934 .176 
Perceived behavioral 

control 
(PBC) 

Whether or not I visit Haeundae beach is completely up to me .697 .361 
.829 .620 .806 I am confident that if I want, I can visit Haeundae beach .856 .295 

I have enough resources to visit Haeundae beach .758 .442 
Visit intention 

(VI) 
I intent to revisit Haeundae beach in the near future .914 .187 

.934 .782 .946 
I am willing to revisit Haeundae beach in the near future .958 .101 
I would revisit Haeundae beach in the situations like now .862 .340 
I would revisit Haeundae beach with the opportunities like this .883 .283 

χ2 = 666.793 , df = 349 , TLI = .952 , CFI = .944 , RMSEA = .061 
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Table 3. Correlation analysis. 
 

 

variable 1 2 3 4 5 6 7 8 
1.Safety perception 1        

2.Attitude .663*** 1       
3.Subjective norm .586*** .620*** 1      
4.Positive anticipated emotion .487*** .648*** .575*** 1     
5.Negative anticipated emotion .564*** .521*** .301*** .341*** 1    
6.Desire .585*** .657*** .579*** .678*** .436*** 1   

7.Perceived behavioral Control .366*** .368*** .387*** .449*** .291*** .296*** 1  

8.Visit Intention .699*** .684*** .582*** .518*** .543*** .730*** .500*** 1 

Table 4. Model fit. 
 

Model Fit χ2 df TLI CFI RMSEA 
Value 900.628 351 .904 .917 .080 

 
Table 5. Path analysis. 

 
H path estimate S.E. t status 
H1 Attitude → Desire .374 .055 6.321*** Supported 
H2 PAE → Desire .331 .064 5.655*** Supported 
H3 NAE → Desire .113 .070 1.945 Rejected 
H4 SN → Desire .278 .053 4.927*** Supported 

H5 Safety Perception  
→ Desire .185 .065 3.293*** Supported 

H6 Safety Perception  
→ Visit Intention .409 .062 4.863*** Supported 

H7 PBC → Desire -.073 .098 -1.252 Rejected 
H8 PBC → VI .274 .092 4.863*** Supported 
H9 Desire → VI .499 .053 9.174*** Supported 

 
DISCUSSION 

To improve beach visitor’s safety awareness, this study 
analyzed the structural relationship between safety perception, 
attitude, subjective norm, positive anticipated emotion, negative 
anticipated emotion, desire, perceived behavioral control and visit 
intention by using extended goal-directed behavioral model.  

First, attitude, positive anticipated emotion and subjective 
norm had a statistically significant effect on desire. This means 
that hypothesis 1, 3 and 4 were supported. Attitude means to the 
level of friendly assessment of an individual toward a specific 
behavior (Ajzen, 1991) and subjective norm refers to people’s 
who were deemed important opinion significantly positively 
affecting an individual decision to pursue a certain action (Ajzen 
and Driver, 1992). Also positive anticipated emotion represent 
positive levels of emotions that an individual feels when 
performing certain behaviors (Perugini and Bagozzi, 2001). The 
three variables used in hypotheses 1, 3, and 4 have a common 
positive meaning. Therefore, the support of these three 
hypotheses suggests that the positive emotions in tourists’ 
decision to visit the beach can strengthen the desire to visit the 
beach. This can be supported by the results of previous research 
(Lee et al., 2012; Song et al., 2012) that attitude and subjective 
norm had positive effects on desire as volitional elements and 

positive emotions have a strong influence on one's desire 
compared to negative anticipatory emotions (Song et al, 2012). 

Second, hypothesis 2 and 7 that negative anticipated emotion 
and perceived behavioral control had a statistically significant 
effect on desire was rejected. Negative anticipated emotion is a 
negative affect can be negatively related to one’s decision (Leone, 
Perugini and Bagozzi, 2005), and perceived behavioral control 
refers one’s confidence or ability to perform certain actions 
(Ajzen, 1991). The rejected hypotheses 2 and 7 mean that 
participants in this study did not participate in the beaches due to 
negative emotions. Therefore, it seems that eliminating negative 
emotions is not effective in increasing the number of visitors to 
the beach. This is consistent with previous studies of the 
insignificant relationship between negative anticipated emotion 
and desire (Lee at el, 2012; Perugini and Bagozzi, 2001), as well 
as previous studies with respect to non-statistical significance of 
perceived behavioral and desire (Ajzen and Madden, 1986; Park 
and Patrick, 2009).  

Third, hypothesis 5 and 6 that safety perception affects each 
desire and visit intention were adopted as a result of path analysis. 
According to the results of this study, it is found that desire and 
visit intention are influenced by safety perception more than the 
influence of intrinsic measures of goal-directed behavior model 
on desire and intention. This means that the safety factor can be a 
very important measure for attracting tourists to the beach. This 
can be supported by previous studies mentioned that beach needs 
to improve safety perception of the visitors in order to improve 
their intention to visit beaches (Lee at el., 2017; Nardi and Wilks, 
2007; Short and Hogan, 1994).  

Finally, hypothesis 8 and 9 was adopted that desire and 
perceived behavioral control affect visit intention. Perceived 
behavioral control had a direct effect on visit intention rather than 
desire. According to Ajzen and Madden (1986), because 
perceived behavioral intention is a combination of measures with 
different properties such as internal factors knowledge and 
planning, and external factors such as time and opportunity. That 
is, the unconstrained variables like PBC may not be constantly 
denoted. In terms of desire, which was the most significant in 
intention predict, is consistently supported by what other studies 
have reported (Bansal and Taylor, 1999; Lee et al., 2012). 
Therefore, in order to increase the number of visitors to the beach, 
satisfying visitors' desires can be interpreted as the most 
important thing. 
 

CONCLUSIONS 
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This paper introduces a quantitative research on the importance 
of safety perception for the tourist’s behavioral intention in the 
Haeundae beach.  

First, it is important to increase tourists’ desires in order to 
increase their visit to the beach. In fulfilling this desire, it is more 
effective to strengthen positive ways, such as attitude, positive 
anticipated emotions and subjective norms, rather than removing 
negative emotions.  

Second, safety perception is also important to increase beach 
tourists. As the perception of tourists that the beaches they visit is 
safe, the desire and intention to visit the beach increase. Therefore, 
beach providers should focus on improving safety by checking 
facilities and deploying security to increase the number of beach 
tourists. Especially safety perception is a direct measure of the 
visit intention to the beach, it is necessary to place more important 
priority than other behavioral factors. 
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ABSTRACT 
 
Lee, J.; Park, J.; Kim, I., and Kang, D.Y., 2019. Application of vision-based safety warning system to Haeundae Beach, 
Korea. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety 
Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 216-220. Coconut Creek (Florida), ISSN 0749-
0208. 
 
Between 2012 and 2017, the number of drowning incidents in South Korean beaches has been on the rise. To prevent 
drowning accidents, huge number of lifeguards are hired to operate lifesaving activities. This burdens municipal 
governments in the budget. Nevertheless, because of the limitation in these resources as well as equipment, it is difficult 
to maintain the effective safety management. Nighttime incidents caused by entering into the water in the absence of 
lifeguard makes safety management become more critical. In order to resolve the issue of limited numbers of lifeguards 
and equipment in the aquatic facilities including beaches, it is necessary to develop automated detecting of high profile 
of drowning and warning systems that support lifeguarding and safety management. Moreover, to provide and maintain 
safe beach environment in accordance with international standards and prevent injuries and life-threatening incidents, 
it is essential to develop relevant reliable systems. Among these systems is the application of an intelligent video 
surveillance technology, the CCTV, for establishing a safe beach environment. The CCTV technology can help in 
developing a system that detects swimmers and beachgoers approaching dangerous zones and takes proper action. By 
integrating life-saving technologies that can be applied during both daytime and nighttime, which issue warnings and 
generate responses when swimmers enter the water at night, it enables to overcome vulnerabilities of other disaster 
control systems and ensure efficient safety monitoring round the clock. 
AELIS (Aquatic Environment Life-saving Integrated System) is designed to monitor the high profiles of drowning and 
the swimmers approaching the swimming boundary lines in real time in order to prevent accidents in the water 
environment and maintain high standard of the safety. It also detects the swimmers who attempt to get in the water 
without lifeguards at night, which has high possibility of drowning. 
 
ADDITIONAL INDEX WORDS: AELIS, Vision-based safety warning system, intelligent CCTV, Haeundae Beach.  
 

 
INTRODUCTION 

To prevent drowning accidents, huge number of lifeguards are 
hired to operate lifesaving activities. This burdens municipal 
governments in the budget. Nevertheless, because of the 
limitation in these resources as well as equipment, it is difficult to 
maintain the effective safety management. Nighttime incidents 
caused by entering into the water in the absence of lifeguard 
makes safety management become more critical. In order to 
resolve the issue of limited numbers of lifeguards and equipment 
in the aquatic facilities including beaches, creeks and lakes, it is 
necessary to develop automated detecting of high profile of 
drowning and warning systems that support lifeguarding and 
safety management. Moreover, to provide and maintain safe 
beach environment in accordance with international standards 
and prevent injuries and life-threatening incidents, it is essential 
to develop relevant reliable systems. Among these systems is the 
application of an intelligent video surveillance technology, the 
intelligent CCTV, for establishing a safe beach environment. The 

intelligent CCTV technology can help in developing a system that 
detects swimmers and beachgoers approaching dangerous zones 
and takes proper action. By integrating life-saving technologies 
that can be applied during both daytime and nighttime, which 
issue warnings and generate responses when swimmers enter the 
water at night, it enables to overcome vulnerabilities of other 
disaster control systems and ensure efficient safety monitoring 
round the clock. AELIS (Aquatic Environment Life-saving 
Integrated System) is developed to monitor the violation of 
swimming boundary lines in real time in order to prevent 
swimming incidents and maintain safety of beachgoers, 
especially swimmers who enter in the water at night. It 
automatically recognizes the danger occurring in blind spots 
where hardly managed by lifeguards. The system alarms through 
a warning siren as well as pop-up screen with intuitive situation 
awareness signals based on spatial information by SMS (Short 
Message Service) with current warning information. In result, it 
reduces the risk of life-threatening incidents and brings fast 
rescue response when such incidents occur. Figure 1 illustrates 
the AELIS interface screen highlighting the danger situation 
warning to related authorities and the other stakeholders including 
emergency service (Kang, Hong, and Lee, 2017). 

www.cerf-jcr.org 

†Institute of Industrial 
Technology 

Kangwon National University  
Chuncheon, Republic of Korea 

www.JCRonline.org 

§School of Civil and 
Environmetal Engineering  

Geogia Institute of Technology 
USA 

‡College of Sports and 
Leisure Studies 

Yonsei University 
Seoul, Republic of Korea 

____________________ 
DOI:  10.2112/ SI91-044.1  received 9 October 2018; accepted in 
revision 14 December 2018. 
*Corresponding author: ctokang@lskorea.org 
©Coastal Education and Research Foundation, Inc. 2019 

∞Division of Architecture and 
Civil Engineering 

Dongseo University 
Busan, Republic of Korea 



                               Application of Vision-based Safety Warning System to Haeundae Beach, Korea                           217 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 91, 2019 

But, the limitations and improvements of the following 
technologies have been derived. 1) Improvement of algorithms 
used at the initial step, 2) Minimization of false detection due to 
noise, 3) Necessity of universal technology development due to 
various test-bed expansion. 

Therefore, in this study, we developed a Vision-based Safety 
Warning System with improved performance and applied it to 
Haeundae Beach, Korea. The main purpose of the system used in 
this study is as follows. 1) Use data from video stream to detect 
people in a beach scene, 2) Count the number of people in 
different regions of the beach, 3) Identify situations where people 
encroach into hazardous areas. 

 
 

 
 

 
Figure 1. AELIS interface screen. 

 
 

METHODS 
Required Fuctions of Targeted System 

The required functions of the targeted system are as follows 
while developing an improved vision-based safety warning 
system. 1) A Graphical User Interface in EXE format was 
developed to allow automated processing of video data, 2) Users 
can access a video stream of any installed camera by specifying 
the IP address and port number, 3) The software breaks up the 
video stream into individual image frames and performs person 
detection, 4) The GUI reports the number of people detected in 

the safe zone as well as the warning zone. A temperature map is 
used to indicate crowded regions on the beach, 5) Users are able 
to customize the detection boundary as well as provide additional 
training data to improve the performance of the algorithm. 
 
Enhanced Algoritims 

In the initial stage of development of AELiS, dynamic and 
KCF Tracker algorithm were constructed by Gaussian mixture 
model to implement the detection algorithm of the seaside 
boundary line and the closed beach. For effective background 
image extraction, taking out moving waves for example, the 
Gaussian mixture model technique was utilized, where the 
background image consisted of multiple Gaussian distributions. 
Using the extracted background image, a swimming boundary 
line is set by the Active Contour Model framework in which the 
line is automatically generated in consideration of buoys, beach 
vacationers, and a pattern of the rise and fall of the tide. It is worth 
mentioning here that the Active Contour Model is a method of 
detecting a boundary that minimizes the energy of the current 
boundary as an outline by using a total of internal and external 
energies. A swimming boundary line is created, internal 
coordinates of an object is obtained, particle filter is used for 
tracking, and object tracking is applied to distinguish people from 
other objects. This algorithm generates an alarm whenever an 
object continues to be tracked in given frames (Kang, Hong, and 
Lee, 2017). 

In this study, we developed the vision-based safety warning 
system using the following advanced algorithms for the target 
system. 1) K-Means Clustering for Person Detection: A color- 
based clustering method is used to detect the outline of a person 
in a specified image frame. Each image frame from the camera is 
first pre-processed by converting from RGB color space to LAB 
color space, which is more discriminative for segmentation 
purposes. The pixel colors are further reduced to a set of K 
discrete colors using K-means clustering. Each person instance is 
detected in the image frame by identifying clusters of pixels 
having the pre-defined color ID (Chen, Fang, and Cho, 2017), 2) 
Machine Learning for Detection Filtering: A web-based 
annotation software was used to create ground-truth labels for 
machine learning. A total of 100 training images and 20 test 
images were used for machine learning. An initial detection was 
first obtained using the baseline clustering algorithm. True 
positives, false positives, and false negatives were identified from 
training data. Next, feature vectors were obtained for detected 
objects by calculating statistics from each image patch based on 
position, size, edge, and color. A machine learning classifier is 
then used to learn a binary classification of detected boxes (0: 
false detection, 1: true detection). As described in table 1, the 
accuracy of machine learning-based classification was compared 
between three algorithms, which are K-Nearest Neighbors (KNN), 
Support Vector Machines (SVM), and Random Forest. 3) 
Combined method: To obtain improved person detection, the 
results from K-means clustering was passed to the best 
performing classifier from Random Forest to result in a set of 
refined detections. The accuracy of the combined method was 
measured as follows, where TP=True Positive, FP=False Positive, 
FN=False Negative. Results show that combining K-means 
clustering with a Random Forest classifier led to a large 
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improvement in precision with a small loss in recall rate as 
described in table 2. 
 
Table 1. Accuracy of machine learning-based classification. 

Method Train 
Accuracy 

Test 
Accuracy 

K-Nearest-Neighbor  (k=4) 1.000 0.794 

SVM 0.855 0.762 

Random Forest (n=10) 0.985 0.787 
 
Table 2. Accuracy of the combined method. 

Method TP FP FN Precision Recall F-score 

K-means 102 326 85 0.24 0.50 0.33 

K-means + 86 97 94 0.51 0.44 0.47 

Random Forest       

 
RESULT 

Site Description 
Haeundae Beach is located at latitude of 35.16° N and a 

longitude of 129.17° E, on the southeastern corner of the Korean 
Peninsula, where thousands of tourists gather every summer. In 
recent years, there have been numerous reports of swimmers 
being swept away by rip currents along Haeundae Beach, as 
shown in Figure 2. 

 
 

 
Figure 2. Rip currents at Haeundae Beach. 

 
Owing to the large population of Busan City, the beach gets 

many visitors throughout the year. During the summer vacation 
eason, in particular, over one million people may visit the beach 
on a peak day. However, the beach is extremely small, with a 
length of only 2 km. The average width of the beach is less than 

50 m. The mean tidal range is less than 1 m, and waves mostly 
come from the south during the summer swimming season and 
thus are nearly perpendicular to the shore, which often generate 
rip currents. A directional wave buoy is located 1 km offshore to 
measure incident waves. Because of the nearly perpendicular 
incident-wave conditions, the rip channels appear to be stable 

over a measurement period. Mainly at night, the buildings hinder 
winds from the seaward direction, which can decrease the 
incident-wave height. This is because the beach has been exposed 
to higher wave heights and beach erosion. Moreover, the presence 
of several oversized sunken rocks located a short distance from 
the beach results in a very uneven morphology. The very uneven 
water depth facilitates variation in the breaking of waves. This is 
seafloor inclination of 1/15 to 1/30 and a wave-dominated pocket 
shape with a softer inclination along the eastern side. According 
to the tidal characteristics observed by the Busan harbor tidal 
observation station, Haeundae Beach has a mean sea level of 64.9 
cm.  In addition, the representative wave directions (θ) are 
southeast (45° SE), south (S), and southwest (19° SW), with the 
waves reaching a significant wave height (H1/3) of 0.15–2.39 m 
(mean value of 0.61 m) and a wave period (T1/3) of 2.66–16.40 s 
(mean value of 5.42 s) (Kim et al., 2017). 
 
User Interface 

Early versions of AELIS were only specific to Haeundae Beach, 
which was difficult to apply to other beaches. So the vision-based 
safety warning system using these improved algorithms have 
been developed with a lightweight and intuitive user interface for 
general application rather than specific beaches. Therefore, beach 
safety decision makers and managers can easily use this vision- 
based safety warning system to safeguard the safety of all 
beachgoers at all times. The user interface of the enhanced AELIS 
system introduced in this study is as follows. 1) The Graphical 
User Interface allows users to connect to a CCTV camera by 
specifying the IP address and port number as shown in Figure 3, 
2) Users can specify a detection boundary and annotate objects to 
provide additional training data as shown in Figure 4, because the 
wave current is the result of the hydraulic gradient of the mean 
water level.  The change is directed seaward by the almost 
identical current nearby. Rip channels were observed in the surf 
zone bathymetry. Haeundae Beach has an average 3) As shown 
in Figure 5, while running, the GUI continually updates the count 
of detected persons in the safe region as well as the warning 
region. Different regions of the beach are color-coded according 
to how crowded they are, 4) Multiple instances of the software 
can be run simultaneously, each allowing a view of a different 
camera as shown in Figure 6. 

 

 
Figure 3. Connect to a CCTV camera by IP address and port number. 
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Figure 4. Detection boundary.

 
 

 

 
Figure 5. Count of detected persons in the safe & warning region. 

 
 

 

 
Figure 6. Multiple instances of the GUI system. 

 
 

Machine Learning 
The small size of the target in the sea and the change in color 

over time caused an undetectable error. In addition, detection 
errors due to objects such as boats and buoys have occurred. The 
resolution of the CCTV camera monitoring the beach was too low 
to identify the person. Also, the algorithm should consider the 
change of the viewpoint and the change of the illumination with 
time according to the position of the camera. These are errors in 
the computer vision method. 

To solve this realistic problem, we used machine learning 
technique. Machine learning is a field of artificial intelligence that 
uses statistical techniques to give computer systems the ability to 
learn (e.g., progressively improve performance on a specific task) 
from data, without being explicitly programmed. Machine 
learning explores the study and construction of algorithms that 
can learn from and make predictions on data. We manually 
created the annotated data using the web interface, which we used 
to train machine learning algorithms. In this study, a total of 120 
images including individual detection of 1266 persons were used. 

 
CONCLUSIONS 

In this study, enhanced vision-based safety warning system has 
been developed. New AELIS, which added the ability to count 
the number of people using video stream data to detect people on 
the  beach  CCTV  screen,  track  their  movements,  and  identify 
situations where swimmers penetrate dangerous areas. 

In the LAB color channel, K-means clustering was used to 
standardize image color information, and a binary image was 
created at a location coincident with the cluster center with the 
darkest color. Combining adjacent pixels, forming bounding 
boxes around the object, and performing detection in predefined 
safety and hazard areas. Machine learning techniques were used 
to improve errors in computer vision methods such as detection 
errors due to boats and buoys and low resolution of CCTV video 
covering wide area. We manually created the annotated data using 
the web interface, which we used to train machine learning 
algorithms. As a result, it is found that the accuracy of the 
algorithm applying the machine learning technique is improved 
compared to the computer vision method 

New AELIS is commercially ready to be applied in the 
facilities where require high standard lifeguarding services such 
as popular beaches and lakes. Unlike conventional emergency 
management systems dependent on human resources, this system 
has automatic recognition and evaluation functions of high 
drowning profile that make use of an intelligent image detection 
technology.  It can contribute to minimizing the workload of 
lifeguards and facility managers and can help support the 
decision-making of ancident-prevention systems through its 
quick and accurate judgment of situations. 
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ABSTRACT 
 
Agwanda, P.O and Iqbal, M.M., 2019. Engineering control of eutrophication: Potential impact assessment of 
wastewater treatment plants around Winam Gulf of Lake Victoria in Kenya. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; 
Muin, M., and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special 
Issue No. 91, pp. 221-225. Coconut Creek (Florida), ISSN 0749-0208. 
 
Municipal wastewater treatment is one of the engineering solutions to the reduction of nutrients deposit into the lakes 
without an appreciation of the ultimate catchment-wide impact of engineering solutions in reducing nutrient loads input 
to the Gulf. Applying LOADEST  and LAKE2K to evaluate the potential impact of municipal wastewater treatment 
measures adopted for the reduction of nutrient into the Winam Gulf of Lake Victoria, Kenya. About 10% to 31% of 
Total Phosphorus removal was achieved while Total Nitrogen increased in the wastewater treatment process. The 
combined potential impacts of the existing three wastewater treatment plants (WWTPs) were less than about 2%. 
Rigorous analysis of the scale and dynamic of catchment nutrient budget is essential to the design of engineering 
solutions for effective eutrophication control.   
 
ADDITIONAL INDEX WORDS: Eutrophication, phytoplankton, wastewater treatment plants. 
 

 
INTRODUCTION 

Eutrophication is an environmental threat to lakes.(Jiang et al., 
2004). It is the increase of natural productivity of lake due to 
nutrient input (Kuo, Hsieh, and Jou, 2008) resulting in increased 
turbidity, anoxic conditions, and Harmful Algal Blooms(HABs) 
such as cyanobacteria (Cai et al., 2016). The increased 
phytoplankton density results in turbidity, induce odours due to 
oxygen depletion from decaying organic matter, eventually 
resulting in fish kills, health risks and aesthetic inconveniences 
for recreational uses .(Okely et al.,2010). 

Pollution sources are point sources like industrial and sewerage 
discharge or diffuse such as run-off from farmlands and urban 
centres (Juma, Wang, and Li, 2014). Other sources include 
release and resuspension of nutrient from sediment deposit after 
accumulation. (Dithmer et al., 2016; Nowlin et al, 2005). To 
mitigate the problems, catchment management and in–lake bio-
chemical remediation measure are applied in reducing nutrient 
influx and impact to the lake ecosystem. (Huser et al., 2016) The 
nutrient reduction measures include; advanced wastewater 
treatment for municipal and industrial effluent, recycling of 
organic agricultural wastes, replacement of inorganic fertilizers 
by manure (Khorasani, Kerachian, and Malakpour-Estalaki, 2018; 
Iqbal et al., 2018) and biochemical remediation of sediment 
release. 

Engineering control of eutrophication entails set of Best 
Catchment Management Approaches (BCMAs) (Khorasani et al., 
2018). A common set of BCMAs include Conventional (energy 
intensive) municipal Wastewater Treatment Systems such as 
Tricking Filters, Waste Stabilisation Ponds (WSP) improved with 
constructed wetlands and catchment nutrient load reduction 
measures (Sells, 2018). However, the complexity of land 
management and ownership (Twesigye et al., 2011) has the 
limited widespread application of measures such as WSP and 
constructed wetlands, mostly ending up modified. Other BCMAs 
include Inlake Catchment Management (ICMs) like 
hydrodynamic and hydrologic manipulation, dilution, mixing and 
outflow in the watershed. (Kuo et al., 2008). The most common 
engineering approach is wastewater treatment plants (WWTPs) 
for physical and biochemical removal of nutrients from the 
domestic and industrial wastewater (Hsieh et al., 2010; Iqbal et 
al., 2018). In developing countries, WSP technology and 
Trickling Filter (Bio filter) are the most widely used due to their 
ease of operation. Trickling Filter (Biofilter) are the mostly 
wastewater treatment technology. However, the technology, age, 
operation, and maintenance efficiency affect their efficiency on 
nutrient removal rate. (Gómez et al., 2017) 

The objective of this study is to assess the relative potential 
impact of nutrient waste load reduction by three Wastewater 
Treatment Works around Winam Gulf of Lake Victoria in Kenya 
with respect to the overall catchment loading and consequent 
phytoplankton growth within the gulf. 
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Theoretical Background 
Phytoplankton are free floating photosynthetic microscopic 

algae which undertakes primary productivity by utilizing light to 
convert atmospheric carbon and nutrients into protoplasm-
chlorophyll-a, and the reverse of the process is respiration (death) 
of the phytoplankton. Primary production is the composite 
process by phytoplankton involving photosynthesis (growth) and 
respiration (death). It can be represented by stoichiometry as in 
equation (1); 
 

 

〖106CO2(g)  +  16 NO3
− (𝑙𝑙) + HPO4

2− (𝑙𝑙)  
+ 122 H2O(𝑙𝑙) + 18H+

+ Trace Elements 
↔  [C106H263 O110 N16P1]
+  138O2〗 

(1) 

(Where C-Carbon, O-Oxygen, H-Hydrogen, P-Phosphorus,  
N-Nitrogen) 
 
Wastewater Treatment Process 

Two technologies of municipal wastewater treatment are: 
Trickling Filter and Waste Stabilisation Ponds. Trickling Filter is 
a bed of solid media with embedded bacteria for removal of 
organic substances by use of bacterial action. A schematic of the 
process for the Bio-filter Wastewater treatment process is 
indicated in the Figure 1. 

 
 

 
Figure 1. Kisat Trickling Filter Process. 

 
 
The sequence for the wastewater treatment in Waste Stabilisation 
Ponds is provided in the Figure 2. 
 

 

 
Figure 2. Cross sectional diagram of series of waste Stabilisation ponds 
system. 

 

Waste stabilization Ponds (WSPs) are a series of artificial;) 
anaerobic, facultative and aerobic (maturation), for bio-physical 
removal of certain pollutants in wastewater through natural 
processes. They are commonly used in tropical climates.  
 

METHODS 
Study Site 

The location of the study site is shown in the Figure 3. 
 

 

 
Figure 3. Location map of the Winam Gulf, Lake Victoria. 

 
 

The general study site comprises catchment of Winam Gulf 
(Figure 3) drained by 6 rivers; Nyando River, Sondu Miriu, 
Awach Kibuon, Awach Tende, Awach Seme and Nyamasaria.  
The site includes three wastewater treatment works; Nyalanda 
Waste Stabilisation Ponds and Kisat Trickling Filter in Kisumu 
and Homa Bay Waste Stablilisation Ponds (Figure 2).  
 
Data Set 

Meterological data (2081-2014) was obtained from Kenya 
Meteorological Department (K) while river discharges (1968-
2017), water quality (2000-2017) and WWTPs performance data 
(2016-2017) were obtained from Water Resources Authority 
(Kenya) and Hydrodynamic data from National Synthesis Report 
of LVEMP II. 
 
LOAD Estimator  

LOAD Estimator was used to estimate mean daily 
concentrations for TN and TP in the rivers, based on the known 
mean discharges. It is a regression model that computes unknown 
concentrations and nutrient load based on known flows of river 
discharges. 
 
LAKE2K Model 

LAKE2K model is a numerical model developed by Chapra 
and Martin (2004) to simulate heat regime and nutrient-
phytoplankton-zooplankton dynamics in a lake ecosystem. It is 1 
–D-Model that requires geographic, biochemical and physical, 
parameters. It is written is Visual Basic, and it applies Microsoft 
Excel as the graphical user interface (GUI). The inputs data 
included; bathymetry, inflow/outflow, mass transport/kinetic 
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coefficients and initial conditions) and output (field 
measurements and results for all state variables trends), in both 
tabular and graphical form. Model calibration was done using d 
monthly data August 2005 to August 2006. 

 
Theoretical Model 

The theoretical model was developed to simulate the 
phosphorus loading and resultant concentration in the gulf. It 
is based on a conservation of the mass balance dynamic 
equation for the input nutrient load (W) and resultant 
concentrations (s) over time period(t). The unit time step 
adopted is month of 30.4 days Unlike typical lakes with 
outflows, gulf dynamics included horizontal dispersive flux in 
both directions. The phosphorus decay constants include 
particulate settlement and phytoplankton intake. Primary 
Productivity of Phytoplankton. 
 

 

 
Figure 4. Physical Model of Nutrient and Phytoplankton ecosystem in a 
Gulf. 

 
 
Total Phosphorus Concentration 

The governing equation for the mass balance for Total 
Phosphorus (TP), including orthophosphate in equation (1) can be 
represented shown in equation (2). 

 
𝑉𝑉 ds
dt

= 𝑊𝑊 − QS + 𝐸𝐸′(sl − s) − VKS                                  
 

                           (2) 

Where; W-TP load (kg/day), S-TP concentration-Volume of 
gulf (m3), W-Total Phosphorus (Kg/day), Q-Outflow (m3/day), 
K-Particulate phosphate settling as TP decay constant (m/day), E1 
is the horizontal dispersion flux coefficient between the gulf and 
the main lake. And then modifying equation (2) to include 
phytoplankton uptake term-in equation (1), as additional decay 
K1n and horizontal dispersion exchange coefficient, the TP 
concentration in the gulf at time (t) can represented as equation.  
 

 
St =

W + E′S𝑙𝑙
Q + K′V + E′ �1 − exp �−�

Q + K′V + E′
V � t��

+ Soexp �−�
Q + K′V + E′

V � t� 
(3) 

 
Whereas S0 is initial concentration at time t0, and S(t), ultimate 

concentration in the gulf after time (t). S(l) is the lake 
concentration. The composite decay (due to particulate settling 
and phytoplankton intake) rate of TP is K1  
 
Performance Evaluation of Wastewater Treatment Plants 

The percentage of TP removed by WWTW, aims to reduce the 
TP load (W) in the equation (3), hence reduces S(t). A weighted 
efficiency (Ec) was applied to evaluate the specific impact [Is] and 
global impact [Ig]on the total load; 

 

 
EC

=
E1

E1 + E2 + E3
  

                                                       
(4) 

 
RESULTS 

The results of the analysis are presented. The results of the 
comparative assessment of the water quality of the main lake 
and Winam Gulf to is shown in Figure 5. 

 

 
Figure 5. Water Quality of Winam Gulf and Main Lake.  

 
 
Water Quality of Winam Gulf and Main Lake 

Figure 5 presents a synoptic comparison of the water quality 
at Winam gulf and main Lake, all taken at 0.5m depth from the 
surface. The TP concentration in the Gulf is 160% higher than 
in the main lake, with DO (<1%), and Temperature (~3%) both 
higher than main lake. The main lake is 64% more transparent 
(Sechi-depth) than the Gulf.  The N:P ratio was observed from 
the global TN:TP ratio whereby the main lake has 190% higher 
TN: TP ratio. Overall, a better water quality in the main lake is 
observed compared to the Gulf.  

Results shows that Gulf receives major nutrients from the 
catchment through the main rivers and atmosphere as shown in 
the Figure 4. For TN, the major source is atmospheric deposition 
(68%) and catchment through rivers (32%) and wastewater 
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treatment discharges contributing less than 1%. The main source 
of TP from catchment runoff is 54%, atmospheric deposition 
44%, and 2% contribution from the wastewater treatment plants. 
 

 

 
Figure 6. Sources of Nutrients entering into Winam Gulf.  

 
 

 

 
Figure 7. Plot of Total Nitrogen (mg.l) against the Primary Productivity 
of the Winam Gulf mg/C/m3/day. 

 
 

In Figure7, Primary productivity increased by over 50% 
between March (170 mg/m3/day) and November (270) while TN 
nearly overalls remained constant, but with significant 
fluctuations in between. Both the Primary productivity and Total 
Nitrogen Input closely from March to June. Between June and 
September, TN leads Primary Productivity before sharply 
declining as the Primary productivity assume a plateaus trend.  

In the Figure 8, Primary productivity increased by over 50% 
between March (170 mg/m3/day) and November (270) while TP 
decrease by 30%. From May to November, Primary productivity 
conversely associates with the TP, with clear-low-peak tie in 
August before achieving the optimum depletion of TP against 
maximum growth. The Phytoplankton growth plateauing and 
decreasing. 

Figure 9 indicates that Homa bay WWTP reduced both TN 
(11%) and TP (12%) while Kisat and Nyalanda reduces TP at 10% 
and 31% respectively (Figure 8). It is also observed that 
concentrations of TN increased within Kisat and Nyalanda 

WWTPs instead of decreasing. On TN removal, Nyalenda 
WWTP is the most efficient having removal efficiency about 31% 
while Kisat is the least efficient about 10%. 
 

 

 
Figure 8. Primary Productivity verses the Total Phosphorus Concentration 
within the gulf. 

 
 

 

 
Figure 9. TP and TN removal by the WWTPs in Kisumu and Homa Bay.  

 
 

DISCUSSION 
Study presented the result of catchment loading characteristics, 

consequent eutrophication and potential impact of wastewater 
treatment works on nutrient reduction at catchment scale. The 
result indicates that there is reasonable variation of water quality 
between the gulf and the main lake.  The N/P ratio of the gulf 
(5.22) implies higher eutrophic status as also adduced by(Zhang 
et al., 2018)  for shallow lakes. The reason for the high gradient 
of TN: TP ratio>10 could be due to poor mixing between the lake 
and gulf, due to the hydraulic constriction and weak currents a 
cross the Rusinga channel as reported by (Khisa, Njuguna, 
Ngessa, Hecky, & Sciences, 1996). DO (>5.0 mg/l) at the gulf is 
very important for fish survival, aquatic health and productivity 
of gulf, despite the pollution level demonstrated by the nutrient 
concentration. 

The main sources of nutrient in the gulf are; rivers, atmospheric 
deposition and, urban effluent passed through wastewater 
treatment plants. The highest TP load is from rivers, traversing 
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agriculturally based catchment area. Comparatively, atmospheric 
deposition is the dominant source of Nitrogen, possibly due to 
largely available atmospheric Nitrogen. This explain why the 
main lake, with larger surface area, has higher TN than the gulf, 
compared to their relative TP concentrations. Both the gulf and 
the lake extract more than 68% of their Nitrogen budget from 
atmospheric influx. Therefore, BCMA for Phosphorous removal 
on Winam should be prioritised from the catchment and 
municipal wastes sources.  

The relationship between TP and TN to Primary productivity 
(Figure 6 and 7) exhibits a sigmoid trend, but with converse 
relationship. This phenomenon mirrors characteristics of lakes 
with very high nutrient levels. The parallel peaks of primary 
productivity and troughs of TP therefore confirms that TP is the 
limiting nutrient in the gulf.  

WWTPs are used for nutrient removal among other pollutants. 
For nutrient removal, the technology varies from activated sludge 
(basic) to Phosphorus stripping techniques. Due to capital and 
operation cost(Gomez et al., 2017) traditional methods like 
Trickling Filters and Waste stabilisation ponds, are still used in 
developing countries like Kenya. Comparing the efficiency of TP 
removal for the three WWTW at Kisat (10%), Nyalanda (31%) 
and Homa Bay (11%), Homa bay WWTW achieved. This was 
likely achieved by settling (for ponds) and filtering in the 
Trickling Filters of Kisat. According to the World Bank Note 7, 
used a reference guide for the design of Wastewater stabilisation 
Ponds, removal of Phosphorus is not anticipated design objective 
of WSPs. Instead, an increase in Phosphorus is anticipated in 
WSP due to conducive environment for algal growth at the 
maturation ponds; of shallow depth, wind aeration and nutrient 
availability at suitable temperature. 

 
CONCLUSIONS 

This study assesses the potential impacts of existing WWTPs 
for the reduction of a catchment nutrient budget exported to the 
Winam Gulf. The quantitative analysis of the nutrient 
contribution by sources reveals that non-point sources, 
atmospheric deposition, and run-off through rivers are the most 
dominant sources of Phosphorus and Nitrogen, while least 
sources are discharges from the WWTPs. Inside the gulf, the 
primary productivity is influenced by Phosphorus as the limiting 
nutrient. However, the combined Total Phosphorus removal load 
by all the three existing WWTPs is insignificantly too low to 
impact on the eutrophication. Subsequent investment and long 
term measures on eutrophication controls are necessary for 
sustainable and adequate management of the Lake water 
ecosystem.  
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The first inland artificial flow canal, Arawaterway, located at the lower part of the Han River, Korea, has been 
experiencing an excessive concentration of chlorophyll-a, lately. This study aims to develop an efficient plan to reduce 
the concentration of chlorophyll-a in the waterway. An analytical model was applied and calibrated with the data of 
the year 2016 to find the influence of the detention time on the chlorophyll-a concentration. Statistical analysis was 
applied to verify the results of the analytical model.  A numerical method, Runge-Kutta was applied to compare the 
results of the analytical solution. A flow model was developed to find the optimum flow rate from the Han river to the 
Arawaterway. Based on the elevation of West Sea and the Han River the elevation of Arawaterway was calculated. 
The results revealed that under the optimum flow conditions, the detention time could be decreased by 61%. The result 
produced by the flow model was applied on the analytical model and it was revealed that the mean monthly 
concentration of chlorophyll-a could be decreased by 28%.   
 
ADDITIONAL INDEX WORDS: Arawaterway, water quality, chlorophyll-a, analytical model, flow model.

INTRODUCTION 
The excessive nutrient concentrations in water bodies due to 

human activities are long considered to help in the growth 
of algae which is known as cultural eutrophication (Smith, Joye, 
and Howarth, 2006).  Excessive algae in a reservoir can decrease 
the amount of oxygen, destroy water clarity, and eventually 
decreases the value of a property (Park et al., 2014). There are 
numerous factors which can contribute to the growth of algae. 
(Chapra, Dolan, and Dove, 2016) reported that the sufficient solar 
radiation for photosynthesis; An appropriate water temperature; 
The reasonable amount of the nutrients in a water body are all 
essential requirements for the formation of algae. 

The Ara waterway commonly known as the Gyeongin 
Arawaterway Figure 2, is an 18km long channel which connects 
Han river to West sea is situated at the western section of the Han 
River, Korea.  Unlike natural streams, in Arawaterway the water 
flows in two opposite directions; Amid the low-tide period, 
freshwater flows from Han river to Arawaterway, while during 
the high-tide period, the seawater flows from West sea to 
Arawaterway. During the flood season water also flows from 
Gulpo stream.  

The western part of Han river has been experiencing a 
comparatively high algal bloom in recent years (Kim, Lee, and 
Seo, 2017). The monthly water quality samples of Arawaterway 

at two locations Figure 2c, collected in 2016 by the National 
Institute of Environmental Research, Korea showed that during 
many months the chlorophyll-a concentration was exceeding the 
desired level of 35 mg/m3 Figure 4. However, the mean 
concentration of inorganic nitrogen Figure 3, and phosphate 
Figure 1, in the Arawaterway was less than the Han river and 
Gulpo stream.  

 
 

Figure 1. Phosphate concentration observed at four locations during 2016.  

 
 

Moreover, water collected at Gulpo stream and Han river 
during 2016 showed more concentration of phosphate and 
inorganic nitrogen with a comparison to Arawaterway, but less 
concentration of chlorophyll-a.   
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Figure 2. (a) An aerial view of Korea; (b) An aerial view of Arawaterway © K-water; (c) Geographic coordinates of Arawaterway and locations of 
water quality sampling points. 

 

     
Figure 3. Inorganic concentration observed at four locations during 2016. 

 
 

Phosphorus and nitrogen are the  most vital limiting nutrient 
for the formation of algae in the water bodies (Blomqvist, 
Gunnars, and Elmgren, 2004). The dissolved inorganic nitrogen 
is quickly consumed by phytoplankton and actively participates 
in the process of eutrophication (D'Elia, Sanders, and Boynton, 
1986). Furthermore, phosphate is one of the main contributors to 
the growth of harmful algae (Yamaguchi and Sai, 2015).  In 
Arawaterway, inorganic nitrogen and phosphate are consumed in 
the process of growth of algae. Therefore the concentration of 
inorganic nitrogen and phosphate are relatively less because of 

more consumption. The other two locations are natural streams 
having more velocity which does not provide an ideal condition 
for algae to grow, therefore, outside the Arawaterway, the 
concentration of inorganic nitrogen and phosphate are relatively 
higher because of the less consumption and the concentration of 
chlorophyll- a inside the waterway is high because of more 
consumption of nutrients. This leads to the fact that detention time 
is one main factor contributing to the growth of chlorophyll- a in 
the channel. 

This paper has two main objectives: 1. To apply an analytical 
model to find the impact of detention time over the concentration 
of chlorophyll- a and 2. To develop a flow model to find the 
optimum flow conditions in the reservoir to decrease the 
detention time and the concentration of chlorophyll- a.   

 
METH ODOLOGY 

Analytical Model 
In Arawaterway, when the water moves from Archeon-1 to 

Archeon-2 Figure 2c, there is no external loading between these 
two points, but throughout the year a significant growth in 
chlorophyll-a concentration leads us to the fact that the flow of 
the water decreases in the channel due to the tidal effect and it 
provides an optimal condition for chlorophyll- a to grow.  

An analytical study was applied to find the effect of the 
detention time on the concentration of chlorophyll-a 

 in the waterway. The equation (1) shows the net growth of 
chlorophyll- a; The first term of the equation (1) shows the net 
effect of temperature (Eppley, 1972), where, Gmax is the 
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maximum growth rate per day at 20 Co and T is the mean monthly 
temperature. The second term shows the net effect of solar 
radiation; The last term shows the net effect of nutrients upon the 
growth of chlorophyll- a (Thomann and Mueller, 1987), where 
KmN is the half saturation constant of the limiting nutrient, N1 and 
N2 are nitrogen and phosphate, and the least value of the bracket 
should be applied as the nutrient effect.   
 

 

Figure 4. Chlorophyll- a concentration observed at four locations during 
2016. 

 
 

𝐺𝐺𝑝𝑝 = 𝐺𝐺(𝑇𝑇).𝐺𝐺(𝐼𝐼).𝐺𝐺(𝑁𝑁)                          (1) 
 

𝐺𝐺𝑝𝑝 = 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚(1.066)𝑇𝑇−20 .𝐺𝐺(𝐼𝐼).𝑚𝑚𝑚𝑚𝑚𝑚 � 𝑁𝑁1
𝐾𝐾𝑚𝑚𝑚𝑚1+𝑁𝑁1

; 𝑁𝑁2
𝐾𝐾𝑚𝑚𝑚𝑚2+𝑁𝑁2

�       (2)                   
 

              𝐷𝐷𝑝𝑝 = 𝑈𝑈𝑅𝑅(1.08)𝑇𝑇−20                          (3) 
 

The equation (3) shows the death rate of chlorophyll-a where, 
UR is the maximum death rate per day at 20 Co (Thoman, Winfield, 
and Di Toro, 1974). 

 
                               𝑃𝑃 =  𝑃𝑃𝑜𝑜 exp[�𝐺𝐺𝑝𝑝 − 𝐷𝐷𝑝𝑝�𝑡𝑡]                            (4) 
 

From the work of (Burns and Rosa., 1980) in which the settling 
of phytoplankton was eliminated by constant stirring, the 
equation (4) is the solution to the initial condition of Po. The 
equation (4) is the governing equation in this study which shows 
the net growth/death of chlorophyll- a concerning time, where Po 
is the initial concentration of the chlorophyll- a, and t is time.  The 
increased in chlorophyll- a concentration from Archeon-1 to 
Archeon-2 for the year 2016 was calculated using the equation (4) 
and calibrated with the observed data at Archeon-2. The 
concentration observed at Archeon-1 was considered as the initial 
concentration, and the concentration at Archeon-2 was calculated 
Figure 6. The second term of the equation (2) which is the effect 
of light is a dimensionless number which has a value range 
between 0.1 to 0.5 (Thomann and Mueller, 1987). Three cases: 
Case-1, Case-2, and Case-3 Table 1. were applied in which first 
this value was considered 0.1, followed by 0.3, and finally 0.5. 

Furthermore nitrogen is the limiting nutrient,  if the ratio of N/P 
is less than 10 (Hellstorm, 1996).  In the case of Arawaterway, 
N/P was higher than 10. Therefore, phosphorus is the limiting 
nutrient, and half saturation constant KmN of phosphorus was used 
in the equation (2) to calculate the nutrient effect.  
 

 

 
Figure 5. The Flow model of Arawaterway.  

 
 

Nut Sutcliffe efficiency (NSE), specifies that how good the 
sampled data matches against the calculated data (Nash and 
Sutcliffe, 1970). NSE values between 0 ~ 1 considered to be 
satisfactory while 1 is the ideal value. RMSE-observations 
standard deviation ratio commonly known as RSR computes the 
relationship of the RMSE and standard deviation of measured 
data (Singh, Knapp, and Demissie, 2004). RSR fluctuates from 
the optimal value of 0.   

The Runge-Kutta method is one of the most common 
numerical method used in water quality modeling. The classical 
fourth order Runge-Kutta method (Butcher and Warner, 1996) 
was applied to compare it with analytical results. The equation (5) 
shows the governing equation of the Runge-Kutta method.   

 
    𝐶𝐶𝑖𝑖+1 = 𝐶𝐶𝑖𝑖 + �1

6
(𝐾𝐾1 + 2𝐾𝐾2 + 2𝐾𝐾3 + 𝐾𝐾4)� ℎ          (5) 

Where 𝐾𝐾1 = 𝑓𝑓(𝑡𝑡𝑖𝑖 , 𝑐𝑐𝑖𝑖) ,  𝐾𝐾2 = 𝑓𝑓 �𝑡𝑡𝑖𝑖 + 1
2
ℎ,𝐶𝐶𝑖𝑖 + 1

2
𝑘𝑘1� ,  𝐾𝐾3 =

𝑓𝑓 �𝑡𝑡𝑖𝑖 + 1
2
ℎ,𝐶𝐶𝑖𝑖 + 1

2
𝑘𝑘2�, 𝐾𝐾4 = 𝑓𝑓(𝑡𝑡𝑖𝑖 + ℎ,𝐶𝐶𝑖𝑖 + 𝑘𝑘3)  

 
h is the time step, ci is the initial concentration, and ti is the 

initial time correspondence to the initial concentration.  
 

Flow Model 
Flow augmentation has become a common practice for 

improving the water quality of water bodies (Iqbal et al., 2018). 
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A flow model was developed to find the optimum flow to the 
reservoir to reduce the detention time. There are three inflows to 
the reservoir. Figure 5. and one outflow which is outflow to the 
West sea. The elevation of Arawaterway is the main driving force 
both for the water which is coming into the reservoir and going 
out of the reservoir Figure 5 b and c. 
 

𝐻𝐻𝑡𝑡+1 = 𝑉𝑉𝑖𝑖+�𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻(𝑡𝑡)+𝑄𝑄𝐺𝐺𝐺𝐺𝐺𝐺(𝑡𝑡)−𝑄𝑄𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡(𝑡𝑡)�∗3600
𝐿𝐿∗𝑊𝑊

        (6) 
 

The equation (6) is the governing equation of the flow model 
which calculates the elevation of Arawaterway at any given time 
based on the elevation of Han River and West Sea. 𝐻𝐻𝐻𝐻𝑚𝑚𝐻𝐻 is the 
elevation of the Han river, 𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡 is the elevation of West sea, the 
and  𝐻𝐻𝑡𝑡 is the elevation of Arawaterway. 

The flow from the Han river to Arawaterway is the function of 
∆𝐻𝐻1  Figure 5 (b); 𝑄𝑄𝐻𝐻𝑚𝑚𝐻𝐻(0.1)  is the flowrate of Han river to 
Arawaterway when the difference of Han river to Arawaterway is 
0.1 m. The flow from West sea to Arawaterway or the flow from 
Arawaterway to West sea is the function of ∆𝐻𝐻2  Figure 5c; 
𝑄𝑄𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡(0.1) is the flowrate from Arawaterway to West sea or from 
West sea to Arawaterway when the elevation difference between 
the two is 0.1m. 𝑄𝑄𝐺𝐺𝐺𝐺𝐺𝐺(𝑡𝑡) is the flow from Gulpo stream, Vi is the 
initial volume, and L*W is a constant which is the length and 
width of the waterway. 
 

 𝑄𝑄𝐻𝐻𝑚𝑚𝐻𝐻(𝑡𝑡) = 𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻(0.1)

0.1𝑚𝑚
∗ (𝐻𝐻𝐻𝐻𝑚𝑚𝐻𝐻(𝑡𝑡) − 𝐻𝐻𝑡𝑡)          (7)   

     

𝑄𝑄𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡(𝑡𝑡) = 𝑄𝑄𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡(0.1)

0.1𝑚𝑚
∗ (𝐻𝐻𝑡𝑡 − 𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡(𝑡𝑡))      (8)             

 
RESULTS AND DISCUSSION 

Analytical Model 
Seasonal variation was observed both in the observed and 

calculated data Figure 6. An increasing trend was observed during 
the summer, and a decreasing trend was observed during the 
winter. Among all the three cases, Case-1 produced the best result. 
The value suggested by (Epply, 1972) for Gmax 1.8/day is an 
average condition for a mixed phytoplankton population. 
Furthermore, the optimal value of Gmax at 20 Co was reported as 
0.2~3 per day (Bowie et al., 1985). In the case of Case-1, the 
calibrated value of Gmax was found to be 1.6/day which is quite 
close to the suggested value and lying in the range of optimal 
values.  

DiToro et al. (1978) has given an empirical basis for light 
extinction constant which is the function of detritus, and 
chlorophyll- a. In the case of case one, the light effect was 
considered as 0.1 because of the excessive amount of chlorophyll- 
a in the reservoir which is the function of light extinction. (Di 
Toro, O’connor, and Thomann, 1971) documented the range of 
half saturation constant Kmp from 1 ~ 10 ugP/L. The Kmp value of 
2.5 ug P/L was used in this study for the case of case-1. 
Furthermore, the calibrated value of  𝑈𝑈𝑅𝑅 was set to 0.11/day for 
Case-1. 

The 4th order classical Runge-Kutta numerical method also 
very accurately follows the analytical solution. The discrepancies 

are insignificant except in July where analytical solution matched 
very well with the observed data, but there is a significant 
difference between observed and numerical result.    

One way to minimize such discrepancies is to use a smaller 
time step. However, it can be seen that the numerical method 
accurately captures the significant features of the analytical 
solution.  

Furthermore, both the NSE and RSR also produced the best 
results for Case-1. Therefore, case-1 was used for the prediction. 

  
Table 1. Results of three cases, where NSE is Nut Sutcliffe efficiency and 
RSR is RMSE-observations standard deviation ratio.  
 

           Cases     Light Effect        NSE    RSR 

Optimal value 
Case-1 
Case-2 
Case-3 

0.1 ~ 0.5 
0.1 
0.3 
0.5 

1 
0.94 
0.83 
0.93 

0 
0.23 
0.40 
0.25 

 
 

  
Figure 6. Chlorophyll-a concentration observed vs calculated. 

 
 
Flow Model 

The recorded mean flow rate from the Han river to 
Arawaterway for the year 2016 was 5.6 m3 /sec. Based on the 
recorded flow rate of the year 2016, the detention time of the 
water which flows from the Han river to West sea was 
approximately 36 days. The flow model used the hourly elevation 
of Han river and West sea observed by the K-water during the 
year 2016 to find the hourly elevation of the Arawaterway. Based 
on the optimum flow conditions calculated by the flow model, the 
mean yearly flow rate of Han river was increased up to 14 m3 /sec 
and the detention time was reduced to 14 days. The observed 
mean Arawaterway elevation during 2016 was 2.57 meters, and 
the mean elevation calculated by the flow model was 2.09 meters 
which mean more water can be discharged to reduce the detention 
time of the water in the reservoir. Previously, the time required to 
travel from Archeon-1 to Archeon-2 was 17 days. Under the 
optimum flow conditions, it takes 6.65 days to travel the same 
distance, and it reduces 61% of the detention time.   

The result of flow model 6.65 days was applied on the 
calibrated form of Equation (2), Case-1.  The previous t which 
was 17 days replaced by 6.65 days and a significant reduction in 
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the chlorophyll- a concentration was observed at Archeon-2 
throughout the year. The mean monthly reduction was observed 
at 28%.  More reduction was observed during the summer than 
the winter with the highest reduction was observed in August 
which was 42%.  

 
 

 
Figure 7. The decreased percentage in the concentration of chlorophyll-a 
under an optimum flow condition. 

 

CONCLUSION 
Due to the multidirectional flow, the flow of water is much 

slower in the channel which provides optimum conditions to 
chlorophyll- a to grow. Therefore, detention time is the main 
reason which is contributing to the increased concentration of the 
chlorophyll- a. The analytical model coupled with the flow model 
revealed that the waterway was not operating optimally and both 
the inflow and the outflow can be increased significantly under 
the optimum flow conditions — the detention time which 
previously was 36 days reduced to 14 days. The optimum flow 
scenario revealed that the monthly chlorophyll- a concentration 
could be controlled by flow operation.   
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ABSTRACT 
 
Iqbal, M.M.; Shoaib, M. and Agwanda, P., 2019. The response of pollution loadings of the coastal river waterfront on 
red tides in South Sea. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water 
Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 231-235. Coconut Creek (Florida), ISSN 
0749-0208. 
 
The red tide is an abnormal water environment phenomenon, which harshly effects economic growth, aquatic life, and 
human health. It characterizes a major ecological problem in the marine ecosystem universally. The process of red tide 
prevalence has been investigated for several years, and a lot of systems and approaches have been established. Though 
previous researches have efficiently explored the knowledge of the process involved in red tide development, the 
combined effect of the coastal riverfront water quality of different coastal areas on red tide development has not attained 
sufficient consideration. The study has examined the connection between red tides and pollution load from the coastal 
waterfront. The research assesses the water quality of the coastal river waterfront (Tamjin River) using Water Quality 
Analysis Simulation Program (WASP 8.1) and nutrient load discharged into the West Sea using LOADEST. Through 
long-term investigation of the study region, it was found that red tides only occur in the late summer season. By 
investigating all the nutrient’s load, TN (Total Nitrogen) and Chl-a (Chlorophyll-a) shows significant impact on red 
tides to some extent. The result of this study reveals that the pollution load from the coastal waterfront is also one of 
the possible factors of red tide occurrence in coastal region of the South Sea near the Tamjin River delta. 
 
ADDITIONAL INDEX WORDS: Red Tide, WASP 8.1, LOADEST, BOD, Chlorophyll-a, South Sea. 
 

 
INTRODUCTION 

Red tide is a short duration abnormal water environment 
phenomenon involving algal blooms incorporation with the 
varying ocean color from brown to reddish brown to blood red 
(Park et al., 2013). Red tides have frequently arisen in the seaside, 
offshore and mid-sea waters of Korea (Lee et al., 2017). They can 
change the equilibrium of marine food webs resulting the wide-
range death of aquatic life. Cochlodinium Polykrikoides is a 
species of red tide know for the aquatic life killer that causes 
widespread damage to the sea ecosystem globally, specifically 
huge loss in Southeast Asia (Lee et al., 2013; Oh, Lee, and Kim, 
2018; Park et al., 2018).  

 Research on the assessment of the possible impact of the 
pollution load on red tide events is an imperative investigation, 
which illustrate a significant role in determining the major 
responsible factor for occurrence, reducing damages of harmful 
red tides, diminishing social and economic losses, and providing 
the healthy and sound environment to the aquatic life and human 
beings. There have been many researchers conducted in the past 
on the red tides occurrence, magnitude and their duration because 
it causes extensive losses to sea farming and aquatic life by 
harmful algal blooms (Miyaguchi et al., 2006). The investigations 

on red tide occurrence of algal blooms in the coastline region of 
Southeast Asia has the general interest on the physiochemical and 
biochemical properties and is mostly useful for management and 
dimension motion.  Though, it is extremely difficult to find exact 
reason favoring the occurrence of red tide events because of many 
factors including natural climatic condition, discharge of different 
pollution sources by point and non-point sources, and the 
confluence of other water sources of the marine environment 
(Huang et al., 2002; Jeong et al., 2013).  

The occurrence and physiognomies of red tide grow fast in the 
Republic of Korea by currents. Since these harmful algal blooms 
have wide occurrence with varied events and duration in eastern, 
western and southern part of the Korean sea and expand fast, the 
direct exposure of red tides in real time for alleviation action is 
hard. Seven out of the 60 red tides species existing in coastal areas 
of Republic of Korea damaging fisheries. Out of all species, 
Cochlodinium Polykrikoides have posed massive mortality in the 
aquatic life including shellfish and finfish, damaging economic 
status of aquaculture. Predominantly, Cochlodinium 
Polykrikoides have been occurred intensively in the last decades 
of the 20th century, ensuring around 100 million dollars loss. 
Currently, there has been no grave loss to aquatic life, but a lot of 
budgets is consumed for the management and control of red tides 
(Lee et al., 2017; Park et al.,2013).  

The coastline environment of the South Sea, Korea Republic, 
is a highly eutrophicated through recurrent events of red tide 
(Kwak et al., 2001). This study focuses on clarifying the 
relationship between the red tide and the pollution load 
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discharged by coastal riverfront in the South Sea. This study is 
based on the estimation of the pollution load using WASP 8.1 and 
LOADEST model, but with changes in the water quality 
constituent load contribution rates in relation to the red tide. 

MATERIAL AND METHODS 

Study Area  
Tamjin River water is flowing total 55.08 km length from 

Jangheung Dam to the southern sea via the Jangheung-eup town 
center, and is one of the top 3 rivers of Jeollanam-do province. 
Tamjin River, where the Jangheung Dam lies over Jicheonri, 
Busan-myeon, and Dae-ri, Yuchi-myeon, Jangheunggun, 
Jeollanam Province is a small and medium scaled river with 
508.53 km2 of basin area, originating from Mt. Gungseong (484.2 
m) in Seryu-ri, Geumjeong-myeon, Yeongam-gun, Jeollanam 
Province and flowing into Doam gulf in Kangjin-gun and is 
joined with Yuchi Stream and Omcheon Stream at the upstream 
and Geumgang Stream at the downstream of the dam. Jangheung 
Dam is a concrete face rockfill dam (CFRD) with 53 m of height 
and 403 m of length has 193 km2 of basin area and 191 million 
m3 of total water reserving capacity and involves effects such as 
350 thousand m3/day of water supply, 8 million m3 of flood 
control, and 4,500 MWh/year of power production. Description 
of the study area, point sources, and main river monitoring 
location is shown in the Figure 1.  

 
 

 
Figure 1. Discription of Study Area.  

 
 
The old temple called Borimsa is located at the foot of Gajisan 

in the midstream of the river. The pavilions where people recited 
poems are lined up in the waterside to feel the artistic tastes of old 
virtuous people. With the construction of Jangheung Dam, there 
are various attractions and relaxing places such as the water 
culture park, ecological culture park and water science museum. 
Tamjin River, flowing across the Jangheung-eup town center, is 
where minnows and the sweet fish swim and chill out in the 
summer (Seo, 2008). 
 
Input Data Sets 

In this study, the monthly average input data sets were utilized, 
data including the initial concentrations of BOD, DO, pH, 
components of phosphorous and nitrogenous compounds, red 

tides events data, and point inflow information for the period of 
2011 to 2017. Dataset including water quality information, inflow 
information for Tamjin River, meteorological information, and 
red tide occurrence data besides the coast of Tamjin was obtained 
from the database systems of Korea, including the Water 
Environment Information System (WEIS) 
(http://water.nier.go.kr), Water Resources Management 
Information System (WRMIS) (http://www.wamis.go.kr), 
National Institute of Fisheries Science (NIFS) 
(http://www.nifs.go.kr/redtideInfo) and the Korea Meteorological 
Administration (KMA) (http://www.weather.go.kr). 

Water Quality Modeling 
The WASP 8.1 model (Ambrose and wool, 2009), was applied 

for the simulation of water quality parameters, while, LOADEST 
(Runkel, Crawford, and Cohn, 2004) is used for assessment 
missing concentration and final nutrients load discharged in South 
Sea from Tamjin Coastal River water front. The WASP 8.1 model 
utilize the conservation of mass and momentum principle, 
similarly to the way model equations analyze the dynamic 
hydraulic characteristics of the river, such as flow rate (discharge), 
velocity, top width, depth, and a cross-sectional area. WASP can 
determine both the overall transport (laminar and turbulent) and 
associated vectors in different packages, hence giving better 
flexibility for applying the simulation possibilities to systems 
with several aspects. EUTRO is one of the component modules 
of WASP that can simulate transport kinetics across the water 
column to the sediment layer of up to 8 water quality parameters. 
The simulation begins with the EUTRO code of the WASP model.  

 
 

 
Figure 2. Graphical illustration of the interactions of water quality 
parameter in WASP 8.1: nitrate (NO3), Inorganic Phosphorus (IP), 
ammonia (NH3), Biological Oxygen Demand (BOD), Organic 
Phosphorus (OP), Chlorophyll-a (Ch-a), Dissolved Oxygen (DO), and 
Organic Nitrogen (ON). 

 
 
The EUTRO code will be applied to simulate the DO balance 

as a linear parameter compounded with the nitrification module 
as the most complex level for this research. Five main water 
quality (WQ) parameters were considered: Ammonium Nitrate, 
organic nitrite, nitrate Dissolved Oxygen (DO), and carbonaceous 
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Biological Oxygen Demand (BOD). The WASP 8.1 model can be 
applied to analyze and predict the diffusion of water quality 
parameters such as DO, BOD, ammoniacal nitrogen (NH3-N), 
and electrical conductivity (EC). The detailed description and 
demonstration of the WSP model are available in literature (Iqbal 
et al., 2018). The graphical description of environmental 
interaction of water quality variables is shown in the Figure 2. 
The ultimate mass balance expression for 1-D model simulation 
can be found as shown: 

 

( )x x l b k
S Sv S E B B B
t x x x

∂ ∂ ∂ ∂ = − + + + + ∂ ∂ ∂ ∂ 
                          (1) 

where S is variable concentration (mg/l), vx is the horizontal 
advective velocity (m/s), Ex is the coefficient of dispersion in 
horizontal direction (m2/s), t is time (s), Bl is the point and 
distributed rate of loading (mg/m3/s), Bb is the rate of boundary 
loads (mg/m3/s), and Bk is the kinetic conversion rate (mg/m3/s). 

Model Physical Domain 
The model description contains data sets, system and state 

variables, segmentations (definition of segments and initial 
conditions), environmental and meteorological information, 
calibration rate constants, inflows (river geometry and flow of 
waters), boundaries (input concentration at the boundaries and its 
definitions), output control button, and outflow-fluxes (Iqbal et 
al., 2018). Figure 3 shows the brief description of the modeling 
approach. 

 

 
Figure 3. Schematic flow of the model. 

 

Channel Discretization 
The modeling setup in WASP 8.1 domain is comprised into 6 

horizontal reaches; each reach (segment) is the horizontal 
distance between two successive outlets of point sources. 
However, the length of the first reach was measured horizontally 
from the upstream point (headwater) to the outlet of the initial 
point-source while the length of the last reach was measured from 
the outlet of the last point-source to the end of the river profile 
(downstream). The upstream location of the first segment is 
known as headwater, and the downstream location of the last 
segment is the downstream boundary. The example of river 

discretization developed in the WASP 8.1 model and position of 
the tributary outlet (point sources) along the section of the Tamjin 
River is shown in Figure 4. 
 
Application Approach and Calibration of the WASP Model 

WASP 8.1 model was applied for predicting the temporal and 
longitudinal variation of water quality profile of the Tamjin River. 
The length of the selected region from headwater (Jangheung 
Dam) to downstream-boundary (South Sea) is about 45 km. The 
data for the year of the 2011 were applied for calibration of the 
model. The water inflow and input concentration from headwater 
(A) and point source tributaries drain (B-F) were added into the 
design configuration of the model. Meteorological data; relative 
humidity, solar radiation, surface temperature, wind speed, 
precipitation, cloud coverage and air temperature were utilized 
for the development of environmental file. The water-quality data 
obtained in the other five years from 2012 to 2017 were applied 
for confirmation of model results and further assessment. 
Calibration was performed by manual adjusting the different 
stoichiometric and kinetics rate constants for BOD, TP, TN, and 
Chl-a. 

 
 

 
Figure 4. River discretization used for the development of the WASP 8.1 
model. 

 
 

RESULTS AND DISCUSSIONS 
Model Calibration and Validation 

Input concentrations of water quality parameters, flows, and 
meteorological information for the first year (2011) were applied 
for the model calibration; kinetics and stochiometric rate 
constants were attuned to acquire rational results.  

The calibrated results of different water quality parameters 
over a year of 2011 is shown in the Figure 5. The WASP model 
was calibrated on point 3 (Tamjin River-3) through a reverse 
process by tuning a variety of parameters until the model 
predictions agreed well with the observed data. Further the 
concentration of nutrient concentrate varies due to variation in 
flow. 

Stoichiometric, environmental and kinetics rate constants were 
manually attuned within an acceptable range definded by the 
model until the water quality model perdictions agreed well with 
observed data at high coeffiencint of determination (R2) shown in 
Figure 5, that it can be applied for validation purposes and 
further pollution load assessment. Total phosphorous (TP), total  
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Figure 5 Comparison of simulated and observed data for Tamjin River, 
a) TP, b) BOD, c) TN, and d) Chl-a. 

 
 

 

 

 

 

 
Figure 6. Validation of water qualities for Tamjin River, a) TN, b) BOD, 
c) Chl-a, and d) TP. 

 
 

nitrogen (TN), BOD, and Chl-a are the main indicators for 
evaluating and assessment of water quality impact. Figure 6 

shows the validated results for TP, TN, BOD, and Chl-a over the 
years of 2012 to 2017. All the validated water quality parameters 
have concurent pattern among observed and simulated data on 
point 3 (Tamjin River-3). Results reveals that the concentration 
of Chl-a increase in summer season due to increase in temperature 
which rise the growth of Chl-a. Considering that different water 
quality variables has dynamic interaction with each other, all 
these eutrophication related water quality variables were 
calibrated to assure the accuracy of model predictions. 

 
Nutrients Load Response on Red Tides 

The potential impact of the nutrient influx on Red Tides blooms 
has been a focus of phytoplankton ecology for years (Han, Kim, 
and Kim, 1991; Paerl, 1988). The most critical aspect of red tides 
is the toxic accumulation in water biochemistry and aquatic 
ecosystem at hypertrophic levels and toxicity is critical to water 
ecology and human beings (Du et al., 2017; Pierce and Henry, 
2008). Even though much has been investigated by plankton 
ecologist, much leftovers mysterious. For example, numerous 
many factors affect the occurrence of red but still conclusively 
exact factors are unknown. 

Nutrient load was estimated using the LOADEST model from 
the final concentration of Tamjin River waterfront discharged in 
South Sea. Figure 7 shows that nutrient loading-Red tides 
relationships are much complex and that no comprehensive exact 
relationship exists. Chl-a and BOD appears to more effecting on 
red tide occurrence (Figure 7a and 7b). However, open sea water 
and climatic factors confluence impact is still unknown.  

Nutrients incomings with surface water inflow also affect Red 
Tides blooms of harmful algae by reacting with other chemical 
present in the water ecosystem, sinking and floating with the cells 
of algal blooms alter the photochemistry of planktons and caused 
the occurrence of red tides blooms. Other Factor effecting may 
include difference sources of pollution, such as non-point sources, 
natural climatic conditions, and confluence of other river and 
pollution sources (Huang, Liu, and Yin, 2018; Jeong et al., 2018). 

 
 

 

 
Figure 7. Nutrients loads response to Red Tides for Tamjin River, a) BOD 
and b) Chl-a. 
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CONCLUSIONS 
 The WASP (Water Quality Analysis Simulation Program) 

model was calibrated using the data for a year of 2011 and 
validated for the year 2011 to 2017. The model prediction 
demonstrates pretty well agreement against the observed data, 
with a certain level of exceptions. Through long term study, it was 
recognized that the Red Tides events occurs only in summer 
seasons. The study found that the nutrient loads from coastal river 
have convincing relationship to the Red Tides. The 
inconsequential linkage of the pollution load with red tides might 
be due to the effects of other factor such natural climatic condition, 
non-point sources, and confluence of other river point sources and 
sea ecosystem. 

This assortment of result highlights the influences of point 
source inflows from coastal riverfront with respect to Red Tides 
and demonstrates the complication of the associations. With 
growing urbanization, other anthropogenic activities, population 
growth, water impounding besides coastal waterfront will likely 
to increase red tide occurrence, altering the magnitude, and 
duration of events to the coastal ecosystem. Although much has 
been revealed in this study and much still remains unknown. 
While there is still plentiful of insight to acquire, this convincing 
result will advance and encourage the phytoplankton ecologist to 
conduct further research by integrating climate and 
environmental data along with coastal water front, the point and 
non-point sources of nutrient inflows.  
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ABSTRACT 
 
Kim, J.Y.; Choi, Y.; Kim, T.Y.; Lee, S.H., and Kwon, S., 2019. Study on the permeability and TSS removal efficiency 
of permeable pavement using constant head particle loading test. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and 
Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 
236-240. Coconut Creek (Florida), ISSN 0749-0208. 
 
Climate changes cause extreme disasters frequently such as storms, floods and tsunmai in lowlands and coastal areas. 
A new paradigm for the prevention of disaster damages has been required. To date, LID technologies using porous 
materials has been paid attention to control direct runoff, floods and NPSs. Permeable pavement among LID 
technologies which prevent floods and reduce NPSs can be actively applied to sidewalks, parking lots and driveways 
in lowlands and coastal areas. However, the loss of permeability in the material matrix has been considered as a 
critical issue when pore is clogged by particles for maintaining the constructed facility in the field. Herein, we 
conducted particle loading test at constant head to obtain the permeability coefficient and TSS removal efficiency 
to evaluate the cyclic performance of the permeable pavement system, and further determine their correlation. We 
found that the change of permeability coefficient was 273 ~ 72 mm/s when the ~ 4.2 kg/m2 particles were loaded 
for 60 minutes. Trend of permeability coefficient depends on amount of particle per time. This means that loading 
particles in a short time make more clogging than a long time. The TSS removal efficiency was >80% at different 
hydraulic gradient and inflow concentration. Trend of TSS removal efficiency increased as particles were loaded. 
The correlation between the permeability coefficient and TSS removal efficiency is inversely proportional. Although 
the results will vary depending on the specification of the pavement system, this method can be used to estimate the 
effective replacement period with further researches. 
  
ADDITIONAL INDEX WORDS: Permeable pavement, constant head particle loading test, permeability coefficient, 
TSS removal efficiency. 

 
 

INTRODUCTION 
Global warming and climate changes cause extreme disasters, 

such as typhoons, floods, sea level rise, and tsunamis in coastal 
regions, which require to establish countermeasures for 
preventing flood damage with an alternative paradigm. In 
particular, non-point sources pollutants (NPSs) accumulated 
during the dry season can be released to the ocean after rainfalls;  
thus, it is required to manage the inflow concentration of NPSs to 
maintain marine water quality. 

Low impact development technologies (LID) using porous 
materials, such as porous blocks, asphalt, and permeable 
pavement, are known as a new alternative for flood prevention 
and NPSs control(Wen, Weiping, and Chi, 2014) . Compared to 
impervious pavement in ordinary cities, permeable pavement can 
reduce the direct runoff and floods by wave overtopping and is 
also useful to control non-point sources pollutants at the costal 
regions by infiltration mechanism.(Dickson, Chandwick, and 
Arnold, 2011) The permeable pavement can be actively applied 
to general pavement types such as sidewalks, parking lots, and 
roads in coastal areas and lowlands. Unfortunately, since the 

pores of permeable pavement can be clogged by particulate 
matters such as dust and vehicle pollutants, the control of 
particulate matters is the important design factor with respect to 
the maintenance of permeable pavements. The particulate matters 
can be mixed into the rainfall to form total suspended solid (TSS) 
during the surface flow.  

Currently, the permeability of porous blocks is assessed in 
Korea, but the evaluation standard for the TSS removal efficiency 
in connection with permeability is insufficient. (Porous Block 
Design, Construction and Maintenance Standards, 2013). When 
TSS flows into the pavement system, all installed elements, such 
as sand, geotextiles, and a porous block can be a determinant of 
clogging depending on their infiltrating performance. (Koo et al., 
2015). Therefore, it is necessary to establish a standard for the 
packed pavement system rather than for a single element only. In 
this study, we performed the experiment of loading TSS particles 
using the permeable pavement system at constant head to 
determine the permeability coefficient and TSS removal 
efficiency of the permeable pavement and derive the clogging 
tendency and relation characteristics between the permeability 
coefficient and TSS removal efficiency. Based on the results, we 
intend to establish standards with two evaluation items by 
simultaneously assessing the permeability coefficient and TSS 
removal efficiency. 
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METHOD 
Estimation of the Permeability Coefficient 

We applied the continuity equation and modified Darcy’s law 
to determine the permeability coefficient of the permeable 
pavement. 
 

k = 𝑸𝑸
𝑨𝑨𝑨𝑨𝒊𝒊𝒏𝒏

                              (1)  
   

Note that the permeability coefficient k (mm/s) can be derived 
from the outflow flow rate Q (mm3/s), cross-sectional area A 
(mm2), time t (s), and hydraulic gradient i (unitless). Based on 
research, n = 1 can be applied for laminar flow, n = 0.5 for 
turbulence flow, and n = 0.7 for a single porous material. We used 
a 3-layer pavement system consisting of porous block, sand, and 
geotextiles (Figure 1) and we determined the n value of the 
permeable pavement. 
  
Experimental Apparatus 

In this experiment, we used a 1-ton scale mixer to make 
contaminated water for inflow TSS pollutant, and a digital sensor  
to measure the outflow flow rate. A schematic diagram of the 
entire experimental system is shown in Figure 1. An impeller in a 
mixer stirred the contaminated water up to ~350 RPM to obtain 
the target concentration. The outflow part adopts the gravity drop 
to minimize equipment errors. The samples of TSS particles 
matters were collected from the driveway surface, supplied by the 
Busan Environmental Corporation in Busan, Korea and they were 
stirred with clean water to achieve the target concentration in the 
mixer. Figure 2 shows that the particle size distribution of the 
samples in the range of 10 ~ 150μm, mostly 30~ 80 μm. 

 
 

Figure 1. Scheme of the 1 t scale mixer and pavement test bed. 
 

 
The test bed is composed of three parts: surface layer (20 × 20 

× 20 cm), base layer (20 × 20 × 15 cm), and water collector. 
According to the “Porous Block Design, Construction and 
Maintenance Standards (2013)”, we placed a porous block (SBB 
co., Ltd., Korea) in the surface layer and silica sand in the base 
layer. We used geotextile (HPC Ltd. Korea) to separate the layers. 
The specifications of the materials in the test bed are shown in 

Table 1. The cone-shaped water collector is attached to the 
bottom of experiment system to sample the outflow water. The 
tank with the sensor is used to observe the outflow flow rate. 
 

 
Figure 2. Particle size distribution of the TSS particles for inflow. 

 
 
Table 1. Specification of the layer materials. 

*USCS : Unified soil classification system. 
 
Constant Head Estimation 

Contaminated water was stirred in a customized mixer to 
obtain desired target concentrations and then sprayed onto the test 
bed, as shown in Figure 1. To apply Darcy’s law to determine the 
permeability coefficient, we kept three levels of water from the 
surface to maintain the hydraulic gradient. We obtained the 
outflow flow rate by the sensor as cumulative data per 0.1 s and 
collected outflow samples at intervals of 5–10 min for 1 hr to 
investigate the change in the flow rate, TSS particles load, and 
TSS removal efficiency over time. We carried out various 
experiments depending on different concentrations and hydraulic 
gradients (Table 2). The TSS was evaluated according to the 
“Water Pollution Process Test Standard (2016).” 
 

RESULTS 
Determination of Permeability Coefficient 

The porous block, which readily allows water to reach the 
ground, is an essential element of the permeable pavement system. 
Generally, the particle size used for the porous block is several 
Millimeters(~8 mm) and the pore ratio is also large(0.42). If the 
pore size is large, the TSS particles passing through the block are 

 Specification Value 

Porous Block Size (W × D × H) 200 × 200 × 60 mm 
Max. Particle Size 8 mm 

Silica 
Sand 

Size (W × D × H) 200 × 200 × 150 mm 
Dry Weight 8 kg 
Particle Size 
Distribution 
(Figure 3) 

0.6–2 mm 

Pore Ratio 0.44 
Cu/Cc 1.75/0.98 

USCS* SP 
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Figure 3. Particle size distribution of the sand in the base layer. 

 
 
Table 2. Classification of the experiment. 

 TSS Particle Concentration (mg/L)  
100 200 300 

Hydraulic 
Gradient 

(i) 

1.19 CASE 1 CASE 2 CASE 3 
1.38 CASE 4 CASE 5 CASE 6 
1.57 CASE 7 CASE 8 CASE 9 

 
not filtered out and thus cannot reduce the particle pollutants. We 
estimated the change in the outflow flow rate and TSS removal 
efficiency of the three TSS particles concentrations before using 
the permeable pavement, as shown in Figures 4 and 5, 
respectively. We found that the outflow slopes almost remain 
unchanged within 30 min when clean water was poured at low 
inflow concentration (100 and 200 mg/L), which means that only 
few particles are filtered and contribute to clogging phenomena. 
The small clogging process still kept the high TSS removal 
efficiency. However, in the case of 300 mg/L, the slope of the 
outflow initiate to decrease sharply after 20 min. The TSS 
removal efficiency also starts to rapidly increase. 

However, according to the “Manual on installation and 
management of nonpoint pollution abatement facilities (2016)” 
by the Korea Ministry of Environment, the TSS removal 

  
Figure 4. Outflow flow rate changes in a single porous block for three 
concentrations. 

 
 
application for TSS removal. Therefore, research needs to be 
conducted on permeable pavement system, not a single porous 
block. 

Prior to the particle loading test on permeable pavement, we 
obtained three different hydraulic gradients using clean water to 
determine the permeability k of the pavement and the n value for 
Darcy’s law (Table 3). Note that the trend lines and power 
equations were plotted. We determined a permeability coefficient 
k = 280.25 mm/s, n = 0.84 with R2 = 0.98 The n value depends 
on the flow of water, and can be changed as the clogging progress; 
in this experiment, we assumed it to be 1 since the sand is likely 
to be a determinant.. 
 
Table 3. The permeability coefficient k and n value. 

Trial i v 
(mm/s) 

k 
(mm/s) n R2 

Ⅰ 1.19 327.25 

280.25 0.84 0.98 Ⅱ 1.38 359.97 

Ⅲ 1.57 413.38 

 

   
Figure 5. TSS removal efficiency in a single porous block for three concentrations. a) 100 mg/L inflow, b) 200 mg/L inflow, c) 300 mg/L inflow. 
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Figure 6. Permeability coefficient for permeable pavement system for three concentrations and hydraulic gradients dependent on time (a, b, c) and solid 
load (d, e ,f). Note that a, d) hydraulic gradient: 1.19, b, e) hydraulic gradient: 1.38, c, f) hydraulic gradient: 1.57.

Figure 6 shows the permeability coefficient using Darcy's law 
after loading the TSS particles for all cases. Note that Figure 6a, 
6b, and 6c shows the change in the permeability coefficient with 
time and 6d, 6e, 6f shows the permeability coefficient with 
respect to the loading of TSS particles. Prior to loading the 
particles, we poured clean water to obtain the initial permeability 
coefficient (constant on x-axis) of the pavement. For three 
experiments, the initial permeability coefficients were 275.67, 
262.04, and 265.01 mm/s, with an error range of 3.02%, which 
confirm that the application of Darcy's law for permeable 
pavement is reasonable. Thus, the equation was applied when the 
particles were loaded. 

At the same hydraulic gradient, the higher inflow concentration 
causes a significant decrease of the permeability coefficient. The 
permeability coefficient at the inflow concentration of 100 mg/L 
inflow, b) 200 mg/L inflow, c) 300 mg/L decreased by 43.26%, 
61.03%, and 67.96%, respectively. A higher concentration of 
particle leads to more and faster clogging, but the clogging 
progress is not proportional to the concentration because the flow 
rate is reduced as the clogging progresses to maintain the constant 
head. These results reveal that the amount of TSS particles for 
inflow loading is also reduced. Thus, the total amount of inflow 
TSS particles is not proportional to the concentration in the 
constant head during the particle loading experiment. The total 
amount of TSS particles does not show proportional trend 
dependent on the change in TSS concentration (Figure 6d, 6e, and 
6f). In particular, the permeability coefficient decreases with high 
reduction rate of permeability when the amount of TSS particles 
increases. We found that the clogging progress is unequal at the 
same amount of particle loading. This phenomenon is readily 
observed at higher hydraulic gradient and concentration. For a 
hydraulic gradient of 1.57, the permeability coefficient decreases 

by ~18%, 23%, 40% at 100, 200, and 300 mg/L, respectively 
when the same amount of TSS particle (1.9 kg/m2) is loaded, but 
the clogging progresses more rapidly at high concentration. 

Typically the higher hydraulic gradient let the larger flow rate 
and the more particles would be loaded, but after clogging 
initiation, more particles are loaded at a lower hydraulic gradient 
at high concentration (≥200 mg/L). In the same manner, for 300 
mg/L concentration, 4.20, 3.51, and 3.27 kg/m2 of TSS particles 
were loaded at a hydraulic gradient of 1.19, 1.38, and 1.57, 
respectively  because the high flow rate causes faster clogging.    

From the experimental findings, clogging process can be 
refered to a function of the amount of TSS particles per time. It 
means that more TSS particles per unit time are loaded, the 
formation of a bridge between particles can be enhanced  to occur 
more clogging. 
 
TSS Removal Efficiency  

The TSS removal efficiency is dominantly determined by the 
particle size distribution of sand. When the permeability 
coefficient is high, the clogging time is delayed, but the TSS 
removal efficiency becomes lower and vise versa. (Kim et al., 
2009) report that sand with a size of less than 0.3 mm causes 
clogging quickly and sand with larger than 2 mm does not 
contribute to the filtration efficiency. Therefore, the particle size 
of the sand placed in the base layer was chosen to be 0.6–2.0 mm 
to contribute to filtration, but avoid fast clogging. 

Figure 7. represents the TSS removal efficiency for all cases. 
Note that standard line shows the TSS removal efficiency of 80%, 
which is recommended by the nonpoint pollution removal facility. 
For all cases, TSS removal efficiencies are higher than 80% with 
moderate deviation, which can be suitable on the feasible  
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Figure 7. TSS removal efficiency according to time and k in permeable pavement for the each of the three concentrations and hydraulic gradients. a) 
hydraulic gradient: 1.19, b) hydraulic gradient: 1.38, c) hydraulic gradient: 1.57.Standard line(Std.) denotes that the minimum standard criteria for 
acceptable removal efficiency of permeable pavement. 

application on coastal roads. The average TSS removal efficiency 
for all cases are over 91.00% with and standard deviation of over 
4.95. However, it is not easy to estimate a tendency because the 
filtration process is happened by the probabilistic contact that 
particles are trapped in the pores of sand, which causes the high 
deviasion. The results show that the TSS removal efficiency  
increases as the particles are loaded over time and it slightly 
increases at higher TSS concentration under the same hydraulic 
gradient, which confirms that the permeability coefficient and 
TSS removal efficiency are closely related. The clogging 
progresses is faster at high TSS particle loading rate, which leads 
to a enhanced capacity owing to the diminished porosity. It is 
worthy to note that the permeability coefficient and TSS removal 
efficiency have an inverse relationship. 
 

CONCLUSIONS 
In this study, we conducted the laboratory experiment of 

clogging TSS particles using the permeable pavement system at 
constant head to determine the permeability coefficient and TSS 
removal efficiency of the permeable pavement. The permeable 
pavement was evaluated at a constant head using TSS particles 
loading  and the permeability coefficient, TSS removal efficiency. 

In particular, we found the clogging tendency and relationship 
between the permeability coefficient and TSS removal efficiency.  

Because clogging determines the lifetime of permeable 
pavement, the clogging phenomina by loading TSS particles was 
evaluated at a constant head. We analyzed the clogging tendency 
at different hydraulic gradients and TSS particle concentration, 

We found that the application of Darcy’s law for the clean 
water test on permeable pavement is reasonable to determine the 
permeability coefficient of the permeable pavements.  

When the hydraulic gradient increases in the TSS particles 
loading test, the clogging accelerates owing to the high flow rate. 
We found that the high concentration of TSS particles induces 
faster clogging and the permeability significantly diminish at high 
loading of TSS particles per unit time. It can be explained to the 
bridging effect of TSS particles. The bridge formation between 
TSS particles stimulate the clogging significantly. 

The TSS removal efficiency mostly reaches over 80% and the 
removal rate increases as the TSS particles loaded. The TSS 
removal efficiency is higher at higher TSS particle concentration, 

which leads to more clogging. Finally, we suggest that the 
permeability coefficient and TSS removal efficiency have an 
inverse relationship. In future study, we will investigate the long-
term stability with TSS removal efficncy. 
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ABSTRACT 
 
Suh, K-S.; Min, B.-I.; Yang, B.-M.; Kim, J.; Kim, S., and Park, K., 2019. Analysis for the soil erosion rates of 
radionuclide flowed in river and estuary. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 241-245. Coconut Creek 
(Florida), ISSN 0749-0208.   
 
A large amount of radioactive material was deposited  in surface soil near the nuclear power plant after the Fukushima 
nuclear accident in 2011. Cesium radioisotope deposited on the land  was adsorbed strongly in soil and it moved 
together in sorptive form with soil. Radioisotopes adsorbed in soil may transport by wind, rain, and other external 
forces and they reach rivers, lakes and estuaries near the contaminated area. In this study, the effects of soil erosion by 
precipitation are evaluated to analyze the long-term behavior of radionculides adsorbed in soil, and a numerical model 
was also established. A field experiment was carried out to measure the soil erosion rates by rainfall and the data 
observed from the experiment were used as input parameters in the numerical model. The numerical simulations have 
been improved by considering the initial moisture function in the model. Also, the accuracy of the numerical solution 
was increased by analyzing the correlation between rain intensity and soil erosion, and by application of the multi-
layered scheme according to the depth in soil. 

 
ADDITIONAL INDEX WORDS: Radioisotope, soil erosion, precipitation, field experiment. 

 
 

INTRODUCTION 
A large amount of radioisotopes were released into the 

environment from the Chernobyl accident in 1986 and the 
Fukushima accident in 2011, and the radioactive materials were 
transported far from the accidental site by the wind. 
Radioisotopes released into the air fell to the surface due to dry 
and wet deposition. Cesium radioisotope deposited on the land 
infilterated the ground by rainfall, and it was adsorbed strongly in 
soil and moved together in a sorptive form (Amano et al., 1999; 
Yamaguchi et.al., 2014). 

If radioisotopes are deposited on the soil surface, about 79% is 
adsorbed with soil particle in one year and the radioisotopes are 
not dissolved due to conversion and 97 % remain in an ndissolved 
condition in three years. Therefore, radioisotopes deposited on 
land are moved by precipitation in a sorptive form in soil after 
three years  (Mishra et al., 2009).  In particular, 137Cs deposited 
on land infiltrated the soil and exited in a sorptive form after the 
Fukushima accident, and it was transported to other areas by 
rainfall. The decontaminated regions thus were contaminated 
again by movement of 137Cs, and radionuclides finally migrated 
to a nearby river and estuary. Some remarkable concentrations of 
cesium are now being detected in the rivers and estuaries near the 
Fukushima nuclear power plants (Nagao et al., 2013).  

Soil erosion mainly occurres by rain splash which invloves 
detachment of  soil particles from the soil surface due to the 
collision of raindrop with the uneven soil surface, and by 

suspension transport where soil drifts and moves by precipitation. 
Numerous studies on suspension transport by precipitation have 
been carried out, but the research on  rain splash has some 
limitations owing to measurement difficulties and designing 
experimental conditions  (Kinnell, 2016).  The relations between 
rainfall and soil erosion can be presented with a kinetic energy 
equation or a rain intensity equation (Meyer and Wischmeier, 
1969). Even though the kinetic energy equation has been applied 
in various fields, it has some limitations due to data based soley 
on laboratory experiments. Recently, the rain intensity equation 
has been widely used to evaluate the soil erosion phenomena in 
numerical models (Scholten et al., 2011). 

In this study, a numerical model has been constructed to 
investigate the soil erosion phenomena when radionuclides 
deposited in soil are transported by rainfall. Also, a field 
experiment was performed to obtain the basic parameters and to 
validate the numerical model. A multi-layered scheme according 
to the depth in soil has been applied to reproduce the phenomena 
of the field experiment by analyzing the correlation between rain 
intensity and soil erosion. 

 
METHODS 

Field Experiment 
A field experiment was carried out to investigate the soil 

erosion phenomena by rainfall.  A soil erosion instrument was 
manufactured and placed at a location that was directly affected 
by precipitation (Figure 1). The experimental instrument was 
made of acryl and it had declination of 7 degrees with rectangular 
box having a width of 2 meters and a length of 3 meters. The soil 
in the rectangular box was sampled after precipitation and the soil 
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particle size distribution was analyzed through sieve and image 
processing methods. 

 
 

(a) 

 

(b) 

   

Figure 1. Field experiment; (a) design of instrument, (b) installation of 
instrument. 

 
 

Soil Erosion Model 
The splash soil erosion rate by rainfall is presented as follows 

(Meyer and Wischmeier, 1969). 
 

es = Cfk(h)r2, k(h) = exp (−chh)                       (1)  
 

where Cf  is a coefficient of the erosion rate, k(h) is a reduction 
factor that represents the reduction in splash erosion caused by 
increasing depth of water, and r is the rainfall intensity. k(h) is 
approximated as about 1.0 for runoff and its minimum is 0.0 for 
very deep flow. Both Cf  and k(h) are always positive, and thus  es 
is always positive. Cf  has a range from 20 to 500, but it generally 
has a value of 50 for splash soil erosion equation (Meyer and 
Wischmeier, 1969).  

The general equation to describe the sediment dynamics is 
given as follows (Bennett, 1974). 

 
∂(ACs)
∂t

+ ∂(QCs)
∂x

− e(x, t) = q(x, t)                        (2)                        
 

 
where Cs is the sediment concentration, A is the cross sectional 

area of flow, Q is the water inflow, q is the rate of lateral sediment 

inflow, and e is the erosion rate of the soil bed, which is composed 
of the splash soil erosion rate and flow soil erosion rate. In this 
study, the soil erosion rate in equation (2) is only considered with 
the splash effect presented in equation (1).  

Estimation of the soil erosion rate in numerical model can be 
improved by considering the real conditions in the field. To 
improve the simulation of the soil erosion rate, infiltration by 
rainfall is also included in the numerical model. The infiltralation 
capacity (Fc) that presents water to enter soil, was considered in 
the model, and it could be described as a function (f) of the initial 
water content (θi) and the amount of rain that has aleardy entered 
the soil (F). This relation is presented as follows (Smith, 1983). 

 
Fc = f(F,θi)                                                        (3) 
 

If the initial water content (θi) is assumed to be constant over the 
wetting depth, the relation f(F, θi) is derived from assumptions 
allowing an analytic solution of the Dary flow equation (Smith, 
1983).  

 
G = 1

Ks
∫ K(ψ) dψ0
−∞                                            (4) 

   
where G is the effective value of the capillary head, Ks is the 
effective saturated hydraulic conductivity, ψ  is the soil layer 
coefficient and K(ψ)  is the hydraulic conductivity. If the 
experiment is performed considering equation (3) and (4), soil 
erosion can occur first in highly saturated soil. 
 

RESULTS AND DISCUSSION 
A numerical model has been established to analyze the relation 

between precipitation and soil erosion. The model is constructed 
to reflect the conditions of the field experiment in Figure 1, and 
the domain of the model is composed of one plate area and one 
small open channel. Precipitation data are taken from 
measurements at a meterological tower that Korea Atomic Energy 
Research Institute is now operating. The soil particle size 
distribution according to depth was determined from data 
obtained from the field experiment depicted in Figure 1.  The 
characteristics of  soil particles such as porosity and saturation  
were obtained from data that has been applied with the standards 
in US Department of Agriculture and Ministry of Land, 
Infrastuructur and Transport in Korea (Rawls, et al., 1982). 

Erosion characteristics were analyzed by collecting soil 
samples after the period of precipitation ended. When 
precipitation continued for several days, the accumulated 
precipitation was used to estimate the soil erosion rates by the 
assumption of a single event of the sampled soil. There were 
several times that precipitation continued for three or four days in 
the field experiment. Also, the soil particle distribution showed 
an increasingly worse tendency by continuous soil erosion as time 
passed. From these measurements, additional physical factors 
were considered to reflect the real phenomena in the numerical 
model. Numerical simulations were performed for four different 
cases, and the important factors were identified by adding one 
physical process from the first case to the fourth case.  The cases 
for the  numerical simulations are outlined in Table 1. 

As shown in Figure 3, numerical results were improved by 
considering the realistic physical process and data measured from 
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the field experiment. In particular, porosity and saturation 
presented in equations (3) and (4), were considered from case 2 
to case 4 in Table 1. Even though the measurements in the field 
experiment were not sufficient, the value of Cf could be obtained 
for the condition where the water thickness over the soil was not 
considered.  Meyer and Wischmeier (1969) suggested a Cf value 
of about 50 from a laboratory experiment, but they employed 
some assumptions such as the variations of rainfall intensity by 
latitude and collision angle according to the surface shape. In this 
study, a Cf value of about 198.2 was obtained from the field 
experiment and a value of 200.0 was used in the numerical model. 

 
 

 

Figure 2. Schematic diagram of numerical simulation. 

 

Table 1. The conditions for numerical simulations.   

Case.    Conditions     

1 Only use equation (1) 

2  One layer model adding porosity and saturation in Exp.1 

3  Multi-layered model adding the variation of soil particle 
size according to depth in Exp.2 

4  Considering Cf value obtained from a field experiment in 
Exp.3 

 
From a comparison of case 1 (exp1)  and case 2 (exp2) in 

Figure 3b, the soil erosion weight was increased in case 2, where 
the initial saturation in soil was considered, but it was generally 
underestimated. Soil particles are fine near the surface and coarse 
with increasing depth from the surface. This means that it is not 
realistic to use only single soil particle distribution, because soil 
on the surface is eroded and soil below the surface is revealed 
when rainfall continues for a long time. Therefore, a multi-
layered model was considered in this study to address the 
aforementioned limitiations. The particle distribution of soil was 
linear according to the depth, because numerical instability 
occurred in the model when the thickness of the surface layer 
approached zero. The thickness of the surface layer was set as 20 
cm in the numerical model. 

In Figure 3b,  the results were improved in case 3 (exp 3), 
where the multi-layered concept was applied. Although about 
eight experiments were carried out, the value of Cf was generally 
obtained  from measurements. In Figure 3a, the large value of Cf 
obtained from the experiment was closer to the measurements 
than the values reported in a previous research (Meyer and 
Wischmeier, 1969). 
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(a) 

 

(b) 

 

Figure 3. (a) Relationship between precipitation and soil erosion weight 
(b) comparative results of simulations and measurements .

 
 

CONCLUSIONS 
In this study, a field experiment was performed to evaluate 

the soil erosion and transport by rainfall. A numerical model was 

established using the parameters obtained from the field 
experiment and the calculated results were compared with 
measurements. From a comparison of the measurements and 
calculations, the simulation showed better results for the case that 
considered the porosity, saturation, and a multi-layered model in 
soil and used the value of Cf obtained from the field experiment 
(case 4 in Table 1).  

The calculated soil erosion rate was improved in the case 
where the initial saturation was considered, and where rainfall 
infiltrated the soil. Numerical simulations were greatly improved 
by applying the multi-layer model where the characteristics of the 
soil particle distribution were considered according to the depth, 
and by using the coefficient of the splash erosion rate obtained 
from the field experiment. 

In the next study, multi-domain in a numerical model will be 
composed by connecting single domains to reflect a more realistic 
situation inolving complex soil shape. Another field site was 
selected near a nuclear power plant in Korea and some 
experiments have been performed since summer 2018. New data 
from this experiment will be obtained and they can be used to 
improve the established numerical model.  
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ABSTRACT 
 
Kim, D.H.; Ryu, H.R.; Lim, H.S., and Hwnag, K.-N, 2019. Estimation of loss ratio of fine sediments for dredging and 
land reclamation. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water 
Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 246-250. Coconut Creek (Florida), ISSN 
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Dredged sediments from the sea bottom are being used as filling material in the Saemangeum reclamation area located 
on the west coast of Korea. The dredged sediments of Saemangeum contain sediments such as silt or mud from which 
the coarse sediments can be immediately deposited, whereas the fine sediments can remain in suspension in the 
spillway. Consequently, when the fine-sediment content in the dredged sediments is extremely high, the resulting loss 
ratio of sediments may become significantly larger than expected, thereby resulting in increased construction costs. In 
addition, the suspended sediments released through the outflow can increase the turbidity of seawater, which can form 
one of the major causes of seawater pollution. Therefore, for economical dredging and reclamation in the case of high 
content of fine sediments, estimation of the loss ratio of sediments is essential. In this study, we develop a novel 
approach based on the theory of cohesive fine-sediment transport to measure the loss ratio of sediments at the 
Saemangeum reclamation site. We perform a series of deposition experiments with an annular flume to determine the 
equilibrium suspended-sediment concentration for a given flow velocity or shear stress, which is used to estimate the 
loss ratio of sediments. In addition, we perform settling experiments for the purpose of reducing the loss ratio near the 
spillway. Unlike previous methods of assessing the loss ratio, our method has the great advantage of providing detailed 
information that can be used to reduce the loss ratio. Deposition experiments show that the loss ratio for dredged 
sediment is ~14.9–20.5%, which is very reasonable when compared with field data value of 15.3%. Further, the loss 
ratio can be greatly reduced if the travel time (at least 6 h) of the dredged sediment is increased to reach the equilibrium 
concentration and sufficient settling time (at least 1.4 h) is provided through the construction of a sediment basin near 
the outflow. 
 
ADDITIONAL INDEX WORDS:  Dredging and land reclamation, cohesive sediment, loss ratio of dredged soil. 
 

 
INTRODUCTION 

Several land reclamation projects in coastal areas have been 
carried out to construct harbors, airports, and industrial 
complexes. As the supply of soil from the land is often 
insufficient, sediments dredged from the sea bottom are 
commonly used as the filling material for reclamation. The 
dredged sediments are generally disposed off into a reclamation 
site through pipelines, in which the coarse sediments can be 
immediately deposited around the inlet, whereas the fine 
sediments can remain in the suspension until water flows over the 
outflow weir. Consequently, when the content of fine sediments 
in the dredged sediments is extremely high, the loss ratio of 
sediments, calculated as ratio of the total amount of sediment at 
the inlet to the sediment reaching the outflow weir and the sea, 
may become considerably larger than expected, thereby resulting 
in increased construction costs. In addition, the suspended 
sediments released through the outflow weir can increase the 

turbidity of seawater, which can form one of the major causes of 
seawater pollution. Therefore, for economical dredging and 
reclamation in the case of high fine-sediment content (such as in 
estuarine muds), estimating the loss ratio of sediments is essential.  

The loss ratio of dredged sediments is estimated by use of 
evaluation manuals based on the particle size (MOLIT, 2018; 
MOF, 2014) or by studying the variation in the particle size 
distributions before and after dredging (Marsal, 1973; Fukumoto, 
1990). However, these methods only provide approximate values 
of the loss ratio, and they also do not provide detailed information 
on how the ratio can be reduced. In part, fine sediments have site-
specific transport properties due to collision between particles (or 
flocs), and therefore, it is not appropriate to use the loss ratio 
provided in the manuals. 

Against this backdrop, in this study, we developed a novel 
approach based on the theory of cohesive fine-sediment transport 
to measure the sediment loss ratio. Using this new method, we 
quantitatively estimated the loss ratio of sediments at the 
Saemangeum reclamation site located on the west coast of South 
Korea. Importantly, this method also provides detailed guidelines 
to reduce the loss ratio. To verify the validity of the new approach, 
we also performed direct field measurements of the loss ratio of 
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dredged sediments and compared these field results with the 
experimental results, and a fairly reasonable agreement was found 
between the two sets of values. 

 
METHODS 

Here, we briefly review the methods and experimental aspects 
of the study. 
 
Test area and Methodology 

The Saemangeum Project is a national project to develop new 
land area. Through this project, 283 km2 of new land is to be 
reclaimed, and 118 km2 of lake area has currently been created 
after construction of the world’s longest sea dike (33.9 km) 
connecting Gunsan and Buan on the west coast of Korea (Figure 
1). The second construction site, which forms the test bed of this 
study, is about 2.55 km2 in area. Dredged sediment at the northern 
fairway of Gunsan port comprises fine sediments (average 
particle diameter: 221 μm) containing mud and silt (<62.5 μm, 24% 
of total volume), which is transported to the reclamation area 
through a pipeline of about 7 km. The test area has three spillways 
(A to C), which play a role in draining water while filling the land. 
The straight-line distance from the inlet to the outflow is at least 
~800 m to a maximum of 1,200 m, and water (mixed with 
sediment) with flow velocities of ~22–31 cm/s is continuously 
flowing from the inlet to outflow at the reclaimed land.  
 

 

 
Figure 1. Saemangeum reclamation area located on the west coast of 
South Korea. 

 
 

At the reclamation site, it is ideal that the dredged sediments 
are completely deposited until water is discharged through the 
outflow (spillway). However, as shown in the schematic in Figure 
2, fine sediments in dredged sediments are not deposited during 
transport to the outflow but remain in suspension in water and are 
generally lost to the ocean.  

In particular, cohesive fine sediments such as mud flats exhibit 
an entirely different transport mechanism than non-cohesive 
sediments (sand or gravel) due to flocculation by collision 
between particles (or flocs), and thus, it is essential to understand 
the transport characteristics of cohesive sediments. The 
depositional behavior of aggregates is known to be controlled by 
the dynamics of the interaction between flocculation/break-up 

and the probability that an aggregate of a given size and shear 
strength may deposit on the bed (Parchure, 1984). Thus, given the 
shear stress (or flow velocity), the aggregate eventually reaches 
an equilibrium at which the suspended concentration becomes 
constant: the processes of flocculation of the aggregates and 
break-up are in equilibrium (Johansen, 1998). In the equilibrium 
state, the suspended-sediment concentration in water is usually 
expressed as equilibrium concentration Ceq (Mehta and 
Partheniades, 1975). Parameter Ceq is a closely related factor in 
evaluating the loss ratio of dredged sediments in reclamation 
areas. Thus, in this study, we conducted deposition experiments 
to quantitatively estimate Ceq under field conditions. 

On the other hand, the incoming dredged sediments from the 
inlet are transported near the outflow, and they remain only as the 
residual suspended concentration Cs composed of fine particles 
that exist in the form of a fluid mud in a quiescent state. The fluid 
mud is a high-concentration suspension containing fine solids that 
are easily transported by the weak flow. Therefore, they require 
sufficient time for settling. In this context, it becomes necessary 
to estimate the settling velocity of the fluid mud near the spillway 
for the quantitative evaluation of the settling time.  

 
 

 

Figure 2. Schematic of sediment transport in the Saemangeum 
reclamation area. 

 
 
Deposition Experiment  

Deposition experiment was carried out by using an annular 
flume developed by Chonbuk National University (Figure 3a). 
The annular flume consists of an annular channel that can be filled 
with water and soil, and a rotatable top lid that can generate fluid 
flow. The detailed specifications and characteristics of the 
equipment are given in the study by Hwang et al. (2005). This 
experiment was carried out six times while changing the shear 
stress (or flow velocity) using the dredged sediment collected at 
the inlet in the reclamation area. The experimental conditions for 
each experimental trial are listed in Table 1. The experimental 
conditions for shear stress were set to a range similar to that of 
the field. During the experiment, the concentrations of suspended 
solids were measured at two different heights (4 cm and 7 cm 
from the bottom) at specific time intervals (2, 5, 10, 20, 30, 45, 
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60, 120, 240, 300, 360, 420, 630, 1080, and 1440 min). Here, the 
concentrations measured at two heights correspond to all the 
suspended solids, and these values are averaged. The water 
temperature and initial concentration of dredged sediments were 
also similar to the corresponding ones of the field conditions. The 
experiment time was set to 24 h, which was considered sufficient 
for the system to reach equilibrium concentration. 

 
 

    
Figure 3. (a) Annular flume (b) Settling column.  

 

Table 1. Deposition experiment conditions.  

Trial 
No. 

Initial 
Conc. 
(g/l) 

Shear 
Stress 
(Pa) 

Mean 
Velocity 
(cm/s) 

Temp. 
(℃) 

Test 
Duration 

(h) 
1 

239 

0.10 21.8 18–19 

24 

2 0.15 26.5 20–21 

3 0.20 30.4 21–22 

4 0.25 33.8 19–20 

5 0.35 36.8 19–20 

6 0.40 40.0 20–21 

 

Settling Experiment  
In our study, we performed settling experiments of fluid mud 

using a cylindrical Plexiglas settling column with a diameter of 
17 cm and height of 1.8 m (Figure 3b). We performed gravimetric 
analysis to determine the profiles of the concentration as a 
function of depth at each sampling time (0, 5, 15, 30, 60, 120, and 
180 min). The settling velocity was estimated by means of the 1D 
mass conservation equation expressed as eq. (1). 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 = 𝜕𝜕𝐹𝐹𝑠𝑠
𝜕𝜕𝜕𝜕

 = 𝜕𝜕𝑊𝑊𝑠𝑠𝜕𝜕
𝜕𝜕𝜕𝜕

    (1) 
 

Here, the settling flux, Fs, is given as the product of the settling 
velocity and suspended-sediment concentration, and ∂z denotes 
the change of the vertical height. Equation (1) was calculated by 
use of a program (based on the finite difference method) 
developed by Ross (1988). 

The settling experiment was carried out six times in total with 
the use of the fluid mud collected near the spillway in the 
reclamation area. The experimental conditions for each trial are 
listed in Table 2. The test duration was set to 3 h, which is 
considered to be sufficient to ensure complete settling. 
 

Table 2. Settling experiment conditions.  

Trial 
No. 

Initial 
Conc. (g/l) 

Temp. 
(℃) 

Test Duration 
 (h) 

1 31.9 21.0 

3 

2 36.5 21.5 

3 42.9 21.0 

4 53.1 22.0 

5 59.1 22.0 

6 69.0 21.0 

 

RESULTS 
We examine the results from the perspectives of equilibrium 
concentration, settling velocity, and validation of our approach in 
this section. 
 
Equilibrium Concentration 

Figure 4 depicts the experimental variation in the suspended-
sediment concentration as a function of time. The suspended-
sediment concentration is expressed as the relative concentration 
(C/C0), which is the ratio of the measured concentration C to the 
initial concentration C0. From the results, it can be observed that 
C/C0 rapidly decreases exponentially in the early stage (around 
0–5 h) and subsequently reaches a constant value that corresponds 
to the equilibrium concentration Ceq (or Ceq/C0) over a period of 
about 5 to 15 h. We also note that as the shear stress (or flow 
velocity) increases, Ceq also increases. This increase in Ceq 
indicates a corresponding increase in the loss ratio of dredged 
sediments. 

 
 

   

Figure 4. Variation in residual suspended concentration Cs with time and 
shear stress τ𝑏𝑏.

 

Considering the distance from the inlet to the spillway (~800 –
1,200 m) and the flow velocity in the reclamation area (22–31 
cm/s), the sediment travel time is estimated to be nearly 40–90 
min. This travel time is very short compared to 5–15 h of the 
travel time required to reach Ceq. In this case, it can be observed 

(a) (b) 
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that the relative residual concentration (Cs) that can be lost is 14.9 
to 20.5% in the figure. Consequently, we found that the loss ratio 
was larger because the travel time was not sufficiently accounted 
for in the Saemangeum reclamation site. If the time to reach Ceq 
is sufficient, Cs can be reduced by about 2 to 14% before the water 
with sediment reaches the spillway. Therefore, in order to reduce 
the loss ratio, a diversion waterway should be constructed to 
increase travel time to ensure that the equilibrium concentration 
Ceq is reached by bypassing the traveling distance of the dredged 
sediments. If there is no secondary reduction facility near the 
spillway, the measured value is the loss ratio of the dredged 
sediments throughout the reclaimed land.  

 
Settling Velocity 

In general, the settling velocity of cohesive fine sediment is 
determined as a function of the sediment concentration, and the 
settling phenomenon is usually classified into three regimes 
(Mehta, 1988; Hwang, 1989): (1) free settling, in which 
individual particles do not interact with each other; (2) 
flocculation settling, in which increasing concentration leads to 
increasing interparticle collision and consequently enhanced 
aggregation; (3) hindered settling, in which the formation of an 
aggregate network hinders the upward transport of interstitial 
water. Consequently, the settling velocity decreases with 
increasing concentration. The fluid mud near the spillway 
corresponds to the high-concentration hindered-settling regime, 
as shown in Figure 5. In this regime, the settling velocity equation 
of Kynch (1952), which is expressed as Eq. (2), is widely used, 
and it is also plotted in the figure (blue curve).  

 
 Ws = Wso[1 − K1(C− Cso)]α  (2) 

 
Here, Wso denotes the maximum sedimentation velocity, Cso 

the suspended-sediment concentration at Wso, and K1 and α 
proportionality constants that vary with the sediment type. 
 

 
Figure 5. Variation in settling velocity as a function of concentration.

 

The data in Figure 5 appear dispersed because the 
concentration variation is characterized by the presence of 
irregular cohesive soil formed due to collision and flocculation 
between particles (or flocs) during the settling process. The 
settling velocity corresponding to the in situ concentration (42 g/l) 
of the fluid mud was found from the figure to be a maximum of 

0.2 mm/s and an average of 0.0043 mm/s. Considering that the 
water depth around the spillway is about 1 m, it takes at least 1.4 
h and an average of 2.6 days for complete settlement of the fluid 
mud, and thus, some loss of fluid mud is inevitable. However, 
considering a realistic and reasonable settling time, an additional 
delay in settling time induced, for e.g., with the construction of a 
temporary sedimentation basin, may be effective in reducing the 
loss ratio. 
  
Validation 

The loss ratio of the dredged sediments was quantitatively 
estimated through our deposition experiments, and the results 
were compared with the results derived from in situ 
measurements; the latter results were calculated by utilizing the 
ratio of the sediment discharge flowing through the pump of the 
dredger to the sediment discharge flowing out through the 
spillway. The corresponding equation can be expressed as follows: 

 
Loss ratio (%) = 100×  �Qout×Cout

Qin×Cin
� = 100×  �Mout

𝑀𝑀in
� (3) 

 
Here, Qout (Qin) denotes outflowing (inflowing) discharge, Cout 

(Cin) the outflowing (inflowing) suspended-sediment 
concentration, and Mout (Min) the outflowing (inflowing) 
sediment discharge. From Table 3, which lists the measured in 
situ results, the sediment discharge is 545 kg/s at the inlet and the 
total sediment discharge from the three spillways is 83.5 kg/s. 
According to the derived results, the loss ratio measured on site 
is 15.3%, which is about the same or ~5% smaller than the loss 
ratio of 14.9–20.5% calculated from the experiment. This 
difference in values is due to the uncertainty of the flow velocity 
and sediment travel distance used as experimental input data. In 
addition, the temporary embankment near the spillway plays a 
role in increasing the settling time for residual suspended solids, 
thereby resulting in a partial reduction in the loss ratio. As 
indicated by the settling test results, if a residence time of at least 
1.4 h is maintained, some of the suspended solids (although not 
all) will settle.  

 
Table 3. Measured sediment discharge data in the field. 

Site Discharge, 
Qin (m3/s) 

Suspended 
concentration, 

Cin (g/l) 

Sediment 
discharge, 
Min (kg/s) 

Inlet 2.28 239 545 
 

Spillway 
 A 

1 0.38 65.5 25.2 
2 0.37 64.0 24.2 

Spillway 
 B 

1 0.04 65.0 2.7 
2 0.02 65.0 1.2 
3 0.01 65.5 0.6 
4 0.001 65.5 0.4 

Spillway 
 C 

1 0.53 24.7 13.2 
2 0.43 25.3 11.0 
3 0.20 24.6 5.0 

Total sediment discharge 83.5 
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In order to more accurately calculate the loss ratio of the fluid 
mud near the spillway, we need to additionally perform 
entrainment experiments, but we do not consider entrainment 
here because the proportion of loss ratio due to entrainment is 
relatively small when compared with the total loss ratio. As a 
result, the loss ratio obtained through the deposition experiment 
is considered to be very reasonable when compared with the field 
measurements. 

 

Site Discharge, 
Qin (m3/s) 

Suspended 
concentration, 

Cin (g/l) 

Sediment 
discharge, 
Min (kg/s) 

Inlet              2.28         239    545 

Spillway 
 A 

1 0.38 65.5 25.2 

2 0.37 64.0 24.2 

Spillway 
 B 

1 0.04 65.0 2.7 

2 0.02 65.0 1.2 

3 0.01 65.5 0.6 

4 0.001 65.5 0.4 

Spillway 
 C 

1 0.53 24.7 13.2 

2 0.43 25.3 11.0 

3 0.20 24.6 5.0 

Total sediment discharge 83.5 

 
CONCLUSIONS 

In this study, we proposed a new approach to understand the 
transport properties of dredged sediment to quantitatively 
estimate the loss ratio at the Saemangeum reclamation site. 
Deposition experiments showed that the loss ratio for dredged 
sediment was 14.9–20.5%, which was very reasonable compared 
with field data value of 15.3%. Unlike loss ratio estimation 
methods proposed in previous studies, our method can also be 
used as a guide to reduce the loss ratio. The loss ratio can be 
greatly reduced if the travel time (at least 6 h) of the dredged 
sediments is increased to reach equilibrium concentration Ceq and 
sufficient settling time (at least 1.4 h) is provided during flow 
through the sediment basin (using design solutions such as 
temporary sedimentation ponds and temporary embankments 
near the outflow). Detailed reclamation designs should be taken 

into consideration for realistic and economic reasons, and in this 
regard, the results presented in this study can be very useful for 
designing reclamation areas. 
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The accuracy of the particle tracking model (PTM), which is widely used for predicting spilled oil diffusion and 
supporting search and rescue in the ocean, is significantly affected by current and wind, which necessitates the 
development of suitable accuracy improvement techniques to increase human safety and preserve the environment. To 
address this issue, we herein established a method of improving PTM accuracy by comparing high-frequency radar 
(HFR) current data with those of the coastal model. Particle tracking was simulated using a ~300-m-resolution current 
field of the Korea Operational Oceanographic System (KOOS) coastal circulation forecasting system, a ~3-km-
resolution current field of the HFR system installed on Jeju Island, and a 4-km-resolution KOOS weather forecasting 
system (wind data). To compare the effects of two currents on PTM accuracy, drifters were dropped from the center 
of the HFR-system grid, and performance was evaluated by comparing the actual drifter moving path with that 
predicted by PTM. PTM accuracy was calculated by comparing the acceptable duration and accuracy (drifting object 
located within 1 km) with 10-day moving path data, and the application of two-dimensional current measurement data 
and wind data was shown to significantly increase prediction accuracy.  
 
ADDITIONAL INDEX WORDS: HF-radar, particle tracking model, drifter. 
 

 
INTRODUCTION 

In the event of a maritime accident, the object movement 
direction and location cannot be accurately estimated without 
detailed information on ocean currents in the accident area. In 
addition, in the case of a pollutant accident such as an oil spill, 
the pollutant movement and spreading ranges are determined by 
ocean currents, tide, wind, etc. in the vicinity of the accident. 
Therefore, precise estimation of the above factors is important for 
efficient disaster prevention. 
To date, Eulerian and Lagrangian measurement techniques are 
commonly used for current observation. In the former method, a 
current meter is lowered at a specific position or several current 
meters are attached to a fixed buoy. Today, sonic current systems 
are mainly used. However, although this method shows the 
temporal change of the flow, since ocean current observation is 
performed at a specific mooring point, it fails to grasp the 
corresponding spatial changes. The Lagrangian method traces the 
water particle as it moves and uses this drift to obtain current 
direction and velocity. In this method, only the current 
information on the moving area of the drift buoy is known, while 
the corresponding wide-space information is limited. The high-
frequency radar (HFR), developed by Crombie in 1955, allows 
one to continuously monitor and has been recognized as a cost-

effective solution that augments the existing system of in situ 
measurements and provides increased spatial and temporal 
resolution (IOOS, 2015) by offering access to more densely 
distributed and near-real-time data and enabling measurement of 
two-dimensional currents. HFR was first operated in the Mid-
Atlantic in 1998, and 35 systems are currently operated by eight 
different universities under the Mid-Atlantic Regional 
Association Coastal Ocean Observing System (MARACOOS). 
The U.S. Coast Guard (USCG) Office of Search and Rescue 
(SAR) and MARACOOS partners first demonstrated the 
effectiveness of surface current measurement in aiding search and 
rescue planning in 1998. Therefore, HFR data can be used not 
only for ocean monitoring but also for model verification and drift 
prediction (e.g., for aiding SAR and oil spill positioning). As an 
example, USCG SAR operators use HFR data to make critical 
decisions when rescuing disabled vessels and people stranded in 
the ocean.  

More than 1,100 maritime accidents occurred annually over the 
last 10 years. Although in the event of a maritime accident, the 
Korea Coast Guard (KCG) rescue team responds in 11 min 
(Korea Coast Guard, 2013), which allows most people to be 
rescued, large numbers of missing persons and deaths are reported 
each year. When planning search rescue operations, the most 
important thing to consider is particle tracking model (PTM) 
accuracy, since it is essential for securing the search area and the 
golden time for rescuing survivors. The prompt provision of 
predicted information to government agencies can minimize the 
damage to people and property and is commonly achieved using 
the Lagrangian particle model. 
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PTM accuracy depends on the initial input conditions, i.e., on 
the accuracy of current and wind forecast data. In this study, we 
focused on the surface current field and used data provided by the 
HFR system installed on Jeju Island. Moreover, drift buoy 
experiments were carried out to estimate and verify the accuracy 
of PTM and HFR current fields. Subsequently, the HFR current 
field was used to increase the drift prediction accuracy of the 
existing system that solely relies on a numerical model. 

 
METHODS 

Experiment Description 
Three types of experiments were conducted, namely HFR-

based surface current velocity observation and drift experiment 
and numerical experiments to verify HFR data and the 
applicability of HFR in PTM implementation. 
 
HFR Data 

We used data provided by the 13-MHz-band HFR (Table 1) 
installed by the Korea Institute of Ocean Science & Technology 
(KIOST) in Aewol and Gimnyeong areas for observing the Jeju 
Strait. The above system provides near-real-time surface current 
data with a 40-min delay and 3-km resolution, with the HFR 
location and spatial data collection area shown in Figure 1.  

 
Table 1. Characteristics of KIOST HFR operation. 
 

Station                                        Jeju Island 
                                    Aewol                          Gimnyeong 

Longitude            126.3474°E                126.7269°E 

Latitude            33.4734°N                       33.5600°N 
Frequency                    13.45 MHz                      13.90 MHz 
Range                                                50–80 km 
Radial Resolution                                3 km 
Angular Resolution                                5° 
Interval                                                 0.5 h 

 
Current Verification 

Input current verification was required for the Jeju region, since 
it is affected by tidal currents, the Tsushima current (a branch of 
the Kuroshio current), and monsoon wind–driven currents. In this 
region, the strongest flow rate was estimated as 0.50 m/s for the 
tidal current and as 0.25 m/s for the northeast direction of the 
oceanic current. Therefore, HFR data verification was required 
for drift prediction. To verify these data, the Aanderaa current 
meter (RCM 9) was installed at the same time as the drift 
experiment (Figure 1). RCM 9 was observed by mooring three 
units from April 25, 2018 to April 30, 2018 (Table 2). In this case, 
we only described the No. 2 equipment closest to the drifter 
trajectory.  

 
Table 2. Information pertaining to RCM 9 observations. 
 

      RCM 9               Period                     Longitude            Latitude 

1                                                     126.360                 33.649 

2         18.04.27–18.04.30              126.423                 33.648 

3                                                     126.425                 33.809 

 

  
Figure 1. Area of the Jeju HFR system and experiments.  

 
 
The verification results obtained for the Jeju strait are shown in 

Figure 2. Surface current verification was performed during the 
drift experiment, and buoy-registered, HFR-registered, and 
numerical model–predicted currents were compared. As a result, 
the average current velocity of the Jeju strait was determined as 
0.5 m/s for the U component and as 0.2 m/s for the V component. 
For HFR and numerical models, the velocity and phase of the U 
component were similar to those registered by the buoy, whereas 
a larger current velocity and a certain phase lag compared to buoy 
data were observed for the corresponding V component. Overall, 
HFR data showed a pattern similar to those of buoy data and 
numerical model data, and both sets of data were used in PTM 
simulations for prediction accuracy comparison. 
 

 

 
Figure 2. Comparison of current data obtained using the Jeju strait HFR, 
RCM 9, and the numerical model. (a) U current, (b) V current. 

 
 
Drift Experiment 

Experiments to verify HFR and numerical model–predicted 
surface currents and calculate PTM accuracy were carried out 
using a KIOST-made drifter. The constructed buoy was designed 
to be affected by a depth of 0.5 m to reproduce the current at a 

(a) 

(b) 
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water depth as close as possible to that of the HFR-observed 
current. Tracking information was transmitted every 5 min via an 
iridium communication module (diameter = 9 cm, height = 20 cm, 
and drogue dimensions = 100 cm × 100 cm). The total weight of 
the drift buoy (Drifter-K1) was about 11 kg (Figure 3). 

 
 

 
Figure 3. Schematic illustration of the KIOST K1 drift buoy. 

 
 
Drift experiments were performed in the Jeju Strait (southern 

part of the Korean peninsula) using Drifter-K1, which was 
dropped on April 25 and 27, 2018 (Figure 1, Table 3). Notably, 
although the Jeju Strait is affected by tides, it is predominantly 
influenced by the current moving from the Yellow Sea to the 
Korean Straits Therefore, to obtain the maximum data set within 
the HFR observation range during the experimental period, the 
drifter was dropped northern part of the Jeju Island (Figure 4). 

 
 

 
Figure 4.  Drifter path (blue (Exp. 1) and green (Exp. 2) lines) and drop 
locations (red dots).  

 
Experiments were carried out by drifter recovery and re-release 

after it moved outside the HFR observation range, and a total of 

10 drift buoy data sets were obtained. In experiment one, the five 
drifters moved mostly eastward, while in experiment two, they 
mostly moved toward the northeast. Only the results of 
experiment 2 were used because of the lack of HFR data for the 
area covered in the first experiment. Drift buoy data were used to 
verify the accuracy of drift prediction via particle tracking 
simulation using HFR and numerical model current as input data. 

 
Table 3. Information pertaining to drift experiments. 
 

   Experiment               Period                        Depth                Number   
Number             (yy.mm.dd)             (below sea level)    of drifters 

1               18.04.25–18.04.27             0.5 m                       5 
2               18.04.27–18.04.30             0.5 m                       5 

 
Numerical modeling 

The PTM was based on the Lagrangian module of Modelo 
Hidrodinâmico (MOHID; Cancino and Neves, 1999) and used the 
Monte Carlo ensemble technique, with mean velocity being the 
main factor usually responsible for particle movement. 
Importantly, the PTM is directly linked to the Korea Operational 
Oceanographic System (KOOS; Park et al., 2015) and uses data 
from KOOS-derived weather and ocean models. The initial PTM 
location was extracted from the location of the drift buoy every 
hour. 

Weather Research and Forecasting system (WRF) and MOHID 
were used to simulate the changes of ocean characteristics. The 
parameterization of physical processes used in WRF is described 
in the work of Park et al. (2015). Herein, we used domain 2 (D2) 
of atmospheric forcing with a 4-km-resolution grid (270 × 270) 
around the Korean peninsula.  

 
 

 
Figure 5. Results of tide variation prediction. (a) Relationship between the 
observed and predicted amplitude/phase for the four major tidal 
constituents (M2, S2, K1, and O1) at five tidal stations (Incheon, Gunsan, 
Yeong-gwang, Jindo, and Moseulpo), (b) locations of five tidal stations, 
and (c) comparison of amplitudes and phases of four major tidal 
constituents at Gunsan.  

 
 
MOHID was developed by the Marine and Environmental 

Technology Research Center (MARETEC) in Portugal and is also 

(a) 

(c) 
(b) 
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used as a coastal circulation forecasting model by the KOOS. In 
our simulations, we applied the prediction method implemented 
in the KOOS and utilized a horizontal resolution of 300 m for 
comparison with the HFR current field. 

The large sea level changes due to astronomical tides and the 
dominancy of tidal currents in the Yellow Sea require highly 
accurate tide simulations. Tide validation was performed by using 
data from Korea Hydrographic and Oceanographic Agency 
(KHOA) operated tidal stations. Figure 5 compares the observed 
harmonic constituent and corresponding simulation results at five 
stations for January 2017. Only four major constituents were 
compared among the 16 constituents used in the model, and the 
amplitude and phase were independently monitored. 
Consequently, the employed model could predict tide recreation 
on the southwestern coast of the Korean peninsula with 
satisfactory accuracy. 
 

RESULTS 
Since current is the most important factor of influence for the 

PTM, we attempted to improve PTM accuracy by applying HFR 
currents. Particle tracking simulation was conducted by using 
MOHID model– and HFR-derived currents. To determine PTM 
accuracy, two parameters were considered, namely time (Ta) and 
probability within an acceptable distance (i.e., 1 km, which is the 
maximum distance of object visibility at the ocean surface). 
Specifically, Ta represented the acceptable duration, i.e., the time 
during which the object drifts beyond the acceptable distance 
(Cho et al., 2014).  

 
 

 
Figure 6. Illustration of simulated (model) results (blue), HFR results 
(black), and drifter trajectories (magenta) for four representative cases: (a) 
drifter 1, (b) drifter 2, (c) drifter 3, (d) drifter 4. 

 
 

Figure 6 compares simulated and experimental results. In this 
figure, magenta color represents buoy data, and blue and black 
colors denote 50-particle PTM results obtained using MOHID 
and HFR, respectively. The initial point of measurement was 
determined from the buoy location, which was monitored once 
per hour. As shown in Figure 6a, when the HFR current was used, 
Ta equaled 16.3 h and accuracy equaled 92%, whereas in the case 
of the MOHID current, the respective parameters equaled 4.8 h 
and 24%. The results obtained for drifter 2 (Figure 6b) showed 
that errors in path differences may occur even for similar sea area 
experiments. Figures 6c and Figures 6d show that Ta values 
obtained when the model current was used were larger than those 
obtained for the HFR current, whereas the reverse was true for 
accuracies. This behavior seemed to reflect the differences 
between the employed accuracy calculation methods. However, 
from the perspective of search and rescue prediction accuracy, 
probability (e.g., the probability of finding an object at a specific 
location after a certain period of time) is a more important factor. 
Therefore, both Ta and probability must be considered when 
determining the accuracy of drift prediction.  

 
Table 4. Results of drift experiments. 
 

Input            Drifter             Ta           Probability          Mean Distance 
Data            Number            (h)                 (%)                          (km) 
MOHID           01               5.4                  23.9                         5.4 

02               4.3                  19.0                          6.4 
03               4.2                  18.5                          6.2 
04               4.2                  18.7                          6.3 

          05               3.6                  18.3                          4.3 
HFR                01               5.4                   40.4                         3.0 

02               4.1                  35.4                          2.6 
                03               4.1                  32.5                          2.7 
                04               4.2                  27.6                          3.1 

05               2.9                  16.1                          5.8 
 

Table 4 summarizes the results of ten drift experiments. In the 
experiment using the MOHID current, Ta was obtained as 5 h, 
maximum probability was obtained as 24%, and the mean 
deviation between drifter trajectory and predicted results equaled 
5.7 km. On the other hand, when HFR current was used, Ta 
equaled 5 h, maximum probability equaled 40%, and the mean 
deviation was estimated as 3 km. When MOHID and HFR were 
used as input data, different results were obtained depending on 
drifter buoy trajectory, especially for drifter 5. In particular, the 
rapid decline of HFR accuracy was ascribed to the fact no HFR 
data were available for the northern area where drifter 5 moved. 
Thus, despite the variation of experimental results, PTM accuracy 
was generally improved by the use of HFR current. 

 
CONCLUSIONS 

Surface currents are one of the most important factors in 
particle tracking simulation. Herein, we attempted to improve 
PTM accuracy by employing HFR current data. The initial PTM 
data were obtained using the WRF and MOHID models produced 
by KOOS, and moored RCM9 and drift experiments were carried 
out in the northern part of Jeju where HFR was installed for 
current verification and particle tracking simulation. Comparison 



Accuracy improvement of particle tracking model using 2-D current measurement (HF-Radar) data                      255 
 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 91, 2019 

of HFR currents with those observed by the moored RCM 9 
instrument revealed that the corresponding velocities and phases 
were similar, and the obtained data were applied to PTM with a 
numerical model–based current.  

Under the condition of sufficient HFR data, the drift prediction 
performance achieved using the HFR current was superior to that 
achieved using the current of the numerical model. To improve 
drift prediction performance, HFR data should only be used when 
they are sufficient; alternatively, if these data are insufficient, the 
HFR current field can be used in conjunction with the numerical 
model–derived current field. In order to utilize HFR for particle 
tracking simulation as well as the results obtained in this study, it 
is necessary to use high-quality HFR data in a wide area. In 
addition, it is important to transmit data as soon as possible by 
improving the real-time transmission rate of HFR to utilize these 
data for prediction in case of actual marine accidents. In the future, 
we plan to develop a new drift prediction system that can apply 
HFR data and continue studies to improve HRF data quality. 
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ABSTRACT 
 
Kim, J.M.; Lee, S.Y.; Baek, J.S.; Shin, H.S., and Kwon, S.C. 2019. Reasonable selection of riparian buffer zone 
for the reduction of non-point sources pollution in coastal area. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., 
and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, 
pp. 256-260. Coconut Creek (Florida), ISSN 0749-0208. 
 
Studies are underway to improve the water qualities by introducing riparian buffers to existing rivers to manage non-
point sources (NPSs) pollution, but they were not applied to prevent the inflow of land-based NPSs to coastal regions. 
Herein, we introduced methodological approach to the application of riparian buffer zones for mitigating NPSs at 
coastal regions, reflected by river-based simulation. We used hydrological simulation program–FORTRAN (HSPF) 
for the watershed of Unmun Dam, Korea, which can simulate the watershed hydrology with water quality for NPSs 
contaminated runoff including the fate and transport of pollutants in stream channels. We applied a riparian buffer to 
the prepared watershed, which is one of the best management practices, to estimate the reduction efficiency of NPSs 
according to the size of buffer zone. The model was calibrated and validated using four year records (2012-2015) in 
various scenario series. We obtained that decision coefficients (R2) were very good level for the flow rate and water 
quality, but biological oxygen demand (BOD), total nitrogen (TN), and total phosphate (TP) were generally not good. 
Instead, %difference was evaluated as very good level. Five scenarios (five different zone size of riparian buffer zone: 
0.1 ha, 0.2 ha, 0.4 ha, 0.8ha, 1.6 ha) were investigated to determine its optimized zone size at the one site in the Unmun 
Dam Watershed. In Scenario 5 (1.6 ha), the efficiency reduction of TP was 82.329% when there was more than 30 mm 
of rainfall. However, simulation results showed lower efficiency of TN than expected, which illustrates that this result 
does not reflect the watershed’s characteristics well. The efficiency of the reduction of NPSs pollution was greatly 
increased in Scenario 4 (0.8 ha). It is considered that the construction of more than 0.8 ha of riparian buffer in the 
watershed of Unmun Dam would be effective in reducing the NPSs pollution (BOD: >32.52%, TN:  >20.68%), TP: 
>61.34%).  
 
ADDITIONAL INDEX WORDS: HSPF, water quality, non-point source pollution, riparian buffer. 
 

 
INTRODUCTION 

Globally, irregular rainfall and drought caused by climate 
change have resulted in rapidly increasing water shortages in 
rivers, ecosystem damage, reduction in groundwater levels, and 
water pollution. It is difficult to manage the flow rate and water 
quality due to the accumulation of NPSs in the dry season as a 
result of the domestic rainfall being concentrated in the summer. 
In particular, the water quality of the national coasts has gradually 
deteriorated over the past decade in accordance to the national 
coastal water quality (COD) status provided by the national 
indicator system. To prevent this phenomenon, it is important to 
prevent the inflow of land-based pollutant sources to coastal 
regions, which are about 80% of marine pollutants. As a 
countermeasure to this problem, low impact development (LID) 
techniques have been studied to develop technology for the 
management of NPSs pollution using best management practices 
(BMPs). Studies on riparian buffer zones for conservation of 
landscape and water quality suggest introducing a buffer sites to 

capture NPSs and remove pollution prior to reaching coastal 
regions. To determine the removal efficiency of NPSs on riparian 
buffer zones, we used hydrological simulation program-
FORTRAN (HSPF). Bae et al. (2010) developed a dynamic 
model for the reduction of NPSs pollution, which was suitable for 
establishing the total maximum daily load (TMDL) plan using 
HSPF. Kang (2010) raised the possibility of using policy as a 
variable in watershed management according to the location and 
distribution of each element through the construction of various 
scenarios of BMPs in an urban watershed. Kim et al. (2014) and 
Han (2016) estimated the pollutant loads by reducing the NPSs 
pollution in the HSPF model through the construction of a 
wetland. Lee (2017) conducted a study on the reduction of NPSs 
pollution by adding a scenario of basic measures to control the 
TMDL based on a model of the Jungnangcheon Basin, Korea that 
was constructed using HSPF, which analyzed the effect of the 
amount of effluent from environmental facilities on river water 
quality. Mishra et al. (2008) estimated the reduction load of NPSs 
pollution by analyzing nitrogen and phosphorus in a watershed. 
Lian et al. (2010) constructed FTABLE, which is one of the HSPF 
elements that is similar to our target watershed, and analyzed the 
watershed characteristics. Liu et al. (2011) analyzed the 
improvement of water quality by analyzing the watershed 
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according to the land use of the subwatershed. Since we intend to 
improve the water quality by applying BMPs, we first 
investigated the beneficial role of riparian buffer zones on the 
improvement of water quality with the construction of models 
that reflect the characteristics of the watershed. In this study, we 
introduced methodological approach to the application of riparian 
buffer zones for mitigating NPSs at coastal regions using HSPF 
modeling, reflected by river-based simulation. We constructed 
the watershed of Unmun Dam using HSPF that can simulate the 
watershed hydrology with water quality for NPSs contaminated 
runoff including the fate and transport of pollutants, and 
calculated the reduction efficiency of BOD, TN, and TP by 
applying a riparian buffer. In addition, we determined the 
minimum size of buffer zone for the optimal water quality 
reduction.  

METHODS 
Location of Study 

The Dongchang River flows in the watershed of Unmun Dam. 
It is the second stream of the Nakdong River water system, which 
flows into the first stream of the Nakdong River. There are 62.5 
km of river extension and 68.3 km of extension of the channel. 
The watershed area is 550.54 km2, which corresponds to 2.33% 
of the Nakdong River basin. The watershed is located at 128° 
18'30" east and 36° 42'30" north. The east side of Unmun Dam 
watershed also includes Goheon Mountain (elevation: 1034.1 m) 
and Baegun Mountain (elevation: 892.7 m), which are the sources 
of the water, which flows westward within the watershed. The 
Unmun Dam Watershed was constructed between the upper and 
middle points of the Dongchang River. Figure 1 shows the 
location of the watershed in the map.  

 

 
Figure 1. Modeling location of Unmun Dam Watershed in Korea 
peninsula.

 
 

HSPF Model Mechanism 
HSPF is suitable for both urban and rural areas and can 

simulate each rainfall event as well as various water quality items 
(water temperature, DO, TN, TP, BOD, etc.). It consists of three 
application modules and five utility modules. The PERLND and 
IMPLND application modules simulate runoff and nonpoint 
sources from rainfall in the permeability and impermeability areas, 
respectively. The RCHRES module is used for hydraulic 
simulation and contamination of the stream. The HSPF model 
defines the hydrologic-runoff characteristics for each sub basin 
and land use characteristics. The runoff discharge depends on the 
rainfall and is transferred to the water body and delivered 
downstream by the retention track method. The hydrological 
runoff from the HSPF model is simulated in different ways in the 
permeability and impermeability areas. In the impermeability 

area, only surface runoff occurs, but the permeability area 
includes surface runoff, subsurface runoff, and base flow. In the 
HSPF model, surface runoff is used as a turbulent process and is 
simulated using the Chezy-Manning method and runoff 
characteristics based on the storage capacity. The water quality 
simulation of the HSPF model is divided into a simulation of the 
pollution load in the watershed and that of the water quality 
response in the water stream. The HSPF model uses the PQUAL 
and IQUAL modules to simulate the nutrient and organic (BOD) 
behavior in the watershed. There are two ways to do so:  

 
1) Simulation based on the accumulation of pollutants 

through the wash-off by rainfall runoff. 
2) Simulation through the correlation of sediment 

behavior.  
 

Note that they are simulated by the first method since in general, 
sediment system do not have high adsorptive capability of NO3, 
NH4, and organic matter. They are simulated by the second 
method since phosphates are closely related to the sediment 
behavior owing to the strong adsorption with sediments. 

  
Meteorological and Environment Facility Information 

The meteorological data of the Unmun Dam Watershed were 
analyzed as follows. Table 1 represents weather information such 
as precipitation, temperature, dew point temperature, wind speed, 
solar radiation, cloud cover and evapotranspiration for four years 
(2012-2015) in the sequence, obtained from Daegu, Miryang, and 
Yeongcheon Observatories under the Korea Meteorological 
Administration, which are located near the Unmun Dam 
Watershed. The HSPF sub-program WDMUtil was used to 
calculate the amount of evapotranspiration required for HSPF 
using the Penman pan method. There are four environmental  
 
Table 1. Summary of input weather data for the HSPF Modeling. 

Weather 
Station 

Longitu
de 

Latitude 
Elevatio
n (m) 

Year 
PREC 
(mm) 

Atem 
(℃) 

Dewp 
(℃) 

Wind 
(km/hr) 

Solr 
(Lv/hr) 

Clou 
(1/10) 

Daegu 
128.619

03 
35.8851

50 
57.30 

2012 1190 14.2 4.44 2.19 1.16 5.21 

2013 996 15.0 5.24 2.02 1.21 4.93 

2014 1071 15.0 5.33 1.94 1.13 5.08 

2015 909 14.9 7.15 2.06 1.11 5.72 

Average 1041 14.8 5.54 2.05 1.15 5.29 

Milyang 
128.951

41 
35.9774

30 
93.30 

2012 1370 13.5 5.19 1.61 - - 

2013 1037 14.2 5.90 1.53 - - 

2014 1212 14.0 6.04 1.39 - - 

2015 951 14.3 7.15 1.27 - - 

Average 1143 14.0 6.07 1.45 - - 

Youngc
heon 

128.744
10 

35.4914
80 

10.70 

2012 1316 12.4 4.55 1.99 - - 

2013 972 13.1 5.26 1.93 - - 

2014 1194 12.9 5.43 1.77 - - 

2015 839 13.6 6.00 1.83 - - 

Average 1080 13.0 5.31 1.88 - - 

 
facilities in the watershed: Gyeonggok Sewage Treatment 
Facility, Dahyeon 1 Sewage Terminal Treatment Facility, 
Dahyeon 2 Sewage Terminal Treatment Facility, and Chichonri 
Village Sewage System. The discharge flow and water quality 



258  Kim et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

data for each treatment plant are surveyed every year in the 
National Pollutant Survey. Based on the released data, SS, TN, 
and TP were estimated for each ration and constructed as input 
data in WDMUtil for the HSPF model. Figure 2a and 2b show the 
construction of the meteorological data and environmental 
facility data as input data in WDMutil. 
 

 

          
(a) WDMutil Weather Station data (b) WDMutil Environmental Facility 

Figure 2. WDM input data.

 
 

Geospatial Information and Constructed Watershed 
To construct the HSPF model, the watershed needs to be 

divided using geospatial information with the BASIN program, 
along with the digital elevation model (DEM), watershed map, 
river map, and land use map. The DEM shows a resolution of 5 
m × 5 m, released by the National Geographic Information 
Institute. We used Korea Reach Files (KRF) map supplied by the 
Water Environment Information System (WEIS). The land use 
map was reclassified in dependence with various types of major 
land cover such as agriculture, forest, grasslands, ponds, wetlands, 
and water areas using the subdivisions of land cover involved by 
Environmental Information System that provides 41 categories 
based on 2013 data. Forest area covers 84% of the total area of 
the basin, while 9.91% is agricultural areas, and 1.29% is urban 
areas. Figure 3 shows the topography information and HSPF 
watershed diagram used in the watershed construction. 

 
Model Estimation and Calibration 

The constructed model was calibrated and verified by trial and 
error method, and the decision coefficients R2 and %difference 
were used to evaluate the reliability of results. Eqs. (1) and (2) is 
the formula for R2 and %difference. 

 

𝑅𝑅2 = � ∑ (𝑂𝑂𝑖𝑖−𝑂𝑂�)(𝑃𝑃𝑖𝑖−𝑃𝑃�)𝑛𝑛
𝑖𝑖=1

�∑ (𝑂𝑂𝑖𝑖−𝑂𝑂�)2𝑛𝑛
𝑖𝑖=1 �∑ (𝑃𝑃𝑖𝑖−𝑃𝑃�)2𝑛𝑛

𝑖𝑖=1

�

2

   (1) 

%difference =  �∑ 𝑂𝑂𝑖𝑖𝑛𝑛
𝑖𝑖=0 −∑ 𝑃𝑃𝑖𝑖𝑛𝑛

𝑖𝑖=0 �
∑ 𝑂𝑂𝑖𝑖𝑛𝑛
𝑖𝑖=0

× 100   (2) 

𝑃𝑃𝑖𝑖 ∶ Simulated Data,𝑂𝑂𝑖𝑖 ∶ Observed Data, 𝑛𝑛 ∶ Number of Data,𝑂𝑂𝚤𝚤� ∶ Oberserved Data Average  
 
The HSPF-UNMUN model was conducted during the period 

of 2012 to 2015, and the calibration and verification was 
performed based the measured flow and water quality values in 
2013 and 2014 for stability of the model. The site for model 

calibration and verification is RCH 11, which has both flow and 
water quality monitoring point.(Figure 3b) 

 
RESULTS 

Model Calibration and Verification  
After developing the HSPF model, the flow rates were 

calibrated and verified by various sensitive parameters. Note that 
the peak flow rate was set as the priority, and the reservoir flow 
rate was adjusted. The calibration and verification process were 
mainly performed on different parameters that were highly 
sensitive to the flow rate: LZSN, INFLT, AGWRC, UZSN, 
DEEPFR, LZETP, INTFW, and IRC.  

 
 

         
(a)DEM                   (b) UNMUN KRF             (c) Land use 

(d)UNMUN watershed                           (e) UNMUN KRF 
 

Figure 3. Geospatial Information Systems data and HSPF-UNMUN 
Watershed.

 
 
Table 3 shows the general range of parameters for the flow and 

water quality and the results used in this study. Figures 3 and 
Table 4 show the results of the calibration and verification. For 
calibration, we obtained the value of R2 as 0.948 and 0.859 for 
the flow and DO, respectively (referred to both “very good”). TP 
was estimated as “good,” while BOD and TN were estimated as 
“fair.” The model results are well fitted to the observations well. 
For %difference, both the flow and water quality parameters (DO, 
BOD, TN, and TP) were calculated to be “very good.” For 
verification, R2 was calculated as 0.908 for the flow, which 
represents the class of “very good.” DO was calculated as “good,” 
while BOD, TN, and TP were calculated as “poor.” 
However, %difference was estimated to be “very good,” as in the 
calibration of all water quality elements. These results were 
poorly calculated during the verification period because a drought 
occurred in 2013 with less than 200 mm of average precipitation. 
In addition, the data observed at 8-day intervals that used for the 
calibration and verification were not enough to reflect the 
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characteristics of the stream. More data is needed to complement 
this. In the case of %difference, the result was estimated to be 
good, and the water quality of the Unmun Dam Watershed was 
classified as a clean river on average.  

 
Table 3. Typical flow parameters and calibrated parameter values. 

 Parameter unit Typical Range Possible Range Final Value 

FLOW 

LZSN in 3.00 - 8.00 2.00 - 15.0 10.0 - 15.0 

UZSN in 0.10 - 1.00 0.05 - 2.00 1.50 - 5.00 

INFILT in/hr 0.01 - 0.25 0.001 - 0.50 0.10 - 0.25 

AGWRC 1/day 0.92 - 0.99 0.85 - 0.999 0.85 - 0.95 

DEEPFR - 0.00 - 2.00 0.00 - 0.50 0.50 - 2.00 

LZETP - 0.20 - 0.70 0.10 - 0.90 0.10 - 0.20 

INTFW - 1.00 - 3.00 1.00 - 10.0 0.10 - 2.00 

IRC 1/day 0.50 - 0.70 0.30 - 0.85 0.50 

KVARY 1/in 0.00 - 3.00 0.85 - 0.999 0.50 - 0.90 

CEPSC -  -  -  0.10 

BASETP -  -  0.00 - 0.20 0.02 - 0.10 

AGWETP -  -  0.00 - 0.20 0.00 

DO, BOD 

KBOD20 1/hr 0.001 - 0.14 0.001 - 0.001 - 0.04 

KODSET ft/hr 0.00 - 0.00 - 0.00 - 0.08 

REAK 1/hr - 0.001 - 0.01 - 0.20 

TCBOD - - 1.00 - 2.00 1.047 

BRBOD(1) 
㎎/㎡ 0.0001- 0.0001 - 

0.001 

BRBOD(2) 0.001 

BODOX ㎎/L -  0.00 - 20.0 10.5 

BOD  -  0.00 - 3.50 

CVBO ㎎/㎎ 1.0 - 5.0 1.0 - 5.0 1.00 - 1.65 

CVBPC moles/mol 50 - 200 50 - 200 50.0 - 106.0 

CVBPN moles/mol 10 - 50 10 - 50 16.0 - 25.0 

TN, TP 

KNO320 1/hr 0.0001- 0.001 - 0.01 - 0.10 

KTAM20 1/hr 0.0001- 0.001 - 0.01 - 0.09 

KNO220 1/hr 0.0001- 0.001 - 0.001 - 0.10 

TCNIT - -  1.00 - 2.00 1.05 - 1.50 

TCDEN - -  1.00 - 2.00 1.00 - 1.10 

DENOXT mg/L -  0.00 - 0.00 - 5.00 

KDSAM 1/day 0.00 - 0.00 - 0.00 

KIMNI 1/day 0.00 - 0.00 - 0.00 

TAM mg/L -  0.00 - 0.10 

PO4 mg/L - 0.00 - 0.05 

BROPO41 ㎎/㎡/hr -  0.00 - 0.00 - 5.00 

BROPO42 ㎎/㎡/hr - 0.00 - 0.00 - 5.00 

 
Water Quality Improvement of Riparian Buffer 

The reduction efficiencies of NPSs by the riparian buffer were 
analyzed for RCH11 sites in the Unmun Dam Watershed. 
Scenarios were organized to evaluate the water quality for 
difference size of riparian buffer zone. 
In scenarios 1 to 5, the buffer zones were 0.1, 0.2, 0.4, 0.8, and 
1.6 ha, respectively. Note that we investigated the reduction 
efficiency for each scenario. Figure 4 shows the water quality 
results before and after applying the riparian buffer. Since NPSs 
do not flow into the river in cases with no rainfall, the analysis 

Table 4. Result of flow and water quality calibration/verification in 
UNMUN watershed. 

 
Calibration Verification 

FLOW DO BOD TN TP FLOW DO BOD TN TP 

R2 

0.948 0.859 0.645 0.637 0.741 0.908 0.779 0.605 0.532 0.694 

Very 

good 

Very 

good 
Fair Fair Good 

Very 

good 
Good Fair Poor Fair 

% 

Difference 

5.622 0.534 1.775 3.858 4.888 9.088 2.567 6.165 3.977 5.521 

Very 

good 

Very 

good 

Very 

good 

Very 

good 

Very 

good 

Very 

good 

Very 

good 

Very 

good 

Very 

good 

Very 

good 

 

      
(a)Flow           (b) DO 

      
(c) BOD            (d) TN 

 
(e) TP 

Figure 3 Result of flow and water quality calibration/verification in 
UNMUN watershed.

 
 

results shown in Table 5 are for when there is over 10 mm of 
rainfall. When the amount of rainfall is small, the estimated 
reduction efficiency is low because the NPSs that flow into the 
river are reduced owing to the decreased surface runoff. When the 
rainfall is high, the estimated reduction efficiency is high. For 
example, in Scenario 5, the reduction efficiency was estimated as 
48.00% of BOD, 37.64% of TN, 82.33% of TP, referred that the 
rainfall exceeds 30mm. These results confirm that the riparian 
buffer can efficiently reduce TP when the size of riparian buffer 
zone is 1.6 ha. However, the efficiency of TN is lower than that 
of an existing riparian buffer, which confirms that the 
characteristics of the Unmun Dam Watershed are not well 
reflected in the calibration and verification of TN. 
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Table 5. Typical flow parameters and calibrated parameter values. 

Reduction efficiency of NPSs pollution 

Scenario(Area) Rainfall (mm) BOD (%) TN (%) TP (%) 

Scenario 1 
(0.1 ha) 

10 ≤  R < 20 1.28 0.57 3.84 

20 ≤  R < 30 1.54 0.79 4.48 
30 ≤ R 3.53 2.62 9.83 

Scenario 2 
(0.2 ha) 

10 ≤  R < 20 3.34 1.11 7.52 
20 ≤  R < 30 4.01 1.55 8.78 

30 ≤ R 9.22 5.14 19.24 

Scenario 3 
(0.4 ha) 

10  ≤ R < 20 6.69 2.22 15.07 

20  ≤ R < 30 8.03 3.11 17.59 
30 ≤ R 16.92 10.29 34.83 

Scenario 4 
(0.8 ha) 

10  ≤ R < 20 13.44 4.47 30.29 
20  ≤ R < 30 16.14 6.25 35.35 

30 ≤ R 32.52 20.68 61.34 

Scenario 5 
(1.6 ha) 

10  ≤ R < 20 20.16 8.94 52.04 

20  ≤ R < 30 24.22 12.49 65.04 
30 ≤ R 48.01 37.64 82.33 

 
 

 
(a) BOD of scenario 4   (b) TN of scenario 4    (c) TP of scenario 4 

 

(d) BOD of scenario 5   (e) TN of scenario 5    (f) TP of scenario 5 

Figure 4. Water quality (BOD, TN, TP) modeling result using riparian 
buffer (Note that scenario 1,2,3 not entered due to page restrictions). 

 
 

CONCLUSIONS 
In this study, we introduced methodological approach to 

determine the effect of riparian buffer zones on reducing NPSs 
for coastal regions, reflected by river-based simulation using 
HSPF model. We designed five types of scenarios in accordance 
with different sizes of riparian buffer zones, and analyzed the 
reduction efficiency based on cases with more than 10 mm of 
rainfall by considering the characteristics of NPSs. We found that 
scenario 5 (1.6 ha) represents the highest reduction efficiency of 
TP (82.3%), which is twice as much as that of BOD (48.00%), 
and TN (37.64%). The discrepancy of simulated reduction 
efficiency and an existing riparian buffer efficiency was derived 
from the determination of different coefficients, calculated as fair 
and poor when the water-quality calibration and verification were 
performed, which were well reflected in the watershed 
characteristics considering TN by improving them later if 

additional water observation data are collected. In scenarios 1, 2, 
and 3 (buffer zone size: <0.8 ha), the reduction efficiencies of 
BOD, TN, TP did not improve significantly, but those have 
gradually improved with an increase in buffer zone size (>0.8 ha). 
Therefore, we suggest that for riparian buffer zone, the 
construction size of more than 0.8 ha would be effective in 
reducing NPSs. In future studies, it will be necessary to perform 
TN calibration and verification of the model, which does not have 
the drought case, and then to analyze the efficiency of NPSs 
reduction for various zone sizes, and determine the optimal size 
of the riparian buffer zone. 

 
ACKNOWLEDGMENTS 

This research was supported by a grant (2016000200003) 
from Public Welfare Technology Development Program 
funded by Ministry of Environment of Korean government. 

 
LITERATURE CITED 

 Kim, N.W.; Shin, A.H., and Kim, C.G., 2009. Comparison of 
SWAT-K and HSPF for Hydrological Components 
Modeling in the Chungju Dam Watershed. Journal of the 
Environmental Sciences, 18(6), 606-619. 

Bae, D.H. and Ha, S.R., 2011. Assessing Impact of Reduction of 
Non-Point Source Pollution by BASINS/HSPF. Journal of 
Environmental Impact Assessment, 20(1), 71-78. 

Kang, S.J., 2010. Impact of BMP Allocation on Discharge and 
Avoided Costs in an Urbanized Watershed. Korea 
Environmental Policy and Administration Society, 9(1), 92-
107. 

Shin, H.S.; Kim, M.E.; Kim, J.M., and Jang, J.K., 2013. Study on 
Analysis of the Proper Ratio and the Effects of Low Impact 
Development Application to Sewage Treatment District. 
Journal of Korea Water Resources Association, 46(12), 
1193-1207. 

Kim, M.J. and Kim, T.G., 2014. Analysis of Runoff 
Characteristics of Non-point Sources Pollutant and 
Application of BMP Using BASINS/WinHSPF Model. 
Journal of Environmental Impact Assessment, 23(2), 88-100. 

Lee, B.M., 2017, Study on Water Quality Prediction by Applying 
Reduction Load to Jungnangcheon Watershed with HSPF 
Model. Department of Environmental Science Graduate 
School of Konkuk University, pp. 86. 

Narasimhan, B.; Allen, P.M.; Srinivasan, R.; Bednarz, S.T.; 
Arnold, J.G., and Dunbar, J.A., 2007. Streambank Erosion 
and Best Management Practice Simulation using SWAT. 
Watershed Management to Meet Water Quality Standards 
and TMDLS(Total Maximum Daily Load), 190-197 

Lian, Y.Q.; Chan, I.; Xie, H., and Demissie, M., 2010. Improcing 
HSPF Modeling Accuracy from FTABLES: Case Study for 
the Illinois River Basin. Journal of Hydrologic Engineering, 
15(8), 642-650. 

Huo, S.C.; Lo, S.L.; Chiu, C.H.; Chiueh, P.T., and Yang, C.S., 
2015. Assessing a Fuzzy Model and HSPF to Supplement 
Rainfall Data for nonpoint Source Water Quality in the 
Feitsui Reservoir Watershed. Environment Model & 
Software, 72, 110-116

 
 

Date
(yyyy/mm/dd)

2013-01-01  2013-07-01  2014-01-01  2014-07-01  2015-01-01  

BO
D

 (m
g/

L)

0

2

4

6

8

10

12

14

R
ai

nf
al

l (
m

m
)

0

100

200

300

400

500

Before-Poplar 
After-Poplar 
Rainfall

Date
(yyyy/mm/dd)

2013-01-01  2013-07-01  2014-01-01  2014-07-01  2015-01-01  

TN
 (m

g/
L)

0

2

4

6

8

10

R
ai

nf
al

l (
m

m
)

0

100

200

300

400

500

Before-Poplar 
After-Poplar 
Rainfall

Date
(yyyy/mm/dd)

2013-01-01  2013-07-01  2014-01-01  2014-07-01  2015-01-01  

TP
 (m

g/
L)

0.0

0.2

0.4

0.6

0.8

1.0

R
ai

nf
al

l (
m

m
)

0

100

200

300

400

500

Before-Poplar 
After-Poplar 
Rainfall

Date
(yyyy/mm/dd)

2013-01-01  2013-07-01  2014-01-01  2014-07-01  2015-01-01  

BO
D

 (m
g/

L)

0

2

4

6

8

10

12

14

R
ai

nf
al

l (
m

m
)

0

100

200

300

400

500

Before-Poplar 
After-Poplar 
Rainfall

Date
(yyyy/mm/dd)

2013-01-01  2013-07-01  2014-01-01  2014-07-01  2015-01-01  

TN
 (m

g/
L)

0

2

4

6

8

10

R
ai

nf
al

l (
m

m
)

0

100

200

300

400

500

Before-Poplar 
After-Poplar 
Rainfall

Date
(yyyy/mm/dd)

2013-01-01  2013-07-01  2014-01-01  2014-07-01  2015-01-01  

TP
 (m

g/
L)

0.0

0.2

0.4

0.6

0.8

1.0

R
ai

nf
al

l (
m

m
)

0

100

200

300

400

500

Before-Poplar 
After-Poplar 
Rainfall



 

 
 

Journal of Coastal Research SI 91 261–265 Coconut Creek, Florida 2019 

Valuing the Attributes of Remediation of Maritime Oil Spills: An 
Empirical Case Study in South Korea 
 
Hye-Jeong Lee†, Sung-Yoon Huh†, and Seung-Hoon Yoo†* 

 
 
 
 
 
 

ABSTRACT 
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In the event of a large-scale oil accident, the marine ecosystem takes a long time to recover, and the remediation of 
contaminated sea takes a great amount of time and money. In order for efficient use of resources in the remediation 
process amid fewer social controversies, it is necessary to assess the monetary value which people assign to an oil spill 
remediation. This article applies a choice experiment to quantitatively evaluate the value given by people on the 
attributes of the oil spill remediation. In order to reflect the preference heterogeneity of South Korean people, a 
Bayesian estimation of a mixed logit model is successfully applied. According to the results, South Korean people are 
willing to pay additional annual income tax in the amount of KRW 174.61 for 1% recovery of contaminated sea areas, 
KRW 193.73 for 1% recovery of contaminated coast distance, KRW 95.04 for 1% reduction of resident health risk, 
and KRW 22.74 for 1% recovery of marine ecosystem. The results provide meaningful implications for the maritime 
oil spill prevention measures and for what aspects of the post-accident remediation should focus on. 
 
ADDITIONAL INDEX WORDS: Maritime oil spills, stated preference technique, discrete choice model, willingness 
to pay, heterogeneity. 
 

 
INTRODUCTION 

Since oil spills have been known for their harmful 
environmental, economic, and public health effects, they have 
long been a major subject of research in various fields (Murphy 
et al., 2016). Existing studies addressed several related issues, 
such as assessing the environmental impacts of an oil spill 
accident (Azevedo-Santos, 2016; Kim et al., 2017; Short et al., 
2003), identifying the factors of oil spills accidents and risky 
zones (Chen et al., 2018; Singh et al., 2015), and predicting the 
effectiveness of oil spills damage recovery options (Wirtz et al., 
2007). 

The marine ecosystem, once destroyed by oil spills, takes a 
long time to recover, and the cleanup itself takes a great amount 
of time and money (Helle et al., 2015; ITOPF, 2011a, b). Thus, it 
is very important to prevent accidents and minimize the damage 
that is done. One of the key pieces of information needed in the 
process of managing oil spill prevention or resolving the damage 
after an accident is ‘how much value are the public assigning to 
preventing and recovering from an oil spill accident?’ This is 
important because, based on such information, the related 
measures can be designed more effectively and resources can be 
efficiently used in the recovery process amid fewer social 
controversies. For this reason, studies covering the issues on the 
measurement of the economic value of reducing the incidence of 

oil spill accidents have recently been published (Lee, Kim, and 
Yoo, 2018; Liu and Wirtz, 2010; Jin, Lim, and, Yoo, 2018). 

Most previous studies focused on the public’s willingness to 
pay (WTP) for the entire oil spill restoration, while few studies 
have analyzed detailed preference structure for the oil spill 
restoration. Therefore, as an extension of existing studies, this 
study quantitatively assesses the value given by people to the 
attributes of the oil spill remediation. The results provide 
meaningful implications for maritime oil spill prevention 
measures and for what aspects of the post-accident remediation 
should focus on. Choice experiment (CE), one of the 
representative stated preference (SP) methods, is used as an 
analysis method, and the subject of empirical analysis was set up 
in South Korea, which has a constant possibility of maritime oil 
spills. 

South Korea is surrounded by the sea on three sides, and it 
relies mostly on maritime transportation for trade and economic 
activities. As South Korea’s economy developed rapidly, its 
freight transportation and sea traffic also increased rapidly. The 
amount of cargo imports was only 133,010 revenue tons (RT) in 
1985, but steadily increased to reach 966,193 RT in 2016. The 
number of ships entering and clearing the ports has also steadily 
increased from 217,043 in 1985 to 407,655 in 2016 (Korea 
Maritime Institute, 2018). 

In addition to this increase in freight volume and sea traffic, 
29.3% of the total volume of maritime cargo over the past decade 
has been hazardous substances, such as crude oil, refined 
petroleum products, and gas (Shipping and Port Integrated Data 
Center, 2018). This implies that the South Korean coast is always 
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exposed to oil spill accidents. In fact, there were an average of 
267.3 maritime oil spill accidents annually from 2008 to 2017 in 
South Korea (e-country index, 2018). Table 1 shows the number 
of oil spill accidents in which more than 100 kl of oils have been 
leaked. It confirms that there have been continuous large-scale oil 
spill accidents in South Korea.  This study aims to provide policy 
implications for oil spill accidents by understanding public 
attitudes toward post-accident remediation and estimating the 
quantitative value of the remediation attributes. 

 
Table 1. Major oil spill accidents in South Korea. 

Year Number Amount leaked (kl) 
1997 2 2,419 
2001 1 328 
2003 2 983 
2004 1 1,200 
2007 3 13,629 
2008 1 253 
2010 1 132 
2011 1 100 
2012 1 115 
2013 2 247 
2014 5 1,836 
2015 2 316 

Source: e-country index (2018) 
 

METHODS 
Remediation of maritime oil pollution is not a good or service 

that can be purchased by an individual, so it is not possible to 
collect preference data about people's choices. Therefore, this 
study collects SP data through a CE. In our CE, survey 
respondents are presented with hypothetical situations of oil spill 
remediation and then are asked to select the most preferred one 
among others. CE is a useful method with which to estimate the 
relative values for different attributes of an environmental good 
(Bateman et al., 2002). 

Our CE assumes a situation wherein 12,000 kl of crude oil were 
leaked, similar to the size of the Hebei Spirit oil spill accident in 
2007, due to a sinking of an oil tanker off the west coast (Yellow 
Sea) of South Korea. In designing a CE, it is important to 
determine the appropriate attributes and levels of oil spill 
remediation. In this study, five attributes and their levels were 
selected (shown in Table 2). The levels of other potential 
attributes that may affect respondents’ preferences for oil spill 
remediation are assumed to be the same in all alternatives, and 
this was fully acknowledged by the respondents. 

The possible combination of attributes and levels shown in 
Table 2 provides a total of 1,024 alternatives. However, it is not 
necessary nor appropriate to present all these alternatives to the 
respondent, because of the respondent’s bounded rationality and 
time/cost constraints. Thus, only 16 alternatives were selected by 
applying an orthogonal plan, and they were randomly mixed and 
then divided into eight sets of two options. Then, a ‘current status’ 
alternative, which described no action taken after an accident (all 
the attribute levels are 0), was added to each choice set. 
Respondents were asked to choose the most preferred alternative 
among the three alternatives in the choice set. 
 

Table 2. The attributes and levels of CE. 

Attributes Descriptions Levels 
Recovered 

rate of 
contaminated 

sea areas 

Percentage of returning to 
before-accident conditions 

based on the contaminated sea 
areas caused by oil spill  

0% 
20% 
50% 

100% 
Recovered 

rate of 
contaminated 

coast 
distance 

Percentage of returning to 
before-accident conditions 

based on the contaminated coast 
distance caused by oil spill  

0% 
20% 
50% 

100% 

Reduction 
rate of 

resident 
health risk 

Percentage of returning to 
before-accident conditions 

based on the resident health risk 
caused by oil spill  

0% 
20% 
50% 

100% 

Recovered 
rate of 
marine 

ecosystem 

Percentage of returning to 
before-accident conditions 

based on the damaged marine 
ecosystem (marine life) because 

of the oil spill  

0% 
20% 
50% 

100% 

Income tax Additional annual income tax 
for the remediation 

KRW 3,000 
KRW 6,000 

KRW 10,000 
KRW 15,000 

 
The actual fieldwork was conducted by a professional polling 

firm (Research Prime) through face-to-face interviews based on a 
structured questionnaire. The survey was conducted on 1,000 
adults aged over 20 in South Korea during June 2016. In order to 
improve the reliability of the data, participants were limited to 
those who have the actual burden of tax payment. The survey 
respondents were selected in order to obtain a similar ratio to the 
actual population. Finally, a total of four choice sets were 
presented to each of the 1,000 respondents. 

The data collected are analyzed using a discrete choice model. 
Since the nature of a respondent’s choice in his/her CE task is 
fundamentally discrete, discrete choice models that assume the 
utility maximization behavior of rational respondents are very 
suitable for the purpose of this study. 

Among the various forms of discrete choice models, the 
multinomial logit model provides the most intuitive 
understanding of consumer preferences by simply deriving a 
closed form of choice probability. However, it assumes that all 
consumers have a homogeneous preference structure and also 
assumes the independence from irrelevant alternatives (IIA) 
property, neither of which is very realistic. One way to overcome 
this limitation is to make the coefficient have a probability 
distribution for the population to reflect the heterogeneity of 
individual preferences. 

Mixed logit model assumes that the coefficient βnk for attribute 
k follows a probability distribution, with mean bk and variance Wk 
for the population. Thus, the respondent n’s utility when s/he 
chooses the j alternative within the t choice set is expressed as: 

 

1

K

njt njt njt nk jtk njt
K

U V xε β ε
=

= + = ⋅ +∑  , ( )~ ,nk k kN b Wβ         (1) 

 
In the above equation (1), once the stochastic utility is assumed 

to follow the IIA type I extreme value distribution, the likelihood 
function is derived as: 
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In equation (2), xjt is the attribute vector for the alternative j in 

choice set t, and βn is the coefficient vector for the respondent n. 
( ),nf b Wβ  is the joint probability density for βn and is also 

assumed to follow a probability distribution with mean b and 
variance-covariance matrix W. In this study, we used Bayesian 
estimation to estimate the coefficient vector based on the above 
likelihood function. 

Based on the estimation results, respondents’ marginal WTP 
(MWTP) for each attribute can be derived. MWTP refers to the 
amount that a consumer is willing to pay to keep their utility level 
the same as before, when the quantity or quality level of a 
particular attribute changes by one unit. Respondent n’s MWTP 
for all attributes k except for the price attribute ( ,jt pricex ) can be 
derived as: 

 

, ,

njt jtk nk
nk

njt jt price n price

U x
MWTP

U x
β

β
∂ ∂

= − = −
∂ ∂

                    (3) 

 
The estimation results can also be used to calculate the relative 

importance (RI) of each attribute, which affects respondents’ 
decision making. The RI can be calculated from the part-worth of 
the individual attributes (Equation (4)). The part-worth of 
attribute k can then be derived by multiplying the difference 
between the maximum and the minimum level of the attribute by 
the estimated coefficient. 
 

1

100nk
nk K

nhh
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=

−
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−∑
                       (4) 

 
RESULTS 

Prior to the model estimation, it is necessary to check the 
current perceptions of the respondents on marine environmental 
pollution and oil spill accidents. Such a task not only calls 
respondents’ attention to the survey but also provides meaningful 
implications in itself. Therefore, as a preliminary questionnaire to 
CE tasks, respondents are asked to respond to the current 
awareness of marine environment pollution in South Korea. The 
main responses are summarized in Table 3. 

 
Table 3. Respondents’ awareness of marine pollution in South Korea. 

Questions Response frequency (N=1000) 
Whether the respondent is aware of Sea 
Prince oil spill case (July 1995) or not  

Aware Unaware 
615 385 

Whether the respondent is aware of Hebei 
Spirit oil spill case (December 2007) or not 

Aware Unaware 
812 188 

Which one is more problematic in South 
Korea between marine or land 
environmental pollution? 

Marine Land 

 569 431 
Which one is more important in South 
Korea between marine or land 
environment? 

Marine Land 

491 509 

 

Next, we present the main estimation results analyzed with a 
mixed logit model. First, for the analysis of respondents’ attitudes 
toward oil spill remediation, the utility a respondent n obtains 
when s/he chooses alternative i is specified as: 

 
'

0

0 1 2 tan 3 4 cos 5

ni ni ni n ni ni

area dis ce health e ystem tax ni

U V ASC X
ASC x x x x x

ε β ε
β β β β β ε

= + = + +
= + + + + + +

 (5) 

 
where the independent variable Xni is the vector of the attributes 

in the CE, and the βn is a vector representing the coefficient of 
attributes. As noted earlier, in the mixed logit model, the 
coefficient βn is assumed to follow a specific probability 
distribution to represent the heterogeneity of the respondents’ 
preferences. This study assumes that they followed two widely 
used distributions: normal and lognormal. εni is a random 
disturbance with independent and identically distributed (i.i.d.) 
extreme value distribution. In an empirical analysis, areax , 

cedisx tan , healthx , ystemex cos , taxx  are the variables representing 
recovered rate of sea areas, recovered rate of coast, reduction rate 
of health risk, recovered rate of ecosystem, and income tax, 
respectively. The empirical model also includes an alternative-
specific constant (ASC) in order to capture the average effect on 
utility of all factors that are not included in the model (Train, 
2009). Here, ASCo is 1 if the respondent chooses the third 
alternative (the status quo, not recovered from the oil spill at all), 
and 0 otherwise. 

 
Table 4. Sample statistics of five attributes. 

Attributes Mean 
Recovered rate of contaminated sea areas 30.42% 
Recovered rate of contaminated coast distance 31.25% 
Reduction rate of resident health risk 27.08% 
Recovered rate of marine ecosystem 29.17% 
Income tax KRW 5666.57 
 

Table 5. Estimation results of the mixed logit model. 

Variables Mean of the 
estimate, b 

Standard 
deviation of 

estimate, W  
ASCo

a -0.0045 0.0115** 
Recovered rate of contaminated 
sea areas 0.0392** 0.0033* 

Recovered rate of contaminated 
coast distance 0.0424** 0.0035* 

Reduction rate of resident health 
risk 0.0248** 0.0030** 

Recovered rate of marine 
ecosystem 0.010** 0.0007 

Income tax -0.2913** 0.5398** 
a ASCo refers to alternative-specific constants that represent dummies for 
the respondent’s choosing the third alternatives (no-choice, do not want a 
remediation).  
** and * indicate statistical significance at the 1% and 5% levels, 
respectively. 

 
Table 4 shows a summary of the five attributes of data used in 

the CE, which includes values of the third alternative. Table 5 is 
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then the estimation result of the respondent’s utility function 
Equation (5) with the mixed logit model. 

The coefficient estimates shown in Table 5 are appropriate to 
determine the overall tendency of respondents’ preferences for 
individual attributes, but are not appropriate to compare the 
respondents’ relative preferences for individual attributes because 
their units are different. Therefore, it is necessary to calculate and 
compare the MWTP of respondents for each attribute. In addition, 
RI, the degree to which the respondents consider an attribute more 
important than others when choosing an alternative, could also 
provide fruitful policy implications. Therefore, MWTP and RI are 
derived based on the above estimates, and the results are 
presented in Table 6. 

 
Table 6. Marginal willingness to pay (MWTP) for and relative importance 
(RI) of each attribute. 

Attributes Median MWTP 
(per year) 

Average 
RI (%) 

Recovered rate of contaminated 
sea areas 174.61 KRW/% 13.45 

Recovered rate of contaminated 
coast distance 193.73 KRW/% 13.22 

Reduction rate of resident health 
risk 95.04 KRW/% 6.89 

Recovered rate of marine 
ecosystem 22.74 KRW/% 2.75 

Income tax - 63.69 

 
DISCUSSION 

The results of the preliminary questionnaire presented in Table 
3 show that more than half of the respondents remember the major 
oil spill accidents in South Korea. Despite the fact that both 
accidents occurred quite a long time ago from the time of survey 
(21 and 9 years, respectively), the results suggest that the large-
scale oil spill accident is perceived as a major national disaster. 
When asked about the comparison of marine and land 
environmental pollution, the responses seem to be somewhat 
evenly distributed, with individual respondents saying that both 
are important. Since these results prove that respondents’ interest 
in and expectations about the marine environment are higher than 
is known, it is expected that the public will react sensitively if 
issues of marine environmental pollution arise, such as major oil 
spill accidents. The marine environment policy in South Korea 
has tended to be relatively neglected as it has been perceived as a 
subordinate matter to the land environment. From a public 
perspective, however, it is necessary to revise such policy 
direction in general. 

The estimation results of the mixed logit model shown in Table 
5 illustrate what preference structure the South Korean people 
have for oil spill remediation. First, all estimates are statistically 
significant at the 1% or 5% levels except for the mean of the ASCo 
and the standard deviation of the recovered rate of marine 
ecosystem. This means that all five attributes of the empirical 
model affect respondents’ attitude toward the remediation of 
maritime oil spills, and that respondents have a heterogeneous 
preference for most attributes. 

The signs of estimated coefficients show the average 
preference of the respondents for each attribute. It is confirmed 

that respondents prefer an oil spill remediation with a higher rate 
of recovery of contaminated sea areas, coast distance recovery, 
resident health risk reduction, marine ecosystem recovery, and 
with lower income taxes. These results are consistent with general 
recognition, which is also the direction which the policy makers 
pursue in general. That is, the analysis results reaffirm the 
fundamental principle that trying to provide a remediation with 
lower additional cost burdens that can guarantee as high recovery 
rates as possible for the various damaged elements would align 
with the public preference. 

The standard deviation of the estimated coefficient has 
implications for the heterogeneity of respondents’ preferences for 
each attribute. Of the five attributes used, the standard deviation 
of the income tax attribute is, in particular, greater than those of 
other attributes, meaning that people have relatively 
heterogeneous preferences for that attribute. It can also be 
interpreted that the level of social consensus on that attribute is 
lower than that of other attributes. Thus, there are a variety of 
people who agree and disagree about paying additional income 
taxes for the oil spill remediation. 

As a result of the MWTP in Table 6, South Korean people are 
willing to pay additional annual income tax of KRW 174.61 for 
1% recovery of contaminated sea areas, KRW 193.73 for 1% 
recovery of contaminated coast distance, KRW 95.04 for 1% 
reduction of resident health risk, and KRW 22.74 for 1% recovery 
of marine ecosystem. Assuming that individual attributes are fully 
recovered (100%), they amount to KRW 17,461, KRW 19,373, 
KRW 9,504 and KRW 2,274 per year, respectively. Considering 
that the average monthly income of a South Korean household 
was KRW 4,399,190 (Statistics Korea, 2018) in 2016, this 
amount is quite significant. Therefore, South Korean people 
assign considerable value to the marine environment. 

The RI analysis shows that South Korean people value income 
tax, contaminated sea areas, contaminated coast distance, resident 
health risk, and marine ecosystem attributes in that order when 
they choose the oil spill remediation. In particular, price attributes 
have been identified as the most important attribute in preference 
for oil spill remediation, which is common in most consumer 
preference studies. Among attributes other than income tax, 
respondents considered the sea areas and coast distance attributes 
relatively more important than the other two. The results appear 
to be due to the fact that given that this survey is nationwide, the 
respondents felt that the direct impact of health risks from the oil 
spill and damaged marine ecosystem were minimal to their lives. 
On the other hand, the visual effects of polluted sea areas and 
coasts caused by oil spills are evident, and they seem to have a 
relatively larger impact on most of the people’s marine activities, 
such as marine leisure activities and travel to surrounding areas. 

 
CONCLUSIONS 

This study analyzed the public preferences for remediation of 
maritime oil spills in South Korea and estimated the monetary 
value of individual attributes using a CE approach. Results 
showed that there was a considerable heterogeneity of 
respondents’ preferences for individual attributes, especially for 
the additional burden of income tax. The annual WTP for full 
recovery (100%) after the oil spill was ranged from KRW 2,274 
to KRW 19,373 depending on the attribute. More importantly, 
respondents were also considering attributes that clearly had 
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visual effects and direct effects on their lives. The WTP for 
individual attributes and the results of preliminary questionnaire 
confirm that the South Korean people’s interest in and 
expectations about the marine environment are increasing. 
Therefore, in the future, the South Korean government should put 
more resources into maintaining and improving the marine 
environment to come up with policies that meet the expectations 
of the public. 

The study has academic and practical contributions in the 
following ways. Firstly, it provides the basis for setting priorities 
for the remediation in the event of an oil spill. As with most 
disasters, a good response in the initial stages of an oil spill 
accident is very important. The relative value of each attribute of 
remediation provides strategic implications for establishing initial 
and long-term cleanup plans. Secondly, it can provide 
implications for the calculation of social costs and compensation 
amounts of an oil spill accident. As mentioned earlier, recovery 
costs and compensation for large-scale oil spills are enormous. 
The estimates of MWTP for each attribute provide detailed 
evidence for these amounts. In addition, this study has the 
academic implication of applying an SP technique to the maritime 
oil spills to check its availability and fill the gaps in existing 
relevant studies. 
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Drainage canals installed for irrigation in farms are helplessly exposed to reckless garbages and municipal wastes. In 
addition, according to “Design Standards for Agricultural Drainage (2012)” of the Korean Ministry of Agriculture, 
Food and Rural Affairs, drainage canals with inlet flow below 5 ㎥/sec cannot use dust collectors, causing issues related 
to treatment of municipal wastes that accumulate in drainages. This study proposed a method of collecting municipal 
wastes by installing a separate dust collecting canal and screen in drainage canals as an alternative solution to these 
issues, and their efficiency was analyzed by a hydraulic model test. The hydraulic model test analyzed hydraulic 
characteristics according to different shapes (screen installation angle, screen blade angle) of screen I in the main 
drainage canal and the clogging of screen II in the dust collecting canal. The effect of collecting municipal wastes 
entering into the dust collecting canal was reviewed by applying the LS-PIV (Large Scale Particle Image Velocimetry) 
technique. Result of the hydraulic model test, highest efficiency was shown when length of screen I became longest 
with installation angle of 15˚ and blade angle of 30˚. The concerned back-water phenomenon did not occur. 
 
ADDITIONAL INDEX WORDS: Dust collecting canal, new-type screen, hydraulic model test, LS-PIV. 
 

 
INTRODUCTION 

Drainage canals installed in farms for irrigation are suffering 
from reckless dumping of domestic wastes. Such domestic wastes 
can be collected easily using a dust removing machine, but 
drainage canals with relatively low inflow rate require enormous 
labor to collect domestic wastes because the use of dust removing 
machines is limited.  

This study proposes a method of arranging a screen of 
new form and separate dust collecting canal as an 
alternative to overcome such problem. The screen inside the 
main drainage canal naturally leads domestic wastes into the dust 
collecting canal installed separately underneath the main drainage 
canal, and domestic wastes are sequentially collected in the dust 
collecting canal. This system can reduce the frequency of 
domestic waste treatment and allows for easy collection. An 
experiment was conducted to verify efficiency of such domestic 
waste treatment by analyzing the current of water flowing into the 
collecting canal while varying the installation angle and blade 
angle of screen 1 installed in the main drainage canal. In addition, 
to reproduce the phenomenon in which the water current is 
obstructed by domestic wastes covering the screen, hydraulic 
properties in the canal according to blocking of screen 2 installed 
between the main drainage canal and collecting canal were 

analyzed. 
 

EXPERIMENTAL CONDITIONS 
Experimental Model 

For the hydraulic model, a normal model of one-fifth scale was 
applied by considering size of the outdoor water tank (50 m L x 
50 m B) at Rural Research Institute.  

A supply pipe with diameter of 400mm was installed to 
reproduce flow during the flood season as incoming flow. The 
hydraulic model installed is a cement structure with length of 
47.0m and width of 2.4m (length of 200.0 m and width of 10.0 m 
for the original form), considering acceptable size of the 
experimental water tank. Screen installation angles for the model 
were selected as 15º, 50º and 90º from the direction of water flow. 
In addition, the screen blades were changed to 0º, 30º, 60º and 90º 
from the direction of water flow. Width of the screen blades and 
interval between the screen blades were both 0.02 m (0.1 m for 
the real size).  

The rectifying section was installed according to the KS 
regulation by making three rectifying plates (height of 1.0m and 
width of 1.2m) to maintain constant water level without the “wave” 
phenomenon of water flow coming into the drainage. 

The drainage gate for water level adjustment was made (height 
of 1.0m and width of 1.2 m) so that it is opened by 0.5m in the 
model when fully opened. A separate reinforcement frame was 
installed to withstand strong water pressure. Flood discharge was 
calculated using HEC-ARS, which is generally used for hydraulic 
and hydrologic analysis. Incoming flow (flood discharge) applied 
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to the hydraulic model experiment was 0.173 m3/sec for the 
model (9.67 m3/sec for the original form).  

In addition, flood water level was 0.646 m for the model (3.23 
m for the original form). The experimental cases according to 
installation conditions of screens Ⅰ and Ⅱ are as illustrated in 
Figures 1.  

 
 

 
(a) Conceptual view of hydraulic model test 

 

 
(b) Installation conditions of the main canal 

 

 
(c) Installation conditions of the dust collecting canal 
 

Figure 1. Conceptual view of experiment and screen conditions. 
 

Inflow Rate and Flood Water Level Conditions 
Inflow rate (flood water level) applied to the hydraulic model 

experiment was 0.173 m3/sec (9.67 m3/sec in the original form) 
and flood water level was 0.646 m (3.23 m in the original form). 
These conditions were selected considering maximum feed flow 
rate of the actual canal and laboratory. 
 
Measurement Points and Experimental Methods 

For measurement of flow rate, the drainage canal was divided 
into 27 longitudinal (x-dir) and 5 lateral (y-dir) areas, and 
intersections between the longitudinal and lateral areas (120 
points total) were selected as the measurement points. For 
measurement of water level, the drainage canal was divided into 
27 longitudinal (x-dir) and 2 lateral (y-dir) areas, and intersections 
between the longitudinal and lateral areas (48 points total) were 
selected as the measurement points. 

As for flow velocity in the drainage canal, since complex flow 
fields can be formed according to diverse installation conditions 
of screen 1 (installation angle, blade angle) and screen 2 (degree 
of blocking), all 120 points of the drainage canal (screen 1 ~ 
screen 2) were measured(Jeong, Yoon, and Cho, 2012). 

 

 

 

(a) Flow velocity measurement areas 
 

 

(b) Water level measurement areas 
 

Figure 2. Velocity and water level measurement points. 
 

 
Measurement of Water Level 

Water level in the drainage canal was measured in the water 
level measurement areas (48 points total) using a digital point 
gauge (PH-355). For each measurement point, 50 changes in 
water level were measured for 5 seconds (10 ea./sec), starting 
after stabilization of water level in the drainage canal in each 
experimental case. 

 

Measurement of Surface Flow Velocity and Flow Field (LS-
PIV) 

An analysis was performed using LS-PIV to verify the dust 
collecting effect of garbage and domestic wastes according to 
installation conditions (change of angle, change of screen blade 
angle) of screen 1 (main canal) (Ha, Yoon and Heo, 2016).  

For the LS-PIV experiment, movement and collection (in the 
dust collecting canal) of floating particles over time were 
analyzed after throwing many floating particles (styrofoam) into 
the upstream section of the drainage canal(Yoon and Cho, 2011). 

. By analyzing behavior of floating particles, the collection 
effect of garbage and domestic wastes coming into the dust 
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collecting canal was predicted. In addition, velocity on the free 
surface was analyzed. 
 

EXPERIMENTAL RESULTS 
Results of Flow Field Analysis in the Drainage Canal 

In the case of representative flow velocity, maximum flow 
velocity in the main drainage canal showed the highest value of 
0.87 m/sec for the model (1.95 m/sec for the original form) when 
the installation angle of screen 1 was 15˚ and the blade angle was 
0˚. On the contrary, maximum flow velocity in the dust collecting 
canal showed the lowest value of 0.67 m/sec for the model (1.50 
m/sec for the original model) when the installation angle of screen 
1 was 15˚ and the blade angle was 0˚. 

The significance of screen 1 is in quick collection of garbage 
and domestic wastes coming into the dust collecting canal and 
dispersing the increase of water level that occurs in all sections of 
the drainage canal when back water occurs. In all experimental 
cases, the back water phenomenon did not appear. 

Based on the analysis of flow field for average flow velocity, 
flow velocity in the main drainage canal increased with greater 
blocking (20%, 40%, 60%, 80%) of screen 2 (from downstream 
to upstream). 

For the reverse blocking direction of screen 2 (from upstream 
to downstream), maximum flow velocity was the complete 
opposite of the forward direction (from downstream to upstream). 
Flow velocity in the main drainage canal was fastest when 
blocking of screen 2 was minimized (20%), and flow velocity in 
the dust collecting canal was fastest when blocking was 
maximized (80%). 

 

 

  

(a) Screen Ⅰ (installation angle of 15°, 
blade angle of 0°) 

(b) Screen 1 (installation angle of 50°, 
blade angle of 0°) 

 

(c) Screen Ⅰ (installation angle of 90°, blade angle of 0°) 
Figure 3. Installation angle of screen Ⅰ, representative velocity according 
to change of blade angle and blocking of screen 2(blocked from 
downstream to upstream). 

 

Results of Water Level Increase in the Drainage Canal 
Based on the analysis of water level increase, maximum water 

level increase of the main drainage canal and dust collecting canal 
was 0.01m for the model and 0.05 m for the original form. 

 
Results of Free Surface Velocity by Using LS-PIV System 

In the LS-PIV experiment, fast movement of floating particles 
into the dust collecting canal suggests a strong collection effect of 
garbage and domestic wastes. Collection was analyzed to be most 
effective when screenⅠ had an installation angle of 15˚ and blade 
angle of 30˚. Maximum velocity in the main drainage canal was 
fastest when blocking of screen 2 (from downstream to upstream) 
was maximized (80%), and maximum velocity in the dust 
collecting canal was fastest when blocking was minimized (20%). 
 

 

  
(a) Screen Ⅰ (installation angle of 15°, 

blade angle of 30°) 
(b) Screen Ⅰ (installation angle of 

15°, blade angle of 30°) 
 
Figure 4. Installation angle of screen Ⅰ, representative velocity according 
to change of blade angle and blocking of screen 2(blocked from upstream 
to downstream). 

 
 

 

 

Figure 5. Installation of screenⅠ at 15°, representative flow velocity 
(maximum, mean, minimum) according to change of blade angle. 
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(a) Screen II (20% blocked) 

 
(b) Screen II (40% blocked) 

 
(c) Screen II (60% blocked) 

 
(d) Screen II (80% blocked) 

 
Figure 6. Installation of screen Ⅰ (installation angle (15°), blade angle 

(0°)), change of mean velocity in the drainage canal according to blocking 
of screenⅡ (blocked from downstream to upstream) 

 
 

 

(a) Screen II (20% blocked) 

 

(b) Screen II (40% blocked)

 
(c) Screen II (60% blocked)

 
(d) Screen II (80% blocked) 

 
Figure 7. Change of mean velocity in the drainage canal according to 
installation of screenⅠ (installation angle (15°), blade angle (30°)) and 
blocking of screenⅡ(blocked from  downstream to upstream) 

 

 

 
(a) Screen II (20% blocked) 

 
(b) Screen II (40% blocked)

 
(c) Screen II (60% blocked)

 
(d) Screen II (80% blocked) 

 
Figure 8. Change of mean velocity in the drainage canal according to 
installation of screenⅠ (installation angle (15°), blade angle (30°)) and 
blocking of screenⅡ(blocked from upstream to downstream) 

 
 

 

 

(a) Screen II (20% blocked) 

 

(b) Screen II (40% blocked) 

 

(c) ScreenII (60% blocked) 

 

(d) ScreenII (80% blocked) 
 
Figure 9. Change of mean water level in the drainage canal according to 
installation of screenⅠ (installation angle (15°), blade angle (30°)) and 
blocking of screenⅡ(blocked from downstream to upstream) 
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(a) Screen II (20% blocked) 

 
(b) Screen II (40% blocked) 

 
(c) ScreenII (60% blocked) 

 
(d) ScreenII (80% blocked) 

 
Figure 10. Change of mean water level in the drainage canal according to 
installation of screenⅠ (installation angle (15°), blade angle (30°)) and 
blocking of screenⅡ(blocked from upstream to downstream). 

 
 

 

 

 
(a)installation angle (15°), blade 

angel (0°) 
(b) installation angle (15°), blade 

angel (30°) 

 

 

(c) installation angle (15°), blade 

angel (60°) 

(d) installation angle (15°), blade 

angel (90°) 
 
Figure 11. Collection effect of floating particle in the drainage canal 
according to the installation angle and blade angle of screenⅠat same 
time(12sec). 

 

CONCLUSIONS 
The most reasonable conditions for screenⅠ considering the 

collection effect of garbage and domestic wastes coming into the 
dust collecting canal are the installation angle of 15˚ and the blade 
angle of 30˚. The desirable opening rate (porosity) of screen 2 was 
determined to be at least 20% to account for the frequency of 
treatment of garbage and domestic wastes. In addition, 
considering economic feasibility of construction, it would be 
desirable to install screens in drainage canals based on 
specifications that do not change the functional structure of the 
dust collecting canal used during the hydraulic model experiment. 

In the future, an empirical study needs to be conducted by 
installing a screen as an alternative to the dust remover for 
drainages with incoming flow below 5 ㎥/sec. 
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ABSTRACT 
 
Qu, L.; Huang, H.; Du, M., and Acharya, T.D., 2019. Performance assessment for combined GPS and BDS real-time 
precise point positioning in the coastal region of Bohai Gulf, China. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., 
and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, 
pp. 271-275. Coconut Creek (Florida), ISSN 0749-0208. 
 
In this study, we focus on the performance assessment of combined Global Positioning System (GPS) and BeiDou 
Navigation Satellite System (BDS) real-time Precise Point Positioning (PPP) in the coastal region of Bohai Gulf, China. 
Firstly, 120 Global Navigation Satellite System (GNSS) stations from Multi-GNSS Experiment (MGEX) network of 
the International GNSS Service (IGS) were processed to generate ultra-rapid precise orbit of both GPS and BDS 
satellites, updated with the interval of three hours. Secondly, real-time precise satellite clock errors were estimated to 
compensate the orbit error with 24 regional stations from Crustal Monitor of Network of China (CMONOC) and 
MGEX networks. Finally, with those products, the performances of GPS-only, BDS-only and combined GPS and BDS 
real-time PPP were compared and evaluated. The experimental result illustrated that the ultra-rapid orbit accuracy of 
BDS-2 satellites was still worse than that of GPS satellites which was sub-decimeter level. Among three types of orbital 
satellites of BDS-2, the orbital accuracy of medium Earth orbit (MEO) and inclined geosynchronous orbit (IGSO) 
satellites were at decimeter level while for geostationary Earth orbit (GEO) satellites was at meter-level. The MEO 
satellites had the best accuracy while the GEO satellites performed the worst. In addition, the 3D accuracy of BDS-
only real-time PPP was 10 cm better. Although the accuracy of BDS-2 real-time PPP was still worse than that of GPS 
and more time was taken for convergence. By adding BDS on top of GPS, the accuracy in the east, north and up 
components improved 40.0%, 33.3% and 18.5%, respectively, and the convergence time reduced 36.3%, 15.4% and 
58.3%, respectively compared to the GPS only. 
 
ADDITIONAL INDEX WORDS: Combined GPS and BDS, real-time Precise Point Positioning (PPP), coastal 
region of Bohai Gulf, China. 
 

 
INTRODUCTION 

The construction and development of BeiDou Navigation 
Satellite System (BDS) of China is divided into three phases: 
BDS-1 (1990-2003), BDS-2 (2003-2012) and BDS-3 (2015-2020) 
in sequence. On Dec. 27, 2012, the BDS-2 has been officially 
announced to provide positing, navigation and timing (PNT) 
services over the Asia-Pacific region. The constellation consists 
of 14 operational satellites including 5 Geostationary Orbit (GEO) 
satellites, 5 Inclined Geosynchronous Orbit (IGSO) satellites, and 
4 Medium Earth Orbit (MEO) satellites. Since March 2015, BDS 
has officially entered the third stage along with five BDS-3 
experimental (BDS-3e) satellites launched to date (Zhao et al. 
2018). To date, a total of 36 BDS satellites have been launched. 
But, at the time of this study, only 14 BDS-2 satellites can be 
tracked by the ground networks in coastal region of Bohai Gulf, 

China. Therefore, better performance may be possible with the 
newly launched satellites after the receivers of the network were 
updated. The ground trajectories of BDS-2 satellites are depicted 
in Figure 1. 
 

 

 
Figure 1. Ground trajectories for BDS-2 constellation on Nov.1, 2017, 
GEOs in green, IGSOs in blue and MEOs in red. 
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Real-time precise point positioning (PPP) services with Global 
Navigation Satellite system (GNSS) have been widely used in 
several applications such as meteorology and geohazard early 
warning (e.g., Bar-Sever et al. 1998; Wright et al. 2012; 
Zumberge et al. 1997). In order to satisfy the needs of real-time 
users, International GNSS Service (IGS) Real-Time Service 
(RTS) has been officially launched since 1 April 2013, which 
currently provides products for Global Positioning System (GPS) 
and Global Navigation Satellite System (GLONASS) (see 
http://www.rtigs.net). However, only a few literatures studied the 
performance of BDS real-time PPP. 

The Centre National d’etudes Spatiales (CNES) supplies BDS 
real-time satellites orbit and clock products. The availability of 
real-time corrections is only at the level of about 80% 
(Kazmierski et al. 2017). With 25 Fugro’s proprietary stations as 
well as 21 IGS Multi-GNSS Experiment (MGEX) stations, the 
ultra-rapid orbits of BDS satellite were generated and updated at 
an interval of 1-hour which were used in the real-time satellite 
clock estimation. The positioning accuracy of 4 rovers was at the 
level of decimeter level (Tegedor et al. 2015).  

From 2014, to promote development of the BDS real-time 
precise applications, National BDS Augmentation Service 
System (NBASS) project has been planned to establish. NBASS 
is powered by the real-time PANDA (Positioning and Navigation 
Data Analyst) software package developed by Wuhan University. 
The Root Mean Square (RMS) values of BDS 3-h predicted orbits 
were better than 10 cm in radial and cross-track components, and 
the accuracy of the BDS real-time clock biases was better than 
0.5 ns for IGSO and MEO satellites but the accuracy of predicted 
GEO orbits was about several meters. The BDS dual-frequency 
PPP positioning accuracy in high-latitude and western fringe 
region was about 0.5 m and 1.0 m in the horizontal and up 
component, respectively, while the horizontal accuracy was better 
than 0.2 m and the vertical accuracy was better than 0.3 m in the 
midlands (Shi et al. 2017).  

It was found that the accuracy of BDS-only real-time PPP was 
less accurate than that of GPS-only solution. Scholars have 
pointed out that the reason was due to the lower orbit accuracy 
resulted from the unmodeling error (Tegedor et al. 2015; Shi et 
al. 2017). It was found that the orbit error could be absorbed into 
the satellite clock errors by using regional stations, even if the 
tangential orbit error is large (Douša et al. 2010; Lou et al. 2014). 
Therefore, the regional stations in the coastal region of Bohai 
Gulf, China were used to estimate the real-time satellite clock and 
the performances of BDS-only, GPS-only and combined GPS and 
BDS real-time PPP and thus were compared and analyzed in this 
study. 
 

DATA COLLECTION 
More than 120 real-time stations from MGEX were processed 

to generate the ultra-rapid orbit products in this study. Their 
distribution is shown in Figure 2, in which the red and black circles 
represent the stations capable of tracking GPS and BDS satellites, 
respectively. As shown in Figure 3, 20 stations from Crustal 
Movement Observation Network of China (CMONOC) and 4 
ones from MGEX in black were chosen as reference stations for 
real-time satellite clock errors estimation while the other 8 
CMONOC ones in blue along the coastline were taken as rovers.  
 

 
Figure 2. Stations distribution for POD, the red and black circles represent 
those stations capable of tracking BDS and GPS satellites, respectively. 

 
 

 
Figure 3. Stations distribution for satellite clock estimation and PPP 
validation, the reference stations are in black while the rovers are in blue. 

 
 

POD STRATEGY 
In order to obtain BDS orbit products of high accuracy, real-

time multi-GNSS data from MGEX in Radio Technical 
Commission for Maritime Services (RTCM) format was decoded 
to hourly files by using BKG Ntrip Client (BNC) software, while 
other hourly data files were downloaded from FTP of Crustal 
Dynamics Data Information System (CDDIS) data center FTP 
(ftp://cddis.nasa.gov). The orbit products were estimated with the 
combination of BDS and GPS observations. The processing flow 
of combined GPS and BDS real-time PPP is presented in Figure 4. 
In order to avoid larger orbit errors for real-time PPP, the 
predicted orbit was updated in the interval of 3 hours. And the 
processing strategy of precise orbit determination (POD) was 
shown in Table 1.  

The initial precision of ionosphere-free (IF) code and phase 
observations were 0.2 m and 0.002 m, respectively. And elevation 
dependent weighting strategy was adopted. The phase center 
offsets (PCOs) and phase center variations (PCVs) of GPS 
satellites’ antennas were corrected with igs14.atx as well as those 
of receivers’ antennas from MGEX. The PCOs of BDS satellites’ 
antennas were corrected with values proposed by MGEX but the 
PCVs were not considered (Shi et al. 2017). And those of all 
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receivers’ antennas of BDS satellites were not corrected. 
Meanwhile, troposphere delay, phase winding and tidal effect 
corrections were considered. The cutoff elevation angle was 7°. 
The square root information filter (SRIF) was employed for 
generating real-time satellite clocks errors and the Detection, 
Identification and Adaption (DIA) method was used for real-time 
detection of cycle clips (Teunissen et al. 2018). 
 

 
Figure 4. Flow of real-time BDS/GPS PPP 

 
 

Table 1. Processing strategy for POD. 

Item POD 
Observables IF code and phase observations 

Elevation cutoff 7° 
Sampling rate 300s 

Satellites PCCs GPS: igs14.atx; BDS: MGEX proposed 
Receivers PCCs GPS: igs14.atx; BDS: not considered 

Troposphere Saastamoinen model + GMF projection 
function 

Ionosphere IF combination to eliminate the first order 
Phase winding Consideration 

Tide corrections Solid earth, solid earth pole and ocean tides: 
IERS Conventions 2010 

Geopotential EGM2008 with 12 degrees and orders 
SRP model 5-parameter ECOM model with an empirical 

constant acceleration parameter in the along-
track direction with 1.0-10m/s2 constraint  

Attitude model Yaw-steering (YS) and Orbit-normal (ON) 
modes for IGSO and MEO satellites 

Relativistic effect IERS conventions 2010 

Estimator Least-square batch-runner 
Receiver clock Estimated as epoch-wise white noise 

ISB Estimated as arc-dependent constants 
Troposphere Piece-wise linear constant (PWC), the arc 

length is 120 minutes 
Ambiguity Float solutions 

ORBIT RESULTS 
The update cycle of ultra-rapid orbits is shown in Figure 5, in 

which the light-green predicted orbits were used in real-time 
satellite clock estimation. In an attempt to assess the accuracy of 
BDS ultra-rapid orbits, the predicted orbits used in real-time clock 
estimation were compared to a post-processed product stemming 
from 24-h of observation data. Figure 6 shows the statistical 
accuracy of prediction orbits at 95% confidence level in 
November 2017. Table 2 shows the average RMS values of GPS 
and BDS predicted orbits. 

 

 
Figure 5. Update cycle of 3-h ultra-rapid orbit. The blue bars are measured 
24-h orbits, the green bars are predicted 24-h orbits in which the light 
green 3-h orbits were used in real-time clock errors estimation. 

 
 

 

 
Figure 6. RMS values of GPS and BDS ultra-rapid orbits compared with 
final orbits in the along, cross and radial components, respectively. 

 
 
Table 2. Average RMS values of GPS and BDS ultra-rapid orbits 
compared with the final orbits. 

Satellites 
Types 

RMS [cm] 
Along Cross Radial 3D 

GPS 7.1 3.9 1.7 8.3 

BDS GEO 229.1 34.7 70.4 245.1 

BDS IGSO 46.8 20.4 14.9 53.3 

BDS MEO 31.7 12.8 9.6 36.0 
 

It can be seen that the real-time orbit errors of GPS satellites 
were smaller than those of BDS ones in all three directions. The 
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accuracy of the radial component was better than 2 cm and that of 
3D was better than 10 cm while that of BDS satellites was 
satellite-type specific. The orbits accuracies of MEO and IGSO 
satellites were at decimeter-level while the GEO satellites 
performed the worst at meter level, especially for the along 
component. The reason was that the GEO satellites were 
relatively static with respect to ground stations. The lack of 
geometry variation weakened the observability of the orbit 
dynamics, which could affect the estimated orbit parameters. 
Moreover, the model of IGSO and MEO satellites needed to be 
improved, especially for the solar radiation pressure model. 
Meanwhile, the values of PCOs and PCVs of BDS satellites 
needed to be estimated more accurate. 

 
POSITIONING RESULTS 

The real-time PPP performance in terms of positioning 
accuracy and convergence time of three groups of solutions 
(GPS-only, BDS-only and GPS+BDS) were compared and 
analyzed. In this study, convergence is defined as the time 
required to attain positioning error less than 10 cm for the east, 
north and up component, respectively. The positioning error was 
the difference between the position solution and the reference 
coordinate from the GPS network solution with PANDA software 
(Zhao et al. 2018). The position performance after convergence 
was analyzed. 
 

 
Figure 7. Horizontal accuracy for BDS-only, GPS-only and combined 
BDS and GPS real-time PPP of all rovers from DOY 318 to 323, 2017. 

 
 

 
Figure 8. RMS values of positioning results of BDS-only, GPS-only and 
combined BDS and GPS real-time PPP of all rovers compared with the 
“Ground True Values” from DOY 318 to 323, 2017. 

 
 
Figure 7 represented the horizontal positioning error for the 

three groups of real-time PPP from Day of Year (DOY) 318 to 
323, 2017. Figure 8 exhibited the average RMS values of the three 
groups of solutions in the east, north and up components. The 

average RMS values of BDS-only PPP in the three components 
for all rovers are 3.2, 1.5 and 4.9 cm, respectively. Those of GPS-
only PPP are 1.5, 1.2 and 2.7 cm, respectively. And those of 
combined BDS and GPS PPP are 0.9, 0.8 and 2.2 cm, which are 
improved by 40.0%, 33.3% and 18.5% than that of GPS-only PPP, 
respectively. 

 
 

 
Figure 9. Convergence time analysis for BDS-only, GPS-only and 
combined BDS and GPS real-time PPP of all rovers from day of year 318 
to 323, 2017. 

 
 
Additionally, in order to observe the improvement of 

convergence time by adding BDS on top of GPS, the PPP was 
restarted every 4 hours. Figure 9 represents average position error 
as a function of time since PPP start, for all rovers from DOY 318 
to 323 of 2017. A total of 240 independent PPP runs have been 
performed for this analysis. It spent 132.0 and 30.0 hours for the 
positioning accuracy of east and north components of BDS-only 
PPP to be less than 0.2 m. In comparison, it just spent 33.0, 6.5 
and 30 minutes, respectively, for the three components to be less 
than 0.1 m for GPS-only PPP. It was interesting to observe that 
combined GPS and BDS significantly improved the position 
accuracy and reduced convergence time. The convergence time 
reduced to 21.0, 5.5 and 12.5 minutes for combined GPS and BDS 
PPP, which reduced 36.3%, 15.4% and 58.3%, respectively, for 
the three components than that of GPS-only solution. 

 
CONCLUSIONS 

In this study, the ultra-rapid orbit products of GPS and BDS 
satellites were generated in the interval of 3 hours update and the 
regional stations were processed to compensate the large orbit 
errors of BDS satellites. With those real-time orbit and satellite 
clock products, the performance of BDS-only, GPS-only and 
combined BDS and GPS real-time PPP in the coastal region of 
Bohai Gulf, China were evaluated and compared. The accuracy 
of GPS ultra-rapid orbit products was very good. The accuracies 
of BDS MEO satellites were the best among three types of 
satellites while that of BDS GEO ones was the worst due to poor 
space geometry structure. The accuracy of BDS-only real-time 
PPP reached to 10 cm level. By adding BDS on top of GPS, the 
positioning accuracy and convergence time can by significantly 
improved. 

Considering the increase of MEO satellites and the optimizing 
of satellites modeling, the performance of BDS real-time PPP 
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would become better in the near future. And BDS real-time PPP 
would get further application in those areas such as meteorology, 
seismology, vehicle, plane, ship navigation and transport and so 
on. 
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ABSTRACT 
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under the stress of road landscape in Dafeng, A coastal county in China. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, 
M., and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 
91, pp. 276-280. Coconut Creek (Florida), ISSN 0749-0208. 
 
In the process of rapid urbanization in coastal cities, the issue of landscape fragmentation, resulting from continuous 
expansion of artificial landscapes, has become increasingly prominent. Therefore, it is of great significance to build 
up ecological networks to connect fragmented habitats and protect biodiversity. From the perspective of impacts on 
natural landscapes of road system, the paper takes Dafeng, a coastal county in China, as a case study area, processes 
the selection of ecological sources, assignment and correction of resistance surface, and finally accomplishes the 
construction of ecological network, supported by techniques including GIS, Conefor Sensinode and so forth. The 
results demonstrates that the road network hinders the biological circulation between coastal wetland and interior 
landscape, resulting in the destruction of natural landscape integrity; with the modification of resistance surface 
based on the construction of road buffer, it can be observed that regional ecological resistance level increases 
significantly and the original long linear ecological corridors tend to be short with twists and turns; the wetland 
patches and corridor connecting them rank first in terms of the importance of landscape connectivity, which indicates 
that coastal management should be strengthened in avoidance of the aggravation of the landscape fragmentation 
under the stress of road landscape. 
 
ADDITIONAL INDEX WORDS: Ecological network, road network, landscape connectivity, coastal wetland. 
 

 
INTRODUCTION 

During the process of rapid urbanization, the exploitation of 
coastal resources has become a new growth point for 
development of coastal cities. One prominent phenomenon, as a 
consequence, is that countless natural landscapes have been 
transformed into artificial ones for transportation, residence and 
production. Traffic network, a typical kind of artificial landscape, 
provides fundamental guarantee for construction of the port, 
transportation of goods, sightseeing tour of the coastal landscape, 
research and investigation activities. However, the negative 
impacts on the ecosystem are rather tremendous and can be 
concluded as follows: directly changing the physical and 
chemical attributes of natural underlying surface, interfering with 
the water cycle and atmospheric circulation of ecosystem 
(Forman, 1998); exposing organism to sound pollution, light 
pollution, and traffic accident threats, and thus interfering with 
the rhythms, components and distribution of biological 
communities (Muñoz et al., 2015); obstructing the relationship 
among natural habitats, contributing to landscape fragmentation, 
the threats towards material flow, information flow, species flow 
and so forth.  

In order to cope with the environmental decay, ecological 
researches and projects in growing numbers have come into effect 
to serve monitoring and protection for coastal wetlands and 
mudflats (Klemas, 2014). However, in many cases, the 
orientations and target zones of relevant researches tend to be 
merely limited in coastal landscape itself, regardless of effects 
from adjacent ones. Therefore, the effectiveness of researches and 
plans may get improved, if processed and developed from the 
coastal ecosystem perspective in which every ecological patch is 
well connected and incorporated into an integrity.  

Based on the principle of mutual interactions between  
ecological process and landscape pattern, ecological network 
(EN), termed as the vital place where animals live and immigrate 
for the sake of survival and information exchange, can be applied 
to build up landscape security pattern in coastal  cities, connecting 
fragmented landscapes and maintaining landscape integrity in the 
whole region (Fanhua et al., 2010). Till now, many efforts have 
been devoted into the research of EN, and the framework has been 
shaped and widely accepted, consisting of the following three 
steps: identifying important ecological sources, generating 
resistance surface, simulating potential corridors according to the 
minimum cumulative resistance model (MCR). However, 
insufficient attention has been paid to the impacts of artificial 
landscapes on natural types at present. Firstly, large natural 
patches, including water area, wetland and forest, are directly 
taken as ecological sources in most cases, ignoring the adverse 
impacts of road system and other landscapes (Yuanjing et al., 
2016). Secondly, in the process of building up resistance surface, 
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additional resistance assignment of landscapes in road buffers do 
reflect the influences of roads, whereas the spatial characteristics 
of road are often overlooked, like road density. Considering great 
convenience and tremendous destructiveness to the natural 
habitat, it is necessary to integrate impacts of road landscape into 
ecological network construction. On the foundation of principles 
of landscape ecology and road ecology, a case study  on the 
planning of ecological network under the stress of road is 
performed in Dafeng, a coastal county in China. The results will 
provide references for the construction and optimization of 
ecological security pattern in the coastal cities. 
 
Research Area 

Dafeng, one coastal district of Yancheng City in China, lies on 
the edge of the Yellow Sea. It is located from 32°56'N to 33°36'N, 
120°13'E to 120°56'E, and the coastline totally reaches up to 
approximately 112 kilometers. Dafeng is rich in natural resources, 
and there exist numerous national protected habitats on which 
some endangered species thrive, including the Red Crowned 
Crane, Swan, Elk, etc. At the same time, it is a city with the 
advantageous geographical location and several coastal ports, 
which indicates continuous human activities. Recently, rapid 
expansion of construction land, especially transportation land, has 
led to serious fragmentation of coastal wetlands and loss of 
connectivity between natural landscapes. Therefore, the 
construction of ecological network is of great significance to 
strengthen connectivity and maintain ecological security pattern. 

 
 

 
Figure 1. Location of research site. 

 
 

METHODS 
The research data include: 1:5000 land use change survey data 

in Dafeng District in 2015, which is provided by local land 
resource government. And the data can be applied for landscape 
pattern index calculation, resistance surface assignment, etc. 
Besides, statistical materials and relevant spatial planning are also 
taken for reference. 
 
Identification of High Density Zones of Road System and 
Selection of Ecological Sources 

Road density is a widely accepted index to quantify spatial 
characteristics of road network. Generally, the denser road 
network is, the stronger the disturbance of human activities are. 
Thus, spatial distribution characteristics of road network and its 
distance from natural habitats exerts important influences on 
ecological services. Based on current researches, Kernel density 
estimation is adopted to identify high density zones of road 
system. Kernel density estimation is an effective method for 
measuring the spatial distribution density of research objects, 
which can help to identify the core aggregation areas of highways 
and rural roads. 

Kernel density estimation is usually based on Rosenblatt-
Parzen kernel estimation.In the formula, k(x-xi)/h represents the 
kernel function; h stands for bandwidth and (x-xi) means the 
distance from estimated point x to measurement point xi. 
Accordingly, the result depends on the function and bandwidth at 
the same time. 
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Considering impacts of roads, forest, grassland and farmland 

landscapes, which are within the effect zones, may have higher 
chances to suffer from the weakening of ecological services, and 
should be eliminated from alternative sources.    
 
Construction of Ecological Resistance Surface 

With relevant researches for references (Fanhua et al., 2010), 
the basic resistance surface is constructed based on value 
assignment of resistance according to different land use types, and 
values of landscapes which are within road effect zones are 
secondly modified (Table 1). Considering that effects of roads 
vary due to different ranks and spatial density, the density 
estimation for highways and rural roads are processed separately. 
And then, single road buffers and high density effect zones are 
respectively set: 1) Single road buffers: The threshold distance of 
buffer set for rural roads and highways is 50m and 100m 
respectively, based on relevant researches. 2) High density effect 
zones: selecting the first 3 grades of estimation results of 
highways and rural roads respectively, then adjusting the 
resistance values of landscapes inside the area to modify basic 
resistance surface. Additionally, original values are kept in the 
case that original values are higher than revised ones. 
Furthermore, an comparison is processed between results 
simulated on basic and modified surface, providing references for 
understanding impacts of roads. 
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Table 1. Resistance values of different land use types. 
 

Land use type Subclass Resistance value 
Mudflat 

Forest land 
 1 

5 
Grassland 

Garden plot 
Water body 

 
 

Area<100ha 

30 
30 

100 
 100ha≤Area<100ha 200 
 Area≥200ha 400 

Scenic area  30 
Farmland  50 

Village land  800 
Transportation 

land 
Rural road 

Single rural road buffer (50m) 
High density effect zone (rural) 

500 
300 
200 

Highway 800 
Single highway buffer (100m) 

High density effect zone  
(highway) 

500 
400 

Urban industrial 
land 

Other types 

 1000 
 

600 
 
Ecological Network Construction and Importance Evaluation 

The minimum cumulative resistance model, first proposed by 
Knaapen, is applied for ecological network construction. Based 
on the source and migration resistance, total cost of the species 
from source to destination is calculated, and the channel between 
two “sources” with the minimum cumulative resistance is 
identified as ecological corridor. The basic formula is as follows: 
MCR: the minimum cumulative resistance value; Dij: distance 
from source i to source j; Ri: resistance coefficient of landscape 
unit i. 

                         (2) 
 

The importance of corridors can be reflected through 
calculation of landscape connectivity indexes. In the paper, 
ecological corridors are simulated supported by ArcGIS and plug-
in tool Linkage Mapper. Besides, Conefor Inputs for ArcGIS 10.x 
and Conefor Sensinode 2.6 are applied to calculate two  indexes, 
namely dIIC(Integral index of connectivity) and dPC (Probability 
of Connectivity). Additionally, dIIC focuses on the overall 
landscape connectivity with results in the form of binary system, 
while dPC estimates the possibility of connectivity based on 
spatial distance with values from 0 to 1. 
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In the formula, n: the total number of patches in the landscape; 

ai and aj: the area or other attribute value of patch i and j 
(vegetation richness, population density,etc); AL: total attribute 

value of the study area (usually patch area); nlij: the number of 
connections between patch i and j; Pij: the maximum probability 
of immigration between patch i and j. 

 
RESULTS 

Identification of High Density Zones of Road System 
When the bandwidth is 500 m, the scaled spatial aggregation 

core can be relatively easily identified and the density value of 
each area can also be well distinguished, compared with other 
bandwidths. Therefore, the distribution characteristics of the 
highway are analyzed based on that. As is shown in Figure 2a, 
highways in the whole region distribute comparatively sparsely 
with some cores where several roads are intersected. The density 
value ranks the highest up to 21.38 in the urban center and eastern 
port area, indicating that the degree of landscape fragmentation 
and human disturbance is relatively higher. Near the eastern 
coastal wetland lies the national highway, which links the north 
and south and extend via the port. It is the core line closely 
connected to surrounding ones in highway system, and 
consequently blocks the material and energy exchanges between 
coastal wetland and inner ecological sources. Besides, the road 
network in the eastern port area pointed in the figure is intensive 
and enhances the degree of fragmentation of coastal wetlands.  

 
 

 
Figure 2. Identification of high density zones of road system. 

 
  
The simulation result with bandwidth as 1000 m can depict 

spatial pattern of rural roads effectively. Rural roads are 
comparatively widely distributed, and the density division level 
is much lower than that of highways, which varies from 0 to 13.53. 
In the form of complement to developed traffic networks in urban 
center and eastern port, rural roads are aggregated in the northeast 
and southeast. Points in Figure 2b refer to the aggregation centers 
of rural roads adjacent to coastal wetlands, which threaten the 
connectivity of wetland landscape by cutting it into multiple 
disconnected patches. As analysis above illustrates, the coastal 
wetlands suffer not only from the separation from highway 
system but also the risks of landscape fragment from densely 
constructed rural roads along the coast. 
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Selection of Ecological Sources 
The results of Kernel density estimation can provide references 

for establishment of road effect buffers and selection of sources. 
With the natural break method applied, areas where the density 
values of highways or rural roads rank in the first three are 
identified (highways: 10.87-21.38; rural roads:7.78-13.53), and 
patches inside are eliminated as well. 

 
 

 
Figure 3. Spatial distribution of ecological sources 

 
 
On the basis of the establishment of road buffers, scaled 

wetlands, forest, grassland and farmland landscape out of the 
buffers were selected and confirmed as ecological sources, as is 
shown in figure 3. The spatial pattern of source types presents the 
transition from coastal wetlands in the east to forest, grassland 
and farmland in the west. In terms of attributes of composition, 
the wetland, concentrated and continuous, is mainly composed of 
patch 1 and 6, totally accounting for 456 km2 and lay basic 
foundation of regional ecological network; additionally, forest, 
grassland and supplementary farmland landscape, widely 
distributed over the whole region, contribute to the enrichment of 
network composition. 

 
Construction of Ecological Network 

The ecological network constructed is shown in Figure 4(b). 
Adjustment to resistance assignment based on buffer lead to an 
overall increase in regional resistance level. The most widely 
distributed farmland landscape, which used to be suitable for 
migration, yet become no longer appropriate due to the increased 
force within the buffer. Therefore, the previous ecological 
corridors in Figure 4a turn to deflection in the condition of 
minimum cumulative resistance, which reflects that long linear 
paths tend to be short, bent and intertwined with the others. And 
it also illustrates how ecological security pattern changes under 
the background that human disturbance enhances the resistance 
values of various landscapes. For example, the 10-19 corridor in 
the southwest, in order to keep distance with regions in high 

density of roads, bends through the farmland habitat lying on the 
edge of the No.15 patch, finally reducing the probability of 
getting crossed with roads. 

A conclusion can be drawn that the optimization of assignment 
of resistance value will help make ecological network planning as 
practical as possible to reveal the migration of species in the 
coastal ecosystem. 

 
 

 
Figure 4. Comparison of ecological networks 

 
 
Evaluation of Landscape Connectivity 

In terms of landscape connectivity of ecological sources, a 
comparison between two indexes, namely dPC and dIIC indicate 
that wetlands and the patches that bridged wetlands and inner 
landscapes are in the top 10 ranking. Among them, the NO.1 and 
NO.6 wetland patches are large and concentrated, of which the 
ecological services like biodiversity protection are the most 
remarkable; when it comes to spatial scale, the remaining patches 
in the top ten are nearly in the same level, but the significance of 
landscape connectivity vary on account of location differences: 
the NO.5 and NO.7 sources are located in the transition position 
between the midwest landscape and eastern coastal wetlands, 
which are key to immigration and inhabitation for creatures; 
however, significance of the farmland patches distributed around 
the urban center is far from prominent mainly because that these 
habitats are spatially close and corridors connecting them are 
numerous for alternative, so that network connectivity can still 
maintain within certain level even if some corridors are blocked. 

As table.2 shows, in terms of the evaluation of ecological 
corridor connectivity, the corridor linking the NO.1 and NO.6 
patch stays first in the ranking of both indexes, indicating its least 
cumulative resistance and most remarkable contribution to global 
connectivity. Additionally, the dIIC value of the corridor bridging 
the NO.6 and NO.7 patch (termed as corridor 6-7) is 
comparatively high, whereas the dPC value is much smaller. And 
it can attribute to the fact that dIIC puts emphasis on the overall 
degree of connectivity affected by existence and removal of 
corridor, yet dPC on the probability of connectivity considering 
the spatial distances between patches. Building up the connection 
between the two patches mentioned above will helps to 
incorporate habitats into an entirety, enhancing global 
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connectivity, but so away are the two that the cost for immigration 
will be not affordable for creatures. Besides, the patches with bold 
numbers are vital sources mentioned above, which exert great 
impact on global connectivity. Although the NO.3 habitat does 
not belong to the group, the dIIC values of corridor 3-9 and 
corridor 3-14 still lie in the top, demonstrating that the 
connectivity importance of corridors does not absolutely depend 
on that of sources. It can be summarized from the results that the 
construction of regional ecological network is conducive to better 
understanding of the contribution that coastal wetland has made 
to the whole region. Furthermore, in the process of establishing 
networks, not only should sources with important ecological 
services (like wetland) be taken into account, but other types of 
landscape with respect to their nonnegligible spatial attributes. 
 
Table 2. Evaluation of connectivity of ecological corridors. 

 
NodeID1 NodeID2 Distances(m) dIIC dPC 

1 6 50.00 32.09 15.73 

6 7 8471.93 12.74 0.97 
7 9 8268.38 10.22 0.05 

3 9 7933.45 7.06 0.11 

3 14 6574.87 6.57 0.11 

16 18 4679.90 2.87 0.06 

18 19 1553.55 1.87 0.39 

8 9 6289.09 1.54 0.06 

1 5 270.71 0.90 1.14 
2 14 6978.43 0.79 0.34 

 
DISCUSSION 

Ecological network enables coastal wetlands and inner natural 
landscapes to be actively engaged in abiotic and biotic interaction 
in larger scale, which can serve the design and implementation of 
policies and plans for coastal environment protection from 
broader perspective (Burger et al., 2017). Besides, the evaluation 
of connectivity of ecological networks can pave the way for 
management of ecological sources and corridors. According to 
the results of evaluation, the connectivity importance of corridor 
1-6 is extremely prominent. However, the wetland landscape used 
to be continuous and integral in the past, and it is the disturbance 
of human that actually leads to the transformation of natural 
landscape to artificial landscape and landscape fragmentation. 
Therefore, the wetland landscape goes through the dramatic 
changes from natural connection to fragmentation induced by 
human interruption, demanding corridors to help recover 
connectivity. Accordingly, it reflects the profound contradiction 
between environmental protection and economic development. In 
addition, the contribution of corridor 7-9 is great in terms of 
landscape connectivity, but there are 2 breakpoints due to 
intersection with roads. Setting up temporary habitats for rest in 

immigration is usually an effective measure to counter breaking 
points and ensure network connectivity (Yuanjing et al., 2016). 
And the process can be optimized when taking into consideration 
the human disturbance like road density and evaluation results of 
landscape connectivity, which will provide solid reference for 
planning of ecological network. 
 

CONCLUSIONS 
The paper, taking Dafeng, a coastal county in China as a case 

study area, focuses on the planning of ecological networks based 
on the framework including ecological sources selection, 
resistance surface assignment and correction, simulation on the 
minimum cumulative resistance model, supported by GIS and 
Conefor Sensinode platform. The results show that the road 
network hinders the biological circulation between coastal 
wetland and interior landscape, resulting in the destruction of 
natural landscape integrity; with modification of resistance 
surface based on the construction of road buffer, it can be 
observed that regional ecological resistance level has increased 
significantly and the original long linear ecological corridor tend 
to be short with twists and turns; wetland patches and the corridor 
connecting them rank first in terms of the importance of landscape 
connectivity, which indicates that management should be 
strengthened in avoidance of the aggravation of landscape 
fragmentation under the stress of road landscape.  

 
ACKNOWLEDGMENTS 

The work is supported by the National Natural Science 
Foundation of China under Grant No. 41771243 and by the 
Special Fund for Research in the Public Interest of Ministry of 
Land and Resources under Grant No. 201511001-03. 

 
LITERATURE CITED 

Burger, J.; O’Neill, K.M.; Handel, S.N.; Hensold, B., and Ford, 
G, 2017. The shore is wider than the beach: Ecological 
planning solutions to sea level rise for the Jersey Shore, USA. 
Landscape & Urban Planning, 157, 512-522. 

Fanhua, K.; Haiwei, Y.; Nakagoshi, N., and Yueguang, Z., 2010. 
Urban green space network development for biodiversity 
conservation: Identification based on graph theory and gravity 
modeling. Landscape & Urban Planning, 95(1), 16-27. 

Forman, R.T.T., 1998. Road ecology: A solution for the giant 
embracing us. Landscape Ecology, 13(4), III-V. 

Klemas, V., 2014. Remote sensing of riparian and wetland buffers: 
An Overview. Journal of Coastal Research, 30(5), 869-880. 

Muñoz, P.T.; Torres, F.P., and Megías, A.G., 2015. Effects of 
roads on insects: a review. Biodiversity & Conservation, 24(3), 
659-682. 

Torres, C.; Hanley, N., 2017. Communicating research on the 
economic valuation of coastal and marine ecosystem services. 
Marine Policy, 75, 99-107. 

Yuanjing, Z., and Binyang Y., 2016. Analysis of urban ecological 
network space and optimization of ecological network pattern. 
Acta Ecologica Sinica, 36(21), 6969-6984.

 
 

5 



 

 
 

Journal of Coastal Research SI 91 281–285 Coconut Creek, Florida 2019 

Time Series and Spatial Characteristics of Public Attention 
towards Huangyan Island Based on Baidu Index 
 
Junxiao Wang†§, Chunfeng Lu‡*, Jing Tang†, Liang Ge†, Zhaolin Huang†, and Shenglu Zhou†  

 
 
 
 
 
 

ABSTRACT 
 
Wang, J.; Lu, C.; Tang, J.; Ge, L.; Huang, Z., and Zhou, S., 2019. Time series and spatial characteristics of public 
attention towards Huangyan Island based on Baidu index. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. 
(eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 281-
285. Coconut Creek (Florida), ISSN 0749-0208. 
 
Huangyan Island is the only exposed reef in central region of the South China Sea. It is of great strategic status in 
national economic development as well as homeland security. Based on Baidu's index data along with spatial 
autocorrelation analyse, this paper explores the spatial and temporal characteristics of public attention towards 
Huangyan Island. Deconstructing the changing process and spatial distribution of public sentiments towards Huangyan 
Island is conducive to government decision-making together with resolving disputes about the South China Sea. The 
results show that: (1) the search index is basically accord with the development trend of public attention. In line with 
the process of public opinion development, public sentiments towards Huangyan Island can be divided into three stages: 
stable stage, small conflict stage and outbreak stage. Overall, most of the time public sentiments are in moderate and 
stable stage. Occasionally some conflict will cause public attention fluctuate within a short time. If there is a larger 
conflict, it will lead to wide outbreak of public sentiments. (2) Most of Chinese people have awareness of Huangyan 
Island yet their degree of concern is distinct. Generally speaking, the spatial distribution of search index is higher in 
eastern coastal areas and lower in western inland areas. Nevertheless, in some western cities, the search index is also 
high. (3) The spatial autocorrelation results shows that the eastern coastal areas and Beijing area have the "high - high" 
correlation, and there is a "high - low" correlation in the provincial or key cities in central provinces.         
 
ADDITIONAL INDEX WORDS: The South China Sea, Search Trend, Spatial Autocorrelation, Moran’s I Index. 
 

 
INTRODUCTION 

The South China Sea is a landside sea surrounded by China, 
Taiwan, Philippines, Malay islands and Indochina. Its sea area is 
about 3.5 million km2. It serves as a maritime shipping hub 
connecting the Pacific and Indian Oceans. It contains plenty of oil, 
gas and other marine resources. The South China Sea plays a very 
crucial role in China with its significant strategic access to east 
Asia and energy base functions (Taylor and Hayes, 1983). Among 
the many islands in the South China Sea, Huangyan Island is the 
only exposed reef in central region of the South China. It has been 
strategically contested from ancient times. Since the 1990s, the 
dispute between China and Philippines on Huangyan Island has 
become more and more obvious and fierce. For more than a 
decade from 1997 to 2012, Philippines sent warships many times 
to expel Chinese fishermen who normally operated in the sea near 
Huangyan Island. Some scholars have discussed the issue of 
Huangyan Island dispute from the aspects of law and history (Hu 
et al., 2014, Hu, 2010, Perlez, 2012). Some scholars also analyzed 
media reports from the famous media in China, the Philippines 
and other countries in the "Huangyan Island incident" (Jianjun, 
2012). In a certain sense, media opinion can forge a patriotic 

feeling for public and inspire civic responsibility. Citizens are the 
main body and builders of a country. Their sense of maritime 
rights and obligations will be directly related to the maritime 
power maintenance along with the rise of maritime powers. 
Therefore, it is of great significance to understand the Chinese 
people's concern towards the typical reefs such as Huangyan 
Island. However, after the "Huangyan Island" incident, there have 
been few studies focusing on the public's sentiment to this 
incident, and the analysis of social opinion tends to focus on 
mainstream media (Cornwall and Coelho, 2007, Scheufele et al., 
2004). At the same time, the temporal and spatial characteristics 
of public attention are not yet clear, and the division of time stages 
as well as the study of the spatial distribution features of public 
attention are rare. 
On that account, we used the Baidu search index and the vector 
data of China's urban administrative divisions to analyze the 
public attention towards Huangyan Island in daily period through 
mathematical statistics and spatial autocorrelation analysis 
methods. Besides, we analyzed the spatial correlation of public 
attention, combined with China's own situation, to explore the 
degree of Chinese’ attention on the Huangyan Island. We want to 
promote understanding of the Chinese people's concern about the 
Huangyan Island dispute. It is conducive to actively guide the 
public attention, to assist decision-makers to develop foreign 
diplomacy policy and resolve Huangyan Island as well as other 
South China Sea islands dispute. 
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Research Area 
Huangyan Island is located at latitude 15°17'N and longitude 

117°48'E. It is located at 160 nautical miles southeast of the 
Zhongsha Islands (Figure 1). Huangyan Island is the only one in 
the Zhongsha Islands which is above water all year round. Due to 
its special topography and important geographical location, 
Huangyan Island is of great strategic significance to all countries. 
First of all, Huangyan Island is located at waterways junction of 
various countries. Secondly, Huangyan Island has a huge area 
exceeding any independent reef disk in the Nansha Islands. Its 
unique ring shape is the best place for navigation and fishing 
emergency in the South China Sea. Finally, its surrounding waters 
are rich in resources, with a wide range of coral species, tuna, 
octopus, plum ginseng and other seafood which have a high 
marine value(Zhaozhong, 2011). 

 

 
Figure 1. Geographical location of Huangyan Island. 

 
 

METHODS 
The data used in the study mainly come from the Baidu Search 

Index platform (index.baidu.com). The vector data of China's 
administrative regions used in the study are from the website of 
National Geographic Survey and Geoinformation Bureau 
(http://www.sbsm.gov.cn/). The main research target cities are 
prefecture level cities, covering 344 cities or regions nationwide. 
 
Baidu Search Index 

Baidu Index is a data sharing platform based on Baidu's 
massive data of Internet users. It is one of the most important 
statistical analysis platforms in the era of big data(Vaughan and 
Chen, 2015). Baidu index is able to reflect a keyword search size, 
change trends and public opinion in a specific time period. At the 
same time, it also reflects the characteristics and spatial 
distribution of Internet users who search for this keyword. From 
the index we can understand the concern and distribution trends 
of current Chinese Internet users on a particular issue. We can 
also make appropriate decisions based on this index. 

Baidu Index contains the following four parts: search index, 
demand profile, media index and crowd portrait. This article 
mainly uses search index. Search index refers to search frequency 
in a period of time by every day Internet users search for a specific 

keyword. It can be used to reflect the attention of Internet users to 
the keyword every day in the time period. At the same time, it can 
be used to analyze the general direction of future development of 
the keyword. We use the search keyword "Huangyan Island", in 
Chinese “黄岩岛”. However, there is only a few days before and 
after the unexpected "Huangyan Island incident"(Ye, 2013), such 
a short term cannot fully reflect the people's awareness of 
maritime rights. Therefore, this article selects continuous three 
years (2013.06 ~ 2016.08) before and after "Huangyan Island 
Incident" to study the current state of people's attention to 
Huangyan Island. The start date is June 10, 2013 and the end date 
is July 31, 2016. The study area includes 344 cities or regions in 
China. Detailed description can be seen in table 1.  
 
Table 1. Description of Huangyan Island Baidu Search Index. 

Name Description 

Data Source https://index.baidu.com 
Search 

Keyword Huangyan Island(黄岩岛) 

Search 
Index Keywords "Huangyan Island" search trends 

media index Media coverage of "Huangyan Island" 
crowd 
portrait 

population distribution of people who concerned 
about the "Huangyan Island" 

Start and 
end time 2013.06.10~2016.07.31 

Research 
Area 344 counties and cities in China 

 
Spatial Aautocorrelation 

Spatial autocorrelation analysis is utilized to study the spatial 
agglomeration of a variable. It is generally divided into two 
categories: global spatial autocorrelation and local spatial 
autocorrelation. Global autocorrelation describes the overall 
spatial correlation of the research objectives. Local 
autocorrelation can analyze the degree of spatial aggregation in a 
local area. Combining the two can determine whether there is 
agglomeration in a region and determine its degree of 
agglomeration(Anselin, 1995). On this basis, we can determine 
the spatial location where specific agglomeration occurs. The 
local Moran's I index is often used to illustrate local spatial 
autocorrelation. It can be measured between various research sub-
areas based on the degree of correlation between regions, which 
is calculated as follows: 

I𝑖𝑖 =
𝑛𝑛（𝑋𝑋𝑖𝑖−X）∑ 𝑤𝑤𝑖𝑖𝑖𝑖（𝑋𝑋𝑖𝑖−X）𝑖𝑖

∑ （𝑋𝑋𝑖𝑖−X）
2

𝑖𝑖

(1) 

In the formula (1) I𝑖𝑖 represents local Moran’s I index. Its range 
of values is [-1, 1]. I>0 means there is a positive spatial correlation, 
and the closer to 1, the higher its degree of agglomeration. I=0 
means there is no correlation, that is, random distribution. If I<0, 
then there is a negative spatial correlation, and the closer to -1, 
the more discrete it is. n represents the numbe’r of subjects, which 
is 344. 𝑤𝑤𝑖𝑖𝑖𝑖  represents space weight matrix. 𝑋𝑋𝑖𝑖  represents the 
value of object i. 𝑋𝑋𝑖𝑖  represents the value of object j. The range of 
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i and j is [1, n] and both of them are positive integer. X represents 
the average of the overall object. 
 

RESULTS 
According to the statistics of "Huangyan Island" in Baidu 

search index, we obtain the time series results of Huangyan Island 
search index (Figure 2) as well as the increase and decrease of 
Huangyan Island search index (Figure 3). 

 
 

 
Figure 2. Time-series statistics of disputes on Huangyan Island. 

 
 

 

 
Figure 3. Time-series change statistics of disputes on Huangyan island (a, 
b, c are on behalf of a stable period, the small conflict and the outbreak 
period, respectively). 

 
 
The search index on Huangyan Island spans from June 10, 

2013 to July 31, 2016. As can be seen in Figure 2, the search index 
reached a local peak in February 28, 2014, February 5, 2015, 
April 27, 2016 and July 13, 2016 respectively. 

According to the moving average curve in Fig. 2, we can see 
that there are many stages in the change of public opinion in 
Huangyan Island. Significant differences exist in the number of 
events in different stages. In the light of previous 
researches(Kelman, 1961), the search index, public sentiment  on 
Huangyan Island can be divided into three stages, namely, stable 
period, small conflicts and outbreak. In the outbreak stage, the 

value of search index changed significantly, which showed the 
suddenness and drasticness of public sentiment. 

 
Spatial Distribution of Search Index 

We used ArcGIS to process the search index data of 344 cities 
or regions. The output shows in figure 4. 
 

 

 
Figure 4. Spatial distribution of 344 cities and districts in baidu index of 
“Huangyan Island”. 

 
 
It can be seen from Figure 4 that in China, the area with the 

largest number of search index on Huangyan Islands is 
concentrated in southeast coast. Northwest places have relatively 
less search quantity. One reason is that cities in southeast coast 
are the most developed in China. Besides, the location of 
Huangyan Island may also be one of the reasons. Huangyan 
Island is located in the South China Sea, its impact on the 
economic and social stability of south east part is larger to those 
of southeastern coastal areas. Overall, 31.82% of cities searched 
more than 100 times per day. Only 21 cities daily searched more 
than 200 times, accounting for 6% cities of China. This shows 
that people all over the country are still not paying enough 
attention to Huangyan Island and their awareness of maritime 
rights is rather weak. 

Similar to the classification of cities by population size, this 
paper divides 344 cities and regions in China into five categories 
according to the search index: cities with a search index of 0-20 
are small cities of public sentiment, cities with 20-100 are 
medium, cities with 100-200 search index is large city, cities with 
200-300 search index is extremely large city of public sentiment, 
more than 300 is the mega city. Calculate the proportion of each 
type of city in the total cities in the country and draw the figure 5: 

 
Spatial Autocorrelation Analyze of Search Index 

In order to study the spatial distribution of public sentiment 
towards Huangyan Island and the spatial correlation between 
multiple cities, we use the local Moran's I index to indicate the 
spatial distribution of public sentiment in 344 cities or regions in 
China. We used ArcGIS to calculate the local Moran's I index of 
344 cities in China. The results shows in figure 6. 
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Figure 5. The proportion of five types of cities. 

 
 

 

 
Figure 6. Local Moran’s I index of local spatial autocorrelation index of 
344 cities and districts. 

 
 

As can be seen from Figure 6, the number of high-value area is 
the smallest with only 7 cities accounting for 2.03% of the 
national total. From the spatial point of view, these seven cities 
are mainly located in the Pearl River Delta region and Beijing-
Tianjin-Hebei region. There are 46 cities belong to the sub-high 
value areas. They are mainly located in the eastern coastal areas 
which extending from Hainan to Shanghai and parts of the 
Yunnan-Guizhou Plateau. Low value areas are mostly located in 
the capital cities in central and western China. The sub-low value 
areas are located in the non-capital cities in the central and 
western China, accounting for 43.90% and 19.77% respectively. 

In addition, based on the local Moran's I index, p-value and z-
value(Anselin, 1995), 344 cities in China are divided into "high-
high", "high-low", "low-high", "low-low" And "non-significant" 
five categories. The result is shown in Figure 7. 

 

 

 
Figure 7. Classification of local Moran’s I index of 344 cities and districts. 

 
 

As far as the overall distribution, most parts of the country are 
"non-significant" areas, indicating that there is not much 
correlation between most cities in China. The "high-high" cities 
are mainly distributed in the eastern coastal area and surrounding 
area of Beijing, indicating that these areas are hot spots and the 
search index is high, which has a positive impact on each other. 
The "high-low" cities are located in Chongqing, Sichuan and 
neighboring regions. The overall search index is low in this area, 
but the search index of central cities is higher, such as Chongqing 
and Chengdu. The "low-high" cities and the "low-low" cities have 
not yet appeared, indicating that there is no low-value gathering 
area or low-value central area for the current search index 
distribution on Huangyan Island. 

 
DISCUSSION 

The overall development of public sentiment towards 
Huangyan Island conforms to the normal trend of public opinion 
development (Kelman, 1961). The number of search index 
fluctuates significantly. The peak together with low values appear 
many times, showing the development of public sentiment 
towards Huangyan Island is sudden and severe. The 
comprehensive development of public opinion can be divided into 
three stages: stable stage (2013.06.10 ~ 2016.04.30), small 
conflict stage (2016.04.30 ~ 2016.06.30), and outbreak stage 
(2016.06.30 ~ 2016.08.31). In stable stage, there are relatively 
small number of events. The public attention is inadequate. The 
impact of conflict between countries is relatively low. Occasional 
conflicts will not cause too much waves. This stage time period 
is relatively long and it is the mainstream of public sentiment 
development towards Huangyan Island. In the period of small 
conflict stage, public sentiment incidents increased rapidly. What 
happened in this stage has a greater impact along with a higher 
degree of concern. Twists and turns in the number of search index 
and there will be many small peak. This stage lasted for a short 
period of time, with rapid development. In this period, continuous 
development promote the birth of the outbreak stage. When it 
comes to the outbreak stage, new conflicts and new public 
concern continue to emerge, making the influence unprecedented. 
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The search index peaked and remained high in the following 
period. 

In Figure 6, there is a significant difference between search 
index from eastern and western China. However, both the eastern 
China and the Yunnan-Guizhou Plateau are mid-high areas. It is 
not surprising that the high search index in eastern China are 
interconnected. For the Yunnan-Guizhou region, the reason why 
it will become a sub-high spot is because there is a significant 
spatial aggregation of search index in this region. There is a 
certain high value agglomeration inside this area, while the value 
outside the area is obviously lower. 

Low-value area scattered in various provinces and cities, these 
cities are mainly provincial capitals or key cities. This shows that 
there is a significant difference in the amount of public sentiment 
towards Huangyan Island among provincial capitals or major 
cities and other cities in the province. At the same time, it shows 
that compared with the coastal areas, the central and western 
inland areas have low value areas yet the provincial capital cities 
still have more search attention than other cities in the province. 

The search index statistics show that people in the country 
indeed pay attention to Huangyan Island. The search index of 
some cities is up to 1800. Cities with relatively high search index 
are mostly located in southeast coast, places around Beijing and 
Shanghai. From a spatial correlation point of view, the hot cities 
in China are mainly located in the Pearl River Delta, Beijing-
Tianjin-Hebei region. Sub-hot areas are mainly distributed in the 
eastern coastal areas and the Yunnan-Guizhou Plateau. Although 
the search index of Yunnan-Guizhou Plateau is relatively low, it 
also forms a sub-hot area because of its spatial agglomeration 
effect. From the perspective of spatial autocorrelation, the 
national search index is relatively low, and most of the cities are 
non-significant. Considering the search index is generally high in 
the southeastern coastal cities, a "high-high" related area is 
formed. In addition, as the political and cultural center of China, 
people in capital city Beijing also paid more attention to 
Huangyan Island than other northern and western regions. Taking 
Beijing as the center, the surrounding cities are positively affected 
by Beijing's positive public attention, forming a "high-high" zone. 

 
CONCLUSIONS 

Public sentiment search index on Huangyan Island shows that 
people in the southeast coastal areas in China have a relatively 
high awareness of maritime rights because of their population, 
economy and the geographical location of the seafront. China's 
capital city Beijing and various provincial capital cities’ public 
awareness of maritime rights is relatively high compared to the 
surrounding area.  
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ABSTRACT 
 
Park, M.-C. and Ha, O.-K., 2019. Design of an integrated platform for monitoring coastal safety based on Cyber 
Physical System. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water 
Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 286-290. Coconut Creek (Florida), ISSN 
0749-0208. 
 
This study proposes a common module that can integrate multiple sources of situational information for coastal safety 
monitoring based on a cyber physical system (CPS). Existing situational measurement devices transmit information 
using different methods, which leads to considerably difficulty in system operations. This study proposes a system that 
can monitor coastal safety using a common module that integrates signals transmitted from multiple measurement 
devices. A protocol for sending and receiving packets between the measurement devices and the module is designed. 
The packets transmitted by the network are saved and managed through an integrated monitoring system, and 
information is provided to various users, such as safety personnel. The results of this study can be utilized in application 
programs for beach monitoring, risk warnings, risk prediction, among others.  
 
ADDITIONAL INDEX WORDS: Cyber Physical System, integration module, monitoring system, coastal safety. 
 

 
INTRODUCTION 

Currently, various simulations and situation recognition 
systems are being actively studied for beach safety (Frank et al., 
2014; Thomas et al., 2018). In addition, cyber physical system 
(CPS)-based monitoring systems present a challenge, in that they 
must monitor situational information that is transmitted from 
various devices (Gad et al., 2018; Loni et al., 2018). However, it 
is difficult to integrate the measurement devices that collect 
situational information because the transmission methods of the 
devices’ communication protocols are different, and there has 
been no research in this area so far. In this study, an integrated 
gateway for existing measurement devices has been designed, and 
a measuring device integration module (MDIM) is proposed. This 
employs a common protocol and can be utilized on an integrated 
platform. As an experimental environment, a prototype was 
created this study that is designed for information collection 
devices that incorporate RS-232, ZigBee, Wi-Fi, and IP networks 
to verify the study results. As a result of the study, there are plans 
to develop an expanded coastal safety monitoring system in the 
future by developing a general-use MDIM that can integrate 
various measurement devices. 

 
Background 

The modern field of coastal safety monitoring is evolving 
toward a paradigm in which systems integrate various types of 
sensor and image information. An important concept for 
supporting this type of integrated environment is the CPS, which 

combines various IT technologies, including existing hardware 
devices and information communication technologies, and 
integrates, controls, and manages software-based monitoring 
(Bartocci, 2018; Parastoo et al., 2014). A CPS requires the 
integration of communication channels that transmit differently 
formatted data collected from multiple devices to the processing 
unit, and requires a standardized data processing and control 
service framework to efficiently reference data in the application 
unit.  

A CPS also requires middleware technology that can provide 
stable and effective interconnection functions between the 
devices and the processing module. Therefore, this study 
proposes a general-use MDIM platform that can perform 
integrated processing of coastal information transmitted from 
various devices and provide this to a variety of coastal safety 
application fields.  

 
METHODS 

An MDIM was created to access heterogeneous networks 
divided between sensors that use ZigBee (Sun et al., 2018; Yen,  
and Tsai, 2010) and Wi-Fi networks (Chandramohan et al., 2017) 
and those that use Ethernet networks (Chandana and Sekhar, 2018; 
Tao, Cheng, and Qi, 2018). A middleware structure that can 
perform abstraction on various devices has been designed, and a 
stub interface that can connect with devices is proposed. For the 
stub interface, it is necessary to design a lightweight protocol that 
allows the heterogeneous devices and middleware to 
communicate, regardless of the type of network to which they are 
connected.  

Only the protocol template is defined for the stub interface, and 
the stub’s actual implementation is separated from the interface 
to provide a structure that does not depend on the device type or 
network infrastructure. The devices are set up such that they can 
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access networks that use ZigBee and access various networks that 
use Wi-Fi and Ethernet. Figure 1 shows that the proposed 
MDIM’s area lies between the data collection and data processing 
layers. 

 
 

 
Figure 1. Location of MDIM in cyber physical system platform for coastal 
safety. 

 
 

 

 
Figure 2. The message structure of MDIM consists of the command(key) 
and the value of the object(Attribute). 

 
 

Figure 2 shows the MDIM’s basic structure, which must 
include a common message bus. In the structure of a message that 
is transmitted to the data processing layer, the “command” is the 
requested directive, and this is keyed in. The structure organizes 
objects by attributes. The “command” can be viewed as an action 
request between layers, but the same action request can perform 
different actions. That is, different actions can be performed for 
the same action called “Get_info.” This approach selects different 
actions for the same request. The camera object performs an 
action to save picture data, and the weather sensor performs an 
action to save sent data in the database. In this manner, it becomes 
possible to perform specialized actions for each sensor while the 
same message is simultaneously exchanged. 

DESIGN 
The MDIM considers the flexibility of development at the 

basic framework level, so that it can apply the local protocol 
defined for each measurement device and communicate between 
servers to create Qt-based applications. Furthermore, MDIM 
applications are designed to include the following items: 

 
 A communication-related library or system program 
 Support for an option function library 
 A graphic library for waveform transmission 
 A network socket program is required depending on 

the type of protocol 
 A configuration related system program 
 

MDIM Software 
Communication between the measurement devices, MDIM, 

and data processing layer is achieved through the process 
illustrated in Figure 3. First, the measurement devices and MDIM 
send and receive measurement data through various 
communication interfaces. Then, the communication interface in 
the MDIM software performs the role of analyzing the MDIM 
data from the data sent by the measurement devices, and transfers 
this to the MDIM protocol manager. The MDIM protocol 
manager receives the data and transfers it to the measurement 
devices. It also performs the role of processing data related to the 
MDIM protocol. The connection pool processes data that arrives 
from the MDIM protocol manager and the network interface. The 
network interface performs the role of sending and receiving data 
to and from the data processing layer through the LAN and Wi-
Fi. The data processing layer performs the role of processing the 
measurement device data and transmitting the required data to the 
measurement devices. 

 
 

 
Figure 3. The flow of communication between the measuring device and 
the Data Processing Layer and MDIM. 

 
 
Figure 4 presents a summary of the core modules in the overall 

software structure diagram. The MDIM setting module manages 
the MDIM setup, and the data processing layer handler manages 
the processing of communications with the data processing layer. 
The device handler manages the processing of communications 
with the measurement devices, and the report manager performs 
the role of converting, outputting, and transmitting the 
measurement data. 
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 Figure 4. The flow of communication between the measuring device and 
the Data Processing Layer and MDIM. 

 
 
Protocol of Measuring Device 

There are three main protocols for measurement devices, which 
use a serial communications interface to send and receive packets 
to and from the MDIM. The time protocol synchronizes the time 
with the measurement device. The settings protocol sets or 
imports measurement data or alarm limit values that are set in the 
device. The data protocol sends measurement data. The start of 
each packet is marked with STX, and the end is marked with ETX. 
The packets of the time setting protocol for synchronizing the 
time between the data processing layer and the device are 
employed to set the device to the current time in the data 
processing layer, and Table 1 details the defined protocol. 

As shown in Figure 5, the setting protocol receives and sets the 
network-related environment information from a measurement 
device for MDIM communication. The measurement devices can 
view the environment information from the MDIM. If it is not 
possible to transmit the related information from the measurement 
device, then the related values are set through a USB storage 
device. 

 
Table 1. Packet structure of time setting protocol to synchronize time of 
measurement equipment. 
 

No.            Name                 Size(byte)              Description 
1               STX                          1 
2               Vender                      1 
3               Model                       1 
4               Packet                       1 
5               Time                       10              YY-MM-DD-hh-mm 
6               Checksum                1 
7               ETX                         1 

 
 

 
Figure 5. MDIM's configuration protocol mode (REQXXX : request to 
target, CCCxxx : transmission of a communication config struct, CCC sub 
command : WRE(wired network setting) / WIF(wireless network setting). 

 

Figure 6 shows a block diagram illustrating the communication 
between a measurement device and the MDIM using the 
protocols that were set up as described above. 

 
 

 
Figure 6. (A) is the process of establishing a basic communication 
between the measuring device and the MDIM. And (B) is a process in 
which the measuring apparatus confirms the network setting from the 
MDIM. Finally (C) is the process by which the measuring device sets up 
the network to the MDIM (* is a hex binary and all others are ASCII). 

 
 

For the MDIM application development environment, the 
Linux-based Qt Creator IDE 2.4.1 was utilized to create the GUI 
and program, and version 4.8.2 of the QT Library was used as the 
framework for development. The wpa_supplicant tool (Vipin and 
Srikanth, 2010) was used for the development of the wireless 
search and wireless usage. Figure 7 shows an emulator for 
checking that the protocols and communication are operating 
correctly. 
 

 

 
Figure 7. The left figure is the emulator of the server and the right figure 
is the emulator of the measuring device. 

 
 

VERIFICATION 
The tests for verifying the feasibility of the MDIM equipment 

were performed in the environment detailed in Table 2, with five 
tests performed: a system fusing and booting test, USB test 
(storage and USB to serial), NAND speed test, network test 
(wired and wireless), and RS-232 test (four pin and six pin). 
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Table 2. Experimental environment for MDIM testing. 
 

Item                                           Description 
Host PC                               Intel Core i5 
Targer Borad                       MDIM(Samsung S5PV210) 
Instrumention                      Oscilloscape, Power supply 
Compiler&Debugger          Arm-linux-gcc, kernel 2.6.35 
S/W Tool                             Dragin.exe, DNW.exe,Terminal Program 
 
The system fusing and booting test confirmed whether the 

image was fused correctly on NAND flash memory within 30 s. 
The test results screen shows that it operated correctly, as shown 
in Figure 8. 

 
 

 
Figure 8. The system fusing and boot tests verify that the image fusing to 
the system's NAND Flash is normal.  

 
 

The USB storage test is a test of USB storage operation and 
speed, and this confirmed that the MDIM platform hardware was 
in working condition and that the OS image was correctly fused 
onto the NAND flash memory. The checked items included 
whether the USB storage was recognized as a /dev/sdaX device, 
and whether the USB storage read speed was 18 MB/s or more. 
The test results showed that the storage read speed satisfied the 
requirement, with a speed of 23.47 MB/s, as shown in Figure 9. 

 
 

 
Figure 9. The USB storage test recognizes the device with the dmeag 
command and checks whether the USB storage read timing is over 18 
MB/sec. 

 
 
The NAND speed test confirmed that the file system was 

properly mounted at /dev/mtdblock2, the NAND read speed was 
2 MB/s or more, and the NAND write speed was 1.5 MB/s or 

more. The test results showed that the NAND read and write 
speeds satisfied the requirements, with speeds of 2.45 MB/s and 
1.92 MB/s, respectively, as shown in Figure 10. 

 
 

 
Figure 10. Verify that the NAND speed test is normally mounted and that 
the read speed is 2 MB sec and the write speed is 1.5 MB/sec or more. 

 
 
The network test confirmed that the acknowledgement (ACK) 

packets were received without packet loss, and the network 
speeds of both the Ethernet and wireless LAN were 30 Mbits/s or 
more. The test results showed that the Ethernet and wireless LAN 
satisfied the requirements, with speeds of 36.0 Mbits/s and 33.6 
Mbits/s, respectively. 

 
 

 
Figure 11. Ethernet network test results confirm that the network speed is 
over 30 Mbits/sec without data loss. 

 
 

 

 
Figure 12. As a result of wireless network test, we confirmed that network 
speed is over 30 Mbits/sec without data loss. 
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Table 3. Quantitative evaluation test result of MDIM module. 
 

Requirement                             Qualification                    Result 
                                          criteria                           value  

System Fusing & Booting Test       30 sec                            30 sec 
USB Test                                        18 MB/s                   23.47 MB/sec 
NAND Speed Test                      R:2, W:1.5                 R:2.45, W:1.92 
Network Test(Wired)                     30 Mbps                    36 Mbits/sec 
Network Test(Wireless)                 30 Mbps                    33 Mbits/sec 
RS-232 Test                                  B230400                          OK 
 
The RS-232 test ran rs232_test on the MDEC and confirmed 

that communication occurred correctly in the PC terminal 
program. It confirmed that the MDEC’s write count and the PC’s 
read count were concurrently increasing. The results showed that 
suitable operation was occurring. The test results concerning 
whether the MDIM device was operating correctly showed that 
the MDIM can be utilized in a common module for device 
integration via the proposed CPS-based coastal safety monitoring 
approach. Table 3 details the overall MDIM module’s 
quantitative evaluation test results. 

 
CONCLUSIONS 

This study has proposed an MDIM module for integrating 
measurement devices in a CPS-based coastal safety monitoring 
system. It is difficult to construct integrated environments for 
existing measurement devices because they employ different 
methods of communication. In this study, a common module that 
integrates multiple measuring devices was designed, to create an 
integrated monitoring system that is capable of monitoring 
multiple phenomena. Protocols have been designed for sending 
and receiving packets between the measuring devices and the 
common module, and the data transmitted by the network is 
stored and managed on the higher layers, so that it can be provided 
to various users. The results of this research are expected to 
contribute towards convenient and effective implementation of a 
CPS-based coastal safety monitoring system. In the future, we 
plan to construct an environment that integrates all types of 
measurement device to implement an integrated CPS-based 
coastal safety monitoring system. 
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Natural disasters not only cause harm to humans, but also cause changes in the shape of the earth surface. A sudden 
earthquake occurred in Pohang City with a moment magnitude of 5.4 and caused a serious aftermath to human and 
property and, furthermore, the geological characteristics of Pohang City worsen the damage from earthquake itself. 
The present study makes an attempt to analyze the ground displacement as the effects of the earthquake by applying 
PS-InSAR technique in Sentinel-1A images. The advantage of PS-InSAR in terms of time-series analysis makes it easy 
to generate the trend of land displacement from the Pohang City. The result in this study indicates that the earthquake 
has caused the displacement in coastal area of Pohang City.  
 
ADDITIONAL INDEX WORDS: PS-InSAR, Sentinel-1A, coherence, displacement, time-series. 
 

 
INTRODUCTION 

Land subsidence can occur in various ways during 
an earthquake. Movement that occurs along faults can be 
horizontal or vertical or have a component of both. As a result, a 
large area of land can subside drastically during an earthquake. 
Pohang city is the largest city in Gyeongsangbuk-do, where the 
steel and machinery industries are built. There are also many 
landfills that buried between the island used to build numerous 
industrial complexes and the low intensity of landfills cause more 
damage to the earthquake. In this study, the PS-InSAR technique 
is used to accurately measure the surface displacement caused by 
Pohang earthquake. 

Studies have been conducted in many countries to derive 
seismic displacement using the InSAR technique (Funning, Barry 
Parsons, and Wright 2007; Yuri and Mark, 2001; Stramondo et 
al., 2005). However, these studies cannot effectively erase errors 
and determine the surface of ground settlement by time series as 
these are the limitations that usually exists when utilizes D-
InSAR technique. In 2000, PS-InSAR was developed by Ferretti 
in POLIME (Prati of the Technical University of Milan). By using 
more than 20 images, it can effectively eliminate DEM errors, 
satellite orbit errors, and atmospheric errors compared to 
conventional D-InSAR and moreover, this technique can perform 
time series analysis. Thus, the PS-InSAR technique can produce 
more precise surface displacement due to the narrow distribution 
of phases (Ferretti, Prati and Rocca., 2000; Luo et al., 2014) 
compared to other InSAR techniques such as D-InSAR and SBAS.  

In this study, we set up two experimental groups consist of 
normal and earthquake period to ensure that the displacement that 

occurred was a result of the seismic activity. Furthermore, land 
displacement analysis is carried out in the coastal areas using PS-
InSAR technique.  

 
METHOD 

InSAR 
InSAR (Interferometric Synthetic Architecture Radar) 

observes the change in the surface of a wide area using multiple 
number of signals, which is the phase information of the SAR 
images, and uses phase difference caused by interference of two 
or more SAR images to identify surface changes. Generally, the 
phase values of interference images using the InSAR technique 
exist not only in the phase components caused by surface 
displacement, but also in various error phases. Therefore, 
accurate surface displacement observations require that other 
phases can be effectively eliminated except for the phase 
components caused by surface displacement, as specified in 
Equation (1). 
 
ϕOBSERVATION= ϕDEFO + ϕORBIT + ϕTOPO + ϕATM + ϕNOISE  

(1) ϕDEFO = ϕOBSERVATION - �ϕORBIT+ϕTOPO+ϕATM+ϕNOISE� 

 

Where ϕDEFO is the phase component caused by surface 
displacement, ϕTOPO is the DEM error phase component by the 
terrain, ϕORBIT is a satellite component by a satellite orbit error. 
ϕATM is a phase component by the atmospheric error, ϕNOISE is a 
phase component by the radio signal noise.  
 
PS-InSAR 

PS-InSAR is a technique that calculates surface displacement 
by co-registering 20 or more satellite images. By employing PS-
InSAR, error phase components can be easily eliminated and time 
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series analysis can be generated. Unlike other conventional 
InSAR technique that analyze the whole range of images, PS-
InSAR selects permanent scatter with stable phase signals 
through dominant reflectivity to produce the metric variation for 
permanent scatter. As shown in Figure 1, when analyzing only 
permanent scatter, accurate surface displacement can be 
calculated by narrow phase range with an accuracy up to 
millimeters (Koros et al., 2017). 
 

 
Figure 1. Different of phase between normal scatter and permanent 
scatter. 

 
 

In other words, PS-InSAR technique greatly depends on what 
is selected as a permanent scatter. The criteria for selecting the 
permanent scatter are the Amplitude Stable Index, Spatial 
Coherence, and the Statistical Homogenity Test. In this study, the 
Amplitude Stable Index and Spatial Coherence are used to select 
more precise permanent scatter. 

 

 
Figure 2. Imagery of study area (within the white square). 

 
 

RESULT 
Test Area and Method 

In order to analyze the subsidence in Pohang City and its 
vicinity, an area up to 64 km2 at Yeongil bay is chosen as shown 
in Figure 2. A total of 45 images of Sentinel-1A were collected 
and divided into two experimental groups with different period. 
The first experimental group in normal period used 25 images 
during 24 months from 2015.01 onward and the second 
experimental group including earthquake period used 20 images 
during 10 months from 2017.03 onward. The specification of data 
are listed in Table 1.  
 
Table 1. Data specifications. 

 2015.01-2017.01 2017.03-2017.12 

Satellite Platform Sentinel-1A 

Pass Direction Ascending 

Product Type SLC 

Instrument Mode IW 

Azimuth Beam 
Steering Range 

- 0.6 o ~ + 0.6 o 

Incidence Angle 
Range 

29.1 o – 46.0 o 

Polarization 

Single VV Dual VV+VH 

Incident Angles at 
min Orbit Altitude 

36.47 – 41.85 41.75 – 46.00 

Incident Angles at 
max Orbit Altitude 

34.77 – 40.15 40.04 – 44.28 

 

(a) 
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Figure 3. Filtering technique (a) Spatial Coherence and (b) Amplitude 
Stable Index. 

 
 
Selection of Permanent Scatter Points 

Two different methods were employed for the accurate 
selection of Permanent scatter points, as shown in Figure 3. (a) is 
an image of permanent scatter using spatial coherence which is 
higher than 0.7 threshold. As shown in the image above, the 
precision of the point cloud is very high, but the actual values are 
less accurate. The reason is because of the simple comparison of 
coherence, in case of low coherence value exist only in minor 
images (1 ~ 2 image), this method remove other images even if 
they are high coherence value. Meanwhile (b) is an image using 
the Amplitude Stable Index. When using this method, we can use 
more permanent scatter points even if pixels in a minor image 
show low coherence value. However, it shows a disadvantage of 
extracting pixels with low coherence value in mountainous 
regions although the all pixel shows a low coherence, if the 
deviation is constant, then the Amplitude Stable Index select the 
permanent scatter points. 

In this study, we extracts the point cloud by Amplitude Stable 
Index first, then remove the low coherence points by spatial 
coherence as the result is shown in Figure 4.  

 
Figure 4. Spatial coherence of permanent scatter points. 

  
Time-Series Analysis 

In this study, two groups of experiments were analyzed to 
measure the surface displacement of the coastal areas of Pohang 
by earthquakes. The result in time-series is shown in Figure 6. 

As shown in Figure 5, we can confirm that displacement is 
occurred during the period of Pohang earthquake. It is also 
confirmed that the trend of surface displacement is not only 
consistent but also regional differences between the ups and 
downs. The following Figure 6 shows the analysis of the time 
series by selecting the three region-of-interests in the second 
experimental group. 

As shown in Figure 6, the left figure shows three different 
location where displacement is occurred and the diagram shows 
the time-series of each permanent scatter points. Region A shows 
the stable trend and start to move downward in November 2018. 
Region B shows the continuous downward trend. However, 
region C shows the condition that are opposite to Region A. There 
was also a difference in the points distribution between the two 
experiments. Result from Figure.7a shown the small 
displacement and 80.14 % of the total points are spreaded within 
± 3 mm. Whereas in Figure 7b, the points within ± 3 mm were 
only 23.07 % of the total extracted points, while the remaining 
46 % of the points shown the displacement greater than ± 5 mm. 
To be concluded, changes in Test 2 are caused by Pohang 
earthquake. 
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Figure 5. Comparison of different result from (a) first experimental group 
and (b) second experimental group. 

 
 

 

 

 

Figure 6. Time-series analysis of three selected region-of-interests. 

 

 
Figure 7.  Points distribution of Test 1 and Test 2. 

 
 

CONCLUSION 
In this study, surface displacement in Pohang coastal areas as 

the after effect of Pohang earthquake was analyzed in November 
2017 and the results were as follows.  

First, surface displacement can be confirmed by the result of 
time-series analysis. In adition, Region B with extreme 
displacement occurred by external factor, which is underground 
hole by natural gas.  

Second, by employing PS-InSAR technique, we could analyse 
the surface displacement through time-series analysis.  

Third, it is also confirmed that the trend of surface 
displacements were vary in each zone. This study used Sentinel-
1A satellite imagery. However, the satellite's resolution and 
characteristics of its band become the limitations. In the future, 
the use of high-resolution SAR images are recommended to 
produce more accurate result. 
 

ACKNOWLEDGEMENT 
This work is supported by the Korea Agency for Infrastructure 

Technology Advancement(KAIA) grant funded by the Ministry 
of Land, Infrastructure and Transport (Grant 18CTAP-C116607-
03) 
 

LITERATURE CITED 
Bell, W.; Amelung, F.; Ferrett, A.; Bianchi, M., and Novali, F., 

2008. Permanent scatterer InSAR reveals seasonal and long-
term aquifer-system response to groundwater pumping and 
artificial recharge. Water Resources Research, 44(2), 1-18.  

Chini, M.; Bignami, C.; Stramondo, S., and Pierdicca, N., 2008. 
Uplift and subsidence due to the 26 December 2004 
Indonesian earthquake detected by SAR data. International 
Journal of Remote Sensing, 29(13), 3891-3910 

Ferretti, A; Prati, C., and Rocca, E., 2001. Permanent scatterer in 
SAR interferometry. IEEE Transactions on Geoscience and 
Remote Sensing, 39(1), 8-20. 

Funning, G.J.; Parsons, F. and Wright, T.J, 2007. Fault slip in the 
1997 Manyi, Tibet earthquake from linear elastic modelling 
of InSAR displacements. Geophysical Journal International, 
163(3), 988-1008. 



Displacement Measuring of Coastal Area using PS-InSAR                                                295 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 91, 2019 

Ryder, I.; Parsons, F.; Wright, T.J., and Funning, G.J, 2007. Post-
seismic motion following the 1997 Manyi(Tibet) 
earthquake : InSAR observation and modelling: Geophysical 
Journal International, 169(3), 1009-1027 

Li, F.K. and Goldstein, R.M., 1990. Studies of multibaseline 
spaceborne interferometric synthetic aperture radar. IEEE 
Transactions on Geoscience and Remote Sensing, 28(1), 88-
97 

Luo, Q.; Perissin, D.; Zhang, Y., and Jia, Y., 2014. L-and X-Band 
Multi-Temporal InSAR Analysis of Tianjin Subsidence. 
Remote Sensing, 6, 7933-7951 

Massonnet. D.; Rossi, M.; Carmona,C.; Adragna, F.; Peltzer, G.; 
Feigl, K., and Rabaute, T., 1993. The displacement field of 
the Landers earthquake mapped by radar interferometry, 
Nature, 364(6433), 138-142. 

Matsuoka, M. and Yamazaki, F., 2004, Use of satellite intensity 
imagery for detecting building area damaged due to 
earthquakes. Earthquake Spectra, 20(3), 975-994 

Raymond, D. and Rudant, J.P., 1997. ERS-SAR interferometry: 
Potential and limits for mining subsidence detection. Third 

ERS Symposium on Space at the service of our Environment 
(Florence, Italy). 414(2), 541-544. 

Stramondo. S.; Bignami, C.; Chini, M.; Pierdicca, N. and 
Tertulliani, A., 2006. Satellite radar and optical remote 
sensing for earthquake damage detection: results from 
different case studies. International Journal of Remote 
Sensing, 27, 4433-4447. 

Stramondo, S.; Moro, M.; Tolomei, C.; Cinti, F.R., and Doumaz, 
F., 2005 InSAR surface displacement field and fault 
modelling for the 2003 Bam earthquake(southeastern Iran). 
Journal of Geodynamics, 40(2-3) 347-353 

Wang, T.; Liao, M. and Perissin, D., 2010. InSAR Coherence-
Decomposition Analysis, IEEE Geoscience and Remote 
Sensing Letters, 7(1), 156-160. 

Weudahl, D.J., 1996. Flood monitoring in Norway using ERS-1 
SAR images. Geoscience and Remote Sensing Symposium, 
IGARSS 96(1), 151-153. 

Zebker, A. and Rosen, P., 1994. On the derivation of coseismic 
displacement fields using differential radar interferometry: 
The landers earthquake. Journal of Geophysical Research. 
99. 19617-19634.

 
 



 

 
 

91 SI 296–300 Journal of Coastal Research Coconut Creek, Florida 2019 

Study on Ocean Intelligence Service Security Utilizing Blockchain Technology 
 
Ji-Yoon Kim†, Jae-Myeong Kim§*, Kisu Kim†, and Yun-Soo Choi† 

 
 
 
 
 
 

ABSTRACT 
 
Kim, J.Y.; Kim, J.-M.; Kim, K., and Choi, Y.S., 2019. Study on ocean intelligence service security utilizing 
blockchain technology. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 296-300. Coconut Creek (Florida), 
ISSN 0749-0208. 
 
The environment of ocean having special conditions is at risk of frequent accidents. For safer use of ocean environment, 
the whole world is attempting to graft the state-of-the-art technology with the introduction of lots of institutions such 
as international treaties. In the meantime, with the development of the state-of-the-art IT technology and increase in 
superhigh speed network establishment, the era of the Internet of Things is opening, and there are increasing cases of 
fusion with IT in the ocean area. Accordingly, at a time when security for data is especially required, blockchain 
technology is one of the major alternatives. This study examined application possibility and limits of blockchain 
technology through ocean space information’s security treatment experiment utilizing blockchain technology. For the 
experiment, GML data which has S-10X electric navigation chart standard structure was used. The experiment results 
suggested that descrambling of ocean space information utilizing blockchain technology was successfully conducted 
for safe protection, and it is expected that it would be utilized for ocean space information of other types.   
 
ADDITIONAL INDEX WORDS: Marine spatial information, block chains, electronic nautical charts, GML Date, 
data security. 
 

 
INTRODUCTION 

The ocean environment of special conditions always faces risks 
of damages due to frequent accidents and climate changes. 
History also suggests that large-scale marine accidents occur in 
many parts of the world. Accordingly, countries around the world 
make efforts to keep the safe and clean sea by introducing many 
institutions such as Solas treaty and by grafting state-of-the-art 
science technologies. Because of the impacts of these activities, 
ocean related institutes such as IHO and IMO take the lead in 
introducing various ocean related standards and technologies. 
Representative examples include ECDIS of navigational 
communication equipment and a nautical mark censor.  

Recently, with the development of IT technologies, ocean 
space information contents utilizing augmented reality and three-
dimensional space information technology have increased, and it 
becomes possible to produce information through the Internet 
network. In addition, out of the marine Internet use through 
satellite communication, LTE superhigh speed communication 
network makes it possible to use high quality marine Internet, and 
due to the development of the Internet of Things, marine and 
navigational communication equipment become more intelligent. 
However, in reality, the security for data produced through 
networks in the ocean is either at a very early stage or not 
considered in many areas.  

And spatial data, climate information, and ship information 
produced in the ocean are very important, but security measures 
or security system are very insufficient to support them.  

The recently emerged blockchain technology prevents data 
forgery based on distributed computing which no one can’t 
change randomly, and anyone can access the changed results in 
the type of distributed data of the data in question, which is 
created through P2P method from the data fragmented called 
‘blocks’. One of the representative services applying this 
blockchain technology is beat coin.   

Currently, blockchain technology is being applied in various 
areas such as autonomous driving and, researches are being 
actively conducted through grafting with safety-related areas. As 
marine accidents lead to large-scale disasters in many cases, the 
introduction of security-related technology system is urgently 
needed. This study examines applies blockchain technology in the 
security process of ocean space information data to find out 
possibility of application and limits regarding blockchain 
technology.  

 
Definition and Application Areas of Blockchain Technology 

Blockchain is the public ledger designed to safely manage 
transactions of information through distribution database 
technology and cryptography. Blockchain is understood as a kind 
of network depending on the perspective of approach to 
technologies and is defined as storage for data which went 
through distributed process. In addition, it is also defined as IT 
service model from a business perspective.   

Block is an individual unit composing blockchain, and each 
block are chained to compose a blockchain. The core factors 
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composing a block are previous BlockHash information and 
transactions required for connecting blockchains. Each block has 
the structure which refers to a parent block through the values of 
previousBlockHash which exists in block header.  

Recent blockchains receive attention as a underlying 
technology driving the fourth industrial revolution new growth 
industry along with artificial intelligence, IoT, and big data which 
are core technologies of the fourth industrial revolution as a 
distribution computing technology which provides data 
credibility, stability, security and efficiency.  

 

 

 
Figure 1. Core technology of the 4th industrial revolution and the role of 
blockchains(Lee Soon Ho, 2017.08).

 
 

There were already cases where home appliances such as smart 
TV and refrigerator are hacked and malignant mails such as 
‘fishing’ and ‘spam’ are sent. As these smart home appliances are 
exposed with its codes are decoded on public networks in many 
cases and become major targets for hackers as a medium for DDos 
attack.  These problems stem from centralized IoT system 
structure, and through the attack against servers for IoT service 
and gateway system, threats to security is getting serious along 
with the spread of IoT era such as data forgery, unauthorized 
device access and wrong control of equipment. In July last year, 
Fiat Chrysler, a global car company recalled 1.4 million cars sold 
in the U.S. Because the scene where 2 U.S. security technology 
researchers remotely control a car running on a highway from the 
remote place as far as 16 km was made public.  

Many IoT companies which have attracted customers’ 
attention by focusing on convenience rather than on security think 
that customers would think highly of security rather than 
convenience in the case where IoT equipment which fail to 
overcome inherent vulnerabilities regarding security spread in the 
market. This year, global tech companies such as Cisco, Foxconn, 
Bosch, and Gemalto compose a consortium for developing IoT 
blockchain technology, and plan to develop blockchain protocols 
utilized for IoT service by joining forces with blockchain start-up 
companies such as Consensus system, BitSE, and Chronicled. In 

particular, if blockchain technology is used in the network 
security area which is pointed as a vulnerability of IoT equipment, 
it is expected that things would be able to communicate while 
enhancing security stability, Recently, lots of researches are 
conducted on IoT service utilizing blockchain technology and 
platform, and a representative research case is Tangle of IOTA 
foundation. IOTA is a nonprofit organization established for the 
purpose of blockchain research in July, 2016, and aims to develop 
the next generation blockchain for making IoT ecosystem. It 
envisions the blockchain system where billions of devices are 
mutually connected and credible data are exchanged, for 
transaction process of the existing bitcoin blockchains and for 
improving inefficiency of the mobile equipment expansion, based 
on direction non-cycle graph, a new distribution ledger 
architecture ‘Tangle’ was developed.  

 
METHODS 

Blockchain Application Experiments of Marine Space 
Information and Climate Information 

In terms of marine information security, for judging whether 
blockchain technology can be applied or not, this study attempted 
to examine the usefulness by realizing the space information and 
marine climate information into the data of blockchain structure.  

As for sample data, GML data which has standard structure of 
S-10X electronic navigation chart used in the real marine 
environment was used. GML data is the optimal safe navigation 
chart of ships and the original data structure is as follows:  

GML data is an open Geo Consumer (OGC) geospatial data 
and has an XML-format structure 

GML standards are released and used in 3.0 release and serve 
as data exchange between various geospatial information 

If blockchain technology has been used for financial 
transactions or purchase of goods, this research intends to use it 
in the area of security handling of marine space information. 
Maritime spatial information was based on the S-57 standard, 
called Electronic Navigational Chart (ENC), but the IHO is 
currently working on a new electronic chart, the S-100 standard. 
The S-57 is a binary-type data structure centered on 
oceanographic information, and the S-100 standard is a more 
general-purpose form of marine data, with binary and GML 
structures. 
Therefore, in this study, we conducted an experiment on GML of 
the S-100 standard to predict and experiment with a more recent 
environment. 

In this experiment, not the entire data set, but the current S-10X 
electronic data set is constructed from relatively easy-to-build and 
data-collectable navigation route information. 

The organization of experimental data in this study was created 
by constructing lines and points according to the S-10X standard 
based on the location of ships in Google Earth. 

The above experimental data generation area was created based 
on the virtual navigation of ships from about 10 kilometers into 
the Yeosu Deokman Bay area of South Korea. The above 
experiment was designed on the condition that navigation 
information is exchanged on land from coast to coast through 
Internet. The internal composition of the above experimental data 
is defined in Table 1. 
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Table 1. S-10X Seaway data. 

Information 
on route 

General 
information 
on seaway 

Start 
latitude Start latitude of seaway 

Start 
longitude Start longitude of seaway 

End 
latitude End latitude of seaway 

End 
longitude End longitude seaway 

Waypoint 
Total 
Count 

Number of turning point of seaway 

Route 
Type Seaway type efficiency(4) 

 
Turning 
points of 
seaway 

Waypoint 
No Serial number of turning point 

Waypoint 
Lat Latitude of waypoint 

Waypoint 
Long Longitude of waypoint 

Next WP 
Dtg Distance to the next turning point 

Next WP 
Ttg Time to the next turning point 

Waypoint 
Category 

Dividing starting point/ending 
point of seaway and Waypoint 

 
Figure 2 is a loading of the experimental data into the GIS 

viewer, which indicates that the experimental data is normally 
drawn, and thus the experimental data is obtained as spatial 
information. 

 

 
Figure 2. S-10X Seaway plan data. 

 

Figure 2 is a loading of the experimental data into the GIS 
viewer, which indicates that the experimental data is normally 
drawn, and thus the experimental data is obtained as spatial 
information. 

In addition, service was composed in the same way as the real 
IOT service environment by utilizing Microsoft AZURE cloud 
service. As for realization language, convenience and reusability 
of development was enhanced through the use of java.  

Microsoft Microsoft Azure is a web-based cloud service that is 
constantly expanding for your business. Service developers can 
deploy, manage, and use applications on a large global network 
using Web service development tools and frameworks. In this 
study, a module that interprets and secures actual marine space 
information is developed and services are distributed to Azure 
Cloud. 

The experimental service server for the above paper is 
composed of the following. The following experimental server 
configurations have been built from experience with OGC WEB 
service configuration and existing system implementation cases. 

 
Table 2. Server Hard Ware and Software. 

Azure  
Service  

OS Window Server 2016 

 
CPUCORE 
 

8Core 

Memory 32GB 

Storage 50GB 

SW 

JDK 1,8 , 
APACHE WEB SERVER 
Tomcat 8.0 
SQLITE 3.0 

 Data   Type              GML 

 GIS LIBRAY               Gdal/ogr 2.4 

 etc Eclpse  
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The marine spatial information installed in the server is 
encapsulated in blockchain form using java API. Each marine 
spatial information is distributed and processed on the service 
server. 

Earlier, spatial information was divided into feature units and 
stored, and since there is a principle that these feature units are 
grouped together into one space information, in this study, it was 
programmed to be secured and configured with feature units. 

In general, one feature represents both space and property, and 
it is a principle to have a single unique ID that binds it. 

The web server uses rest api method for communication with 
clients 

By creating block data and calling URL from the server, this 
study judged the possibility of creation of this. For this test, S/W 
POSTMAN of Chrome browser’s plug was used.  

During security processing, the module is jsonized and 
ecrypted using javascript to decode the data into the desired form 
in javascript, the module has been configured as shown in the 
following Figure 4. 

 
 

 
Figure3. Client Interface. 

 
 
The web3.js library is a collection of modules which contain 
specific functionality for the ethereum ecosystem: 
 
 The web3-eth is for the Ethereum blockchain and 

smart contracts 
 The webb3-shh is used communicate p2p and 

broadcast 
 The web3-utils contains useful functions for block x 

chain Thechnology 
   
For the client, the purpose of requesting information received 

from WEB and making the requested information readable in 
JSON, HTML, and XML is to present a lot of information using 
JAVASCRIPT alone. 

GML data is divided into spatial and attributes, which are 
called the REST API method and are readable in a form that we 
can read from a web browser 

 

 

 
Figure 4. Test result. 

 
 
Repeated tests found that created block data was called after 

accurately descrambled. This suggests that marine spatial 
information can be safely protected through the use of blockchain 

To decode the data into the desired form in javascript, the 
module has been configured as shown in the following Figure 4. 

decrypted through a client for about six hours without artificial 
interruption. 

As a result of the experiment, the server and client operated 
normally and both blockchain-based data obscuration was 
performed normally. Based on the results of the above experiment, 
spatial information processing technology using blockchain 
technology and its effectiveness could be determined.  

The physical results of this experiment are shown in Table 3. 
 

Table 3. Test Result. 
 

Test Result 

 Average 
Memory 
USE 
(Unt: GB) 

1.2 GB 

 Average Cpu 
Use 
(Unit :%) 

26% 

 
Number  
Of  errors 
(Unit :%) 

0 

 Average  
data 
processing 
 per second 
(Unit :kb) 

256 kb 
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The above experimental results support the assumption that the 
system configuration established in the course of the experiment 
may be valid in practice at the same time as the validity of the 
experiment itself 

To summarize all the implementation processes so far in this 
paper, Figure 5 

 

 

 
Figure 5. whole experimental process. 

 
  
The main focus of the above experiment is whether or not 

oceanic spatial information is normally encrypted and decrypted  
It was also important whether the above configured system 
structure could secure marine spatial information without error 
The results of the experiment show that both the composition and 
processing are valid. 

 

CONCLUSION 
The entry into force of the S-100 standard not only indicates a 

simple data exchange system, but also changes in the use 
environment, requiring network services in accordance with 
previous S-57 environments. 

Under the network environment, unexpected or unexpected 
problems may arise. Therefore, when ocean data is served by 
network, security issues can be raised as a big issue. Especially 
because ocean space information is closely connected to safety. 

Although network security or hacking issues have not emerged 
much in the current or future use environments, intentional 
distortion of ocean space information and navigation information 
may arise. 

Blockchain is getting the spotlight as the state-of-the-art 
security technology to prevent illegal and malicious data forgery 
and distortion. In the recent IT technology trend, network security 
issues such as the Internet of Things is treated as an important 
factor. Reflecting this trend, unlike the past, data creation process 
through networks is increasing in the ocean related information. 
However, security treatment, process, infrastructure and 
technology of ocean data are at an early stage of application cases 
and researches.  

This study proved that blockchain technology is one of the 
useful alternatives in terms of space information security through 
networks by applying the blockchain technology in the electronic 
navigation chart data security. As for future tasks, measures to 
expand the application scope and reverify the vulnerability of 
security need to be made by applying it in not only electronic 
navigation data, but also data created in the ocean IOT-based 
equipment  
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Studies of the size and frequency distribution of lakes have shown an interesting trend following the power law. Most 
of these studies have been done to explain the importance of small lakes using remote sensing images. However, it has 
not been possible to confirm whether power law is established for small sizes of lakes due to spatial resolutions of 
satellite images. This issue was evaluated using fractal-based coastal area simulation. The process of forming the lake 
through the events of rainfall and evaporation was applied and the relationship between the size and frequency 
distribution of the lake was verified by computer simulation to examine if it could be applied to smaller lakes. As a 
result, computer simulations showed that the distribution of lake size vs cumulative frequency follows the power law 
regardless of lake size in other studies. 
 
ADDITIONAL INDEX WORDS: Lake distribution, power law, fractal, scaling effect. 
 

 
INTRODUCTION 

Lakes function as major regulators in carbon, nitrogen, and 
phosphorus cycles (Mitsch and Gosselink, 2000). Also, the 
sedimentation of organic matter, precipitation of carbonates and 
evaporates, and storage function of materials in lakes can provide 
triggers on the past climate evolution (Hammer, 1986; Loffler 
1987; Meybeck, 1995; Mulholland and Elwood, 1982; Risacher, 
1992; Wetzel, 1990).  

Lake studies have typically focused on large lakes around the 
world because they were considered as significant freshwater 
resources as well as indicators of climate change. Some studies, 
however, have showed that complexes of small wetlands and 
lakes also constitute tremendous freshwater and ecological 
resources. Downing et al. (2006) illustrated that the area of small 
lakes over the world, in fact, occupies twice or more of the 
historic estimates by Kalff (2001), Wetzel (2001), and 
Shiklomanov and Rodda (2003). It was a surprising discovery 
because it conveyed new knowledge on small lakes and provided 
important information in freshwater management, hydrology, 
ecology, etc.  

This study is useful in describing patterns and systematics in 
hydrologic properties. One particularly useful idea is that the 
distributions of lake sizes (in terms of area) from small to large 
lakes is linear on a logarithmic plot (Birkett and Mason, 1995; 
Meybeck, 1995; Nikora et al., 1999; Rapley et al., 1987; Sagar 
and Srinivas, 2002). In other words, lake distribution follows the 

power law where large lakes are few in number and small lakes 
are abundant. For example, Lehner and Doll (2004) constructed a 
world-wide database for large lakes, reservoirs, and wetlands by 
coastal mapping and demonstrated their relationships using the 
power law. Downing et al. (2006) attempted to reveal the 
estimates of the global extent and the size distribution of the 
freshwater lentic ecosystem. Using the scaling property of the 
lake distribution, Telmer and Costa (2007) and Costa and Telmer 
(2007) estimated carbon stored in lakes in Brazil and Canada. 
Interestingly, the lake distributions in smaller regions can be 
shown to follow similar power law relationships. A case study by 
Zhang, Schwartz, and Liu (2009) examined how power law 
relationships for the Prairie Coteau of South Dakota changed as a 
function of climate and temporal variability using remote sensing 
images.  

Unresolved question concerning the power law is the conditions 
under which the power law breaks down because it does not 
strictly follow the linearity. Clearly as surface water bodies 
become smaller and smaller, there is an increasing probability that 
they may not contain water through an entire year. It is reasonable 
to expect then that the power law would break down at the “small 
lake” end of the power law line in the logarithmic plot. This end 
of the line is also difficult to resolve through actual and physical 
measurements because there are difficulties in counting the 
number of small lakes and measuring lake size depending on 
measuring approaches, typically with remote sensing as previous 
work. With moderate resolution imagery like Landsat, it is 
difficult to measure lakes smaller than a few hundred square 
meters (Zhang, Schwartz, and Liu, 2009).  

This study involves the generation of fractal landscapes with 
simulations causing lakes to form under various hydrologic 
conditions. This approach then provides a basis for establishing 
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relationships among the landscape, hydrologic conditions and the 
size of lakes. The objective of this study is to determine whether 
the natural lake distributions can be explained by a power law. 
The final simulated results were compared with the measurements 
derived from aerial photographs (Digital Orthophoto 
Quadrangles - DOQs) with 1 m resolution in 2002. 

 
METHODS 

Power Law and Fractals  
A linear regression with logarithm axial scales was employed 

by Korcak (1937) in the study of the complex distribution of areas 
of islands in the Aegean Sea, yielding the power law  

 
βAc o n sAN ×= .)(                            (1) 

 
where A is the area of interest, N(A) is the number of areas 

greater than and equal to A, and β is the Korcak’s patchiness 
exponent. Values of the Korcak’s exponent (β) were estimated by 
log-log scale linear regression. Using remote sensing, studies 
showed that the regional and global lake distributions (frequency 
larger than and equal to area, A) were inversely proportional as a 
function of lake size (Birkett and Mason, 1995; Downing et. al., 
2006; Lehner and Döll, 2004; Telmer and Costa, 2007; Zhang, 
Schwartz, and Liu, 2009). 

The fractal dimension describes the degree of change in a given 
Euclidian space. Typically, the dimension is associated with a 
parameter called the Hurst parameter (H) and is related to 
Euclidian dimension as follows: 

 
Fractal Dimension (D) = Euclidian Dimension + (1 – H)   (2) 

 
Accordingly, a fractal dimension is always bigger than a given 

Euclidian dimension, resulting in non-Euclidian geometry. The 
Euclidian geometry is defined as lines in 1D, rectangles, circles, 
etc. in 2D, cubicles, ellipsoids, etc. in 3D. For example, a linear 
topographic cross-section in 1-D has a fractal dimension in 1 < D 
< 2. There are several algorithms for the generation of fractal 
landscapes, for example, random midpoint displacement, 
independent jumps, fractional Brownian motion, spectral 
synthesis, etc. (Barnsley et al., 1988; Mandelbrot, 1982; 
Mandelbrot and Ness, 1968; Voss, 1987). The detailed 
descriptions of the algorithms can be found in the textbook by 
Barnsley et al. (1988). In this study, fractional Brownian motion 
(fBm) were implemented to generate fractal landscapes.  

 
Model of Fractal Landscape Generation 

Hurst parameter was first determined to produce the same 
topographic profile for lake rich environment with our target 
topographic settings in the Prairie Coteau of North America. The 
profile of H = 0.7 ~ 0.8, which is most similar to the natural 
cladding profile, is divided into three groups of 0.7, 0.75, and 0.8 
and the slope of β was obtained. Interestingly, we found that the 
slope values were not much changed but related to the number of 
lake sizes. Therefore, H = 0.75 with the most ideal lake size 
distribution was chosen and topographic profiles were created. 

 
Simulation for Precipitation and Evaporation 

The simulation model is based on two important assumptions, 
(1) the natural landscape is fractal and (2) surface/ground water 
interaction and evapotranspiration by vegetation is negligible. 
The first assumption is reasonable given that fractals so 
commonly explain the natural topography. The second 
assumption can be justified based on the characteristics of new 
surface geologic deposits of the Prairie Coteau. Thick glacial till 
reaching a thickness approximately 900 ft (275 m) are comprised 
of very fine materials with very low hydraulic conductivity, 
which means the materials are almost impermeable. While 
groundwater flows in the shallow subsurface, the quantities tend 
to be small commonly resulting in minor outflows to lakes.  

 
RESULTS 

Figure 1 is an example of the simulation result after a 
cumulative total precipitation of 4 was added to the landscape to 
generate lakes on the surface. Figure 1a illustrates the simulated 
topographic profiles with the resulting lakes and Figure 1b shows 
the relationship between the cumulative number of lakes in the 
same size categories along a simulated topographic profile. To 
facilitate the analysis of slope of the linear regression in log-log 
scale, the simulated distribution was divided into three regions, 
Region I, II, and III, and then, the slope of the regression was 
determined for Region II. Note that the horizontal and vertical 
axes have no unit in Figure 1a. 

 
 

 

(a)  
(b) 

Figure 1. (a) The forged topographic profile with H=0.75 (Case # 23) 
shows lake formation after 4 m of precipitation and (b) the lake 
distribution (the power law) with the fitted linear regression line in Region 
2. 
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The three region approach acknowledges that the small- and 
large-lake ends of the power law curve (Region 1 and 2, 
respectively) may not be linear. Region I was the upper left end 
of the distribution curve that was dramatically flattened (Figure 
1b). Region II is the scaling region with the Korcak’s exponent 
(β) in the power law and Region III is the lower right end of the 
curve, which forms the steepest drop. In Region I, the non-
linearity might be physically based, which means it was caused 
by the resolution of the computational approach on distance 
between points of the profile. In other words, it is very much 
depending on the profile resolution on how many points are 
involved in a specific distance of a profile. In Region 3, the 
statistics of small numbers likely influences the curve. We used 
the resulting simulation slopes of Region II for each landscape in 
this study.  

 
Simulated Lake Distribution 

For more realistic simulations, units are setup in meters and a 
step-by-step evaporation process was implemented in the 
simulation algorithm with nc m×= 1 0δ  where δ is the total 
amount of evaporation and n is the number of iterations in the 
simulation algorithm. Each case for the four groups of the 
simulation experienced a total evaporation ranging from 10 cm to 
1 m, after 4 m of precipitation. The distinct pattern for each group 
was as evaporation increased the slope values of the regression 
decreased. In other words, the decreasing slope values accounts 
for the fact that the smaller lakes were more influenced or 
disappeared relative to the larger lakes as the evaporation 
increases. Not surprisingly, smaller lakes were much more 
sensitive than large lakes to the influence of evaporation. 
However, this pattern of slope change with evaporation was not 
strictly followed. For example, large lakes experiencing 
evaporation might be also separated into two or more smaller 
lakes due to the submerged islands in the lakes, as evaporation 
increases. Therefore, it can be explained that drought seasons 
might not necessarily decrease the slope values in some cases in 
our simulation for our 1-D cases. 

Also, the general trend of slope for each H was becoming 
steeper as H increased (Figure 3). The trend of slope for H = 0.7 
seemed flat but as H became larger, the trend (i.e. for H = 0.85) 
had a noticeable trend, illustrating steeper. This substantiates that 
topography might control the lake distribution with the 
precipitation and evaporation processes.  

 
Power Law with DOQ in Waubay Lake area 

Digital Orthophoto Quadrangle (DOQ) was used to examine 
the lake distribution. Several topographic profiles were extracted 
from DOQ with 1 x 1 m resolution taken in 2002 for the Waubay 
Lake area. Along with the profiles from DOQ, the lengths of 
individual lakes were measured and counted in the cumulative 
number of lakes belonging to specific ranges of lake size bins as 
was the case with the simulation. 

Figure 2 shows the actual power law relationships along 
profiles in the Waubay Lake area. Notice that β = – 1.2 which is 
less than the power law line of the case from Zhang, Schwartz, 
and Liu (2009). They found that drought significantly influenced 
the existence of small lakes with a slope reaching the lowest 
absolute value of β = –1.4 in 2002. It is not yet clear why the one- 
and two-dimensional cases differ in terms of slope values. 

However, based on our investigation using the dataset taken in 
2002 and the result by Zhang, Schwartz, and Liu (2009), we 
suspected a dimensionality effect with the slope value in two-
dimension differing from the one-dimensional value. 
Based on the result, it could be expected that the fractal 
topographic profiles were generated with various fluctuation 
patterns so that the β value can have a wide range. In fact, the 
simulation result for β showed much wider ranges from β = –1.5 
to – 0.4. In fact, the result included the β values from Downing et 
al. (2006), spanned β = – 1.33 ~ – 0.66. This means that computer 
simulation can provide reasonable estimates on β. The 
relationship between the simulation and the study by Downing et 
al. (2006) unfortunately was not clear so that any conclusion 
about the relationship could not be made. However, the 
application of the simulation for the investigation of the slope 
change was obviously helpful in estimating the behavior of the 
lake distribution. 

 

 
Figure 2. Linear regression fitting on the Waubay lake area in the range 
between 102 to 103 for one-dimensional case with DOQ. 

 
 
Spatial resolution of detectable lakes for the power law 

Several studies on the size-frequency of lake distributions were 
made with actual physical measurements, mostly from remotely 
sensed data. Commonly, there are issues of resolution associated 
with remotely sensed data such that it is difficult to count and 
measure lakes that are small relative to the image resolution. 
Lewis (1998) found that the diameters of lakes should be more 
than three times greater than the image resolution of the SAR 
system to be detected. The pixel resolution for Landsat images 
used in the studies of lake distributions by Zhang, Schwartz, and 
Liu (2009) was 30 × 30 m. Practically, then it was difficult to 
measure lakes with an area less than five-or-so pixels with small 
error. Higher resolution quantification required imagery with a 
smaller pixel resolution. The resolution problem with the SAR 
system was described in more detail in the study by Costa and 
Telmer (2007).  

It was always the case that the distribution of lake areas 
followed a linear power law relationship. One could postulate that 
lakes smaller in size than the resolution of the imagery would 
follow the same size distribution. However, it is reasonable to 
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expect that for regions with significant dry periods that lakes 
would become dry, causing termination of the power law 
relationship. One of the benefits of the simulation approach 
described here is that it has much less problem in dealing with 
smaller lakes. In fact, the computer simulation could be run with 
lakes up to a few square meter or even centimeter levels.  

Figure 3 shows an example showing that the scaling region was 
valid approximately between 10 ~ 10,000 m2 in size for the case 
with 50 fractal profiles. Unlike the expectation for the lake 
distribution of non-measured small lakes by Birkett and Mason 
(1995), the power law relationship tended to change slope and 
flatten from 1 to 10 m2 in this simulation. As mentioned 
previously, Region I is related to the resolution issue so if spatial 
data for lake size is fine enough to detect smaller lakes, the linear 
relationship of the power law is the same as the case of larger 
lakes.  

Birkett and Mason (1995) supposed that a 10 times 
magnification of the study area would not change statistical 
character of the lake distribution (the basic fractal concept), 
following the power law. However, in the simulated landscapes, 
the statistical characteristic of the scaling could not be strictly 
hold. This is because the number of small spikes and pits 
(topographic fluctuation) were already fixed when the fractal 
landscapes are generated, so that any magnification with the fixed 
landscape cannot hold the complexity of the original topographic 
fluctuation as a whole in magnification and will disturb the 
statistical feature with simulation landscapes like Region 1. 
Strictly speaking, the generated fractal landscape was not a true 
fractal landscape in this sense, so that the character of the power 
law, which could not be held only in some degree like the size 
approximately less than 10 m2 in our case of simulation in Figure 
3. 

 
 

 
Figure 3. Logarithmic plot of the power law for 50 simulated fractal 
profiles. 

 
 
The simulation, therefore, was acceptable with approximately 

10 m2 of lake size with fractal landscapes, preserving the power 
law characteristic. In other words, the simulation could produce a 
line of the power law (or linear scaling) in a range from 10 ~ 
100,000 m2 in Figure 3. Birkett and Mason’s scenario describing 

that the flattened region of the regression curve would essentially 
follow the power law can then be validated to be true in this study. 

 
DISCUSSION 

We examined a one-dimensional case but the system is clearly 
two-dimensional so that the decision to reduce the complexity of 
the model comes with its own problems. Our concern in this 
respect is that a shape of a lake in two-dimension can form two or 
more different lake profiles in one-dimension if a lake profile is 
placed along a line with an island. Sometimes, a long lake in two-
dimension can be underestimated or overestimated for one-
dimension profile depending on where the profile cutting line is 
placed in a lake. This one-dimensional length of lake might cause 
a problem in the representation of the areal property of lake.  

Another problem of our study is that we could not define what 
level of evaporation process after precipitation corresponds to the 
real case of studies. Therefore, comparison about the simulation 
value for a specific condition of drought and deluge could not be 
made. Considering the change of the slope values depending on 
the drought or deluge condition, however, we could prove that the 
precipitation and evaporation processes significantly affected the 
lakes distribution and the change of the regression slope, coupled 
with the topographic characteristic. 

 
CONCLUSION 

Previous studies on the frequency distribution vs. size of lakes 
have described an interesting tendency to follow the power law. 
This characteristic of lake complexes was evaluated using 
computer simulation following fractal concepts. A useful starting 
point is fractal topography, given that such a relationship might 
naturally lead to the observed fractal lake-size distribution. 
Simulations show that the lake-size distributions follow a power 
law as had been observed in other studies. When evaporation is 
added, small lakes exhibit the greatest sensitive to drought. As a 
consequence, the slope of power law in a logarithmic plot was 
reduced, indicating a marked seasonal effect.  

For the non-linear region issue, the linear scaling property of 
the lake distribution in logarithmic scale from the simulation will 
follow the power law theory expressed by the Korcak’s exponent. 
In this study, the flat region (Region I) of the regression could be 
validated to follow the scaling linearity. The simulation in this 
study measured up to 10 m2 size of lakes due to the simulation 
resolution and verified that the power law theory could be applied 
to the lake distribution less than 10 m2 size of lakes. This also 
indicate that power law should logically have limits that occur 
below the level of resolution of topography or image. 

This might provide a critical trigger to update the historic 
estimate of the lake area and other related information such as the 
emission of carbon dioxide or methane from wetlands and lakes. 
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Automatic identification system (AIS) data provide rich information on maritime spatial planning and monitoring. This 
study investigates the local spatial clusters of vessel movements based on AIS data. However, the traditional local 
spatial autocorrelation method, such as  the Getis-Ord (𝐺𝐺𝑖𝑖∗) statistic, is based on the assumptions that the underlying 
data are randomly sampled from a normal distribution. Unfortunately, empirical datasets, such as AIS data, frequently 
violate the normal distribution assumption. This study, therefore, uses robust statistic methods, which are insensitive 
to skewness and heavy-tailed distribution, to enhance the traditional local 𝐺𝐺𝑖𝑖∗ statistic. The results demonstrated that 
the robust local 𝐺𝐺𝑖𝑖∗ statistic provides a true reflection of AIS data, compared with the traditional methods under non-
normality. The proposed method can be applied to a broad range of maritime monitoring and security, which results in 
getting a better insight into maritime data. 
  
ADDITIONAL INDEX WORDS:  AIS, Getis-Ord (𝐺𝐺𝑖𝑖∗) statistic, robust statistic, maritime monitoring. 
 

 
INTRODUCTION 

The ocean plays a key role in food and raw materials for  human 
beings, transportation, and recreation. According to the UN Atlas 
of the Oceans, approximately 44% of the world’s population live 
within 150 km of the coastline (Strain, Rajabifard, and 
Williamson, 2006). With the increase of human pressure on 
coastlines, it is fundamental to balance people’s needs while 
supporting sustainable coastal resources. Maritime activities can 
be estimated by self-reporting maritime systems, such as the 
automatic identification system (AIS). Vessel information, 
including vessel heading course, speed, position, and maritime 
mobile satellite identity (MMSI) number, is continuously and 
autonomously reported by the AIS equipment. This information 
is used for the safety and efficiency of maritime traffic control 
(Bošnjak et al., 2012).  Thus, this paper enhances the traditional 
local spatial autocorrelation (i.e., Getis-Ord (𝐺𝐺𝑖𝑖∗) statistic (Ord 
and Getis, 1995)) to detect the local spatial clusters of vessel 
movements.  

A common premise found in many geospatial analyses is the 
assumption that measurements are randomly sampled from 
normal distributions (Jiang, 2015). Normal distributions, dubbed 
normal curves, play a crucial role in standard statistical 
techniques. However, when applied to empirical datasets, small 
departures from normal distributions can lead to a distorted view 
of data (Wilcox, 2003).  

Geospatial analysis similarly suffers from non-normality, such 

as skewness and heavy-tailed distributions. There are several 
options to address such problems in the data before applying 
geospatial analysis. The removal of problematic data can be part 
of the solution in the Figureht against non-normal distributions 
(Field, Miles, and Field, 2012). However, it is necessary to 
explain why they are outliers such that data expertise is needed. 
Furthermore, it may be possible to apply transformations to the 
data. A simple transformation such as a log transformation may 
reduce the effect of skewness, but does not reduce problems due 
to heavy-tailed distributions and outliers (Wilcox, 2012). 
Therefore, a much more promising approach is necessary to deal 
with non-normality. Contemporary robust statistical techniques 
(e.g., trimmed mean, Winsorized mean, or M-estimators) have 
presented a marked improvement over conventional techniques 
because robust methods are resistant to a variety of ranges in a 
distribution (Wilcox, 2003). 

This paper describes spatial analysis as a manner that includes 
new insights and advances that are often ignored in a standard 
geospatial analysis. The local spatial autocorrelation statistic, 
such as the𝐺𝐺𝑖𝑖∗ statistic, is particularly focused on. This study 
presents how and why conventional geospatial analysis can be 
unsatisfactory under the violated assumptions with practical data 
(i.e., AIS data). 

The remainder of this paper is organized as follows. The 
“Background” section discusses in details the limitations of 
standard approaches and contemporary robust statistical 
estimations. Based on the robust estimations, developed methods 
are presented in the “Method” section. The “Results” section 
shows an experimental evaluation of robust statistical approaches 
over the conventional methods. These results are discussed and 
summarized in the “Discussion and Conclusions” section. 
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BACKGROUND 
Geo-location technologies have generated a huge volume of 

vessel movement data, such as the AIS, which is a precious 
resource for research and a broad range of applications. 
Geovisualization of AIS trajectory is employed for maritime 
spatial planning (Fiorini, Capata and Bloisi, 2016; Jiacai et al., 
2012). In a similar fashion, a heat map is used for vessel traffic 
analysis (Acharya, Yoo, and Lee, 2017; Jin, Luo, and Gao, 2018). 
However, it is difficult to conduct statistical comparisons using 
these approaches. The difference in visual analytics is relative 
rather than a statistically significant difference. Thus,  Zhang, 
Meng, and Fwa (2017) use the local Moran’s I index to detect the 
hotspots of the high speed and density of vessels using AIS data. 
However, it is important that the Moran’s I is sensitive to non-
normal distribution data (Griffith, 2010; Zhang, and Lin, 2016). 

Therefore, this study enhances the traditional local spatial 
autocorrelation method to be able to identify local spatial clusters, 
such as hotspots, under a wide range of distribution data. In 
particular, this study focuses on the local Gi∗ statistic, which is a 
good predictor for local spatial clusters. The local 𝐺𝐺𝑖𝑖∗ statistic is 
defined as follows: 

 

𝐺𝐺𝑖𝑖∗ =  
∑ 𝑤𝑤𝑖𝑖,𝑗𝑗𝑛𝑛
𝑗𝑗=1 𝑥𝑥𝑗𝑗 − 𝑋𝑋∑ 𝑤𝑤𝑖𝑖,𝑗𝑗𝑛𝑛

𝑗𝑗=1

𝑆𝑆�
𝑛𝑛∑ 𝑤𝑤𝑖𝑖,𝑗𝑗2𝑛𝑛

𝑗𝑗=1 − �∑ 𝑤𝑤𝑖𝑖,𝑗𝑗𝑛𝑛
𝑗𝑗=1 �2

𝑛𝑛 − 1

              (1) 

 
where i indicates each observation and j represents the 

neighbors to i within a specified distance. The strength of the 
spatial connections between i and j are represented as 𝑤𝑤𝑖𝑖,𝑗𝑗. n is 
the number of observations, 𝑋𝑋 is the mean of all observations, and 
S indicates the standard deviation of the variable  X. The local Gi∗ 
statistic examines an individual observation within the context of 
neighboring observations to detect local instability. However, the 
presence of the global spatial autocorrelation makes the 
individual local G*-statistic less extreme (Anselin, 1995). In a 
similar fashion, outliers and heavy-tailed data can greatly 
influence the sample mean and innate the sample standard 
deviation in the above equation. The performance of the local Gi∗ 
statistic is very sensitive to non-normal distributions.  

If the spatial analysis, such as the local Gi∗ statistic, does not 
explicitly consider for non-normally distributed data, such as 
skewness or long-tailed distributions, the algorithm can give a 
distorted view of the observed data. Modern robust statistical 
methods have shown good performance from a broad range of the 
distributions for the observed data (Wilcox, 2012). These robust 
statistics behave in the same way as popular statistical methods 
but are considerably insensitive to non-normal distributions. 

Robust statistical methods have been frequently used in the 
measure of location (central tendency) and the measure of scale 
(dispersion). For example, a trimmed mean, Winsorized mean, 
and M-estimators are commonly used for the measure of location, 
rather than the sample mean or median (Wilcox, 2003). The 
interquartile range and median absolute deviation (MAD) are 
frequently employed for the measure of scale, rather than sample 
variance. Therefore, this study revises the current standard spatial 
analysis (i.e., the local Gi

∗  statistic), based on robust statistical 
methods, which results in giving a better summary of the data. 

MATERIALS AND METHODS 
The following subsections explain the origin and content of the 

data used for this study and present the developed methods. 
 

Data  
This research used the AIS data collected in 2014, Republic of 

Korea. The data was composed of 240 million ship trip records 
(approximately 130GB). The experimental area was Jeju Island. 
A density map based on the AIS data is represented in Figure. 1. 
The WGS84 bounds are 125.937, 32.883, 127.209, and 33.773. 
 

 

 
Figure 1. Density map based on AIS data around Jeju Island. 

 
 
Method  

This paper utilizes robust methods (i.e., a trim mean and a 
Winsorized mean) to find a measure of central tendency. This 
study replaced the grand mean of all observations with robust 
approaches in the traditional the local Gi∗ statistic equation (see 
Equation 1). The amount of trimming was 20%, which has been 
reported as a substantial advantage over no trimming and median 
(Wilcox, 2003). Further, the local Gi∗ statistic uses a permutation 
approach (Monte-Carlo simulation of Moran's I) to identify the 
significance of each local spatial autocorrelation. If the number of 
outliers is considerably large over the observed data, these 
outliers have an undue effect on the significance test of the local 
Gi∗ statistic. Singh (1998) resloved this issues by Winsorizing the 
data before taking a trimmed bootstrap sample. Similarly, this 
study takes 10% Winsorizing before conducting a permutation 
test, based on a 20% trimmed mean. The amount of trimming 
followed the report of Wilcox (2001), which shows a good 
probability coverage. 

 
Workflow 

AIS data around Jeju Island was extracted. The data were 
grouped by each month in 2014 (e.g., January, March, August, 
and October). This study used Hadoop with Pig for the data 
cleaning process. A Pig script was developed to calculate the 



308 Jeong et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

values of each cell in raster maps based on AIS data. Each cell 
size is about 500 𝑚𝑚 ×  500 𝑚𝑚. The extracted values per cell were 
converted into an ASC file by using Python. The centroid of each 
cell was extracted, and were then  clipped within 1km from Jeju 
Island as the AIS data from anchored ships in harbors may have 
an undue effect on the local spatial autocorrelation analysis. R 
was employed to calculate the robust local Gi∗ statistic based on 
the centroids. The system architecture of this study is represented 
in Figurue 2.  
 

 

 
Figure 2. System architecture.  

 
 

For benchmarking, the proposed method was compared with 
alternatives, such as the traditional local Gi∗  statistic (Ord and 
Getis, 1995). This study used 2 km as a threshold distance for the 
spatial relationships for both approaches. Further, this study 
visualizes the density maps by classifying the values based on the 
quantile ranges.  

 
RESULTS 

This study generated density maps based on AIS data around 
Jeju Island in 2014. Figure 3 presents the density maps including 
January, March, August, and October in 2014. The high rate of 
ship movements throughout summer (i.e., August) can be clearly 
observed this Figure. Furthermore, there is as seasonal effect on 
the changes to fishery patterns. However, it is difficult to identify 
whether the visual differences are statistically significant. 

Therefore, this study employed the proposed method, such as 
the robust local Gi

∗ statistic, to identify the significance of local 
spatial clusters, based on a permutation approach. It is normal to 
adjust the significance levels due to multiple comparisons and the 
correlations of each observation. This study used the false 
discovery rate (FDR) adjustment, which is impactfully designed 
to screen for potential true effects (Benjamini, and Hochberg, 
1995). Figure. 4 shows the FDR-adjusted local p-values based on 
the robust local Gi∗ statistic. The red, orange, and yellow colors 
indicate that the p-values are less than 0.05, of which local spatial 
autocorrelations are statistically significant.  

In addition, this study calculated the FDR local p-values based 
on the traditional local Gi∗  statistic. Figure 5 shows the local 
spatial clusters based on the traditional local Gi∗  statistic. A 
comparison of Figure 4 and Figure 5 reveal that there has been a 
marked decrease in the number of statistically significant clusters. 
The reason behind this is that the heavy-tailed distributions in the 
AIS data have inordinate influences on the performance of a 
permutation test. The permutation test is conducted without 
replacement. The outliers, therefore, can continually affect the 

significant test of the traditional local Gi∗ statistic. 
 

 

 
Figure 3. Density maps based on AIS data around Jeju Island in 2014. 

 
 

 

 
Figure 4. FDR-adjusted local p-values for the robust local  Gi∗ statistic.  

 
 
For example, the number of statistically significant clusters 

ranging from the traditional local Gi∗ statistic  to the robust local 
Gi∗  statistic are 2,504 and 3,002, respectively, in August. This 
difference can be confirmed by comparing their distribution of 
vessel traffic. The initial distribution of vessel traffic is 
represented in Figure. 6. The skewness and kurtosis are 13.45 and 
320.19, which indicate the heavy-tailed distribution relative to a 
normal distribution. Similarly, Figure 7 presents the distribution 
of vessel traffic after taking 10% Winsorzing. The skewness and 
kurtosis are 1.16 and -0.06. Therefore, 10% Winsorizing before 
conducting a permutation test based on a 20% trimmed mean has 
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a positive effect on dealing with non-normal data sets.  
 

 

 
Figure 5. FDR-adjusted local p-values for the traditional local Gi∗ 
statistic.  

 
 

 

  
Figure 6. Distribution of vessel traffic in August.  

 
 

 

 
Figure 7. Distribution of vessel traffic in August after taking 10% 
Winsorizing.  

 
 

DISCUSSION AND CONCLUSIONS 
This paper has investigated how the non-normal distributions 

of observed data can have an adverse influence on the 
performance of the traditional geospatial statistics, such as the 
local Gi∗ statistic. The traditional local Gi∗ statistic failed to detect 
the presence of all spatial clusters under the heavy-tailed 
distributions of the AIS data. The robust approach, such as a 
trimmed mean with Winsorizing data, resolved this problem. The 
robust statistical methods can measure the central tendency, 
which is substantially closer to the majority of the data.  

In addition, this study visualizes heat maps based on the AIS 
data. However, it is difficult to understand where the statistically 
significant hotspots exist by visual analysis. The proposed  
method, such as the robust local Gi∗  statistic, provides a good 
solution to detect local spatial clusters, which helps us to 
understand the seasonal effect on fishery patterns and high 
demand areas of vessel movements.  

In summary, this paper has illustrated how robust statistical 
methods contribute to gaining a better understanding of data. The 
robust statistical methods are not ad-hoc approaches. They have 
a long-standing mathematical history. The proposed approach can 
be expanded into understanding large, complex geospatial 
maritime data, which can improve maritime spatial planning, 
maritime monitoring, and security. 
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ABSTRACT 
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This study aims at the remediation of anaerobic coastal sediment using a calcium supplying material. For the calcium 
supplying material, granulated coal ash (GCA) was developed using coal fly ash. We hypothesized that calcium ions 
supplied from GCA can improve the water flow conditions such as the shear frictional force or pore plugging. A change 
in turbidity of the clay suspension in varying ionic solutions confirmed that sodium ions from coastal sediment disperse 
the clay particles, whereas calcium ions released from GCA aggregate the clay particles following the electrical double 
layer theory. These electrical phenomena affect the change in permeability of a cohesive sediment, and GCA increases 
the permeability coefficient of the cohesive sediment by 3.5 times compared to the control case. According to the 
results of the sediment incubation experiment, the calcium concentration in the pore water statistically increased 
(p<0.05), whereas the sodium concentration statistically decreased (p<0.05), resulting in favorable conditions for pore 
water flows. The ORP increased from -25.9 to 46.9 mV by the activated pore water flows, resulting in aerobic 
conditions. From these results, we concluded that GCA, a calcium supplier, generates pore water flows, remediating 
anaerobic cohesive sediment. 

 
ADDITIONAL INDEX WORDS: Granulated coal ash, anaerobic cohesive sediment, permeability. 
 

 
INTRODUCTION 

Granulated coal ash (GCA) has been developed as a calcium 
salt supplier using coal fly ash generated from thermal electric 
power stations. GCA was demonstrated to be an effective material 
for reducing phosphate and hydrogen sulfide loadings in 
contaminated sediments (Asaoka et al., 2012; Yamamoto et al., 
2013; Kim et al., 2014). Phosphate is known to be limiting 
nutrient stimulating algae growth in semi-closed water bodies 
such as an inner bay. Eutrophication caused by phosphate leads 
to the depletion of dissolved oxygen, eventually deteriorating the 
water quality. In this regard, in recent years, studies on the 
immobilization of nutrients using soluble metal salts such as Ca, 
Fe, or Al have been widely investigated (Copetti et al., 2016; Fan 
et al., 2017; Liu et al., 2017). Chemical bonding occurs faster than 
with other treatment types such as physical adsorption, and 
phosphate precipitates with such metal salts retain a stable state 
(Li et al., 2017). Thus, these reports imply that the supply of metal 
salts could be an effective method to improve the sediment that is 
accumulated a large amount of nutrient salt. Although chemical 
reactions such as adsorption or binding mechanisms between 
nutrients and metal salts have been well considered, the 
electrochemical effects of metal salts on a benthic environment 
have rarely been addressed. 

It has been well recognized that sodium sorption−desorption in 
response to a changing cationic strength can induce swelling 
and/or dispersion of colloidal−clay particles. This in turn can 
decrease the soil hydraulic conductivity through the reduction of 
the soil structure and the plugging of soil pores by dispersed 
colloidal−clay particles (Kimiaghalam, Clark and Ahmari, 2016). 
Unlike sodium, divalent cations such as calcium salt do not 
disperse easily because calcium on the clay surfaces decreases the 
thickness of the electrical double layer of colloidal−clay particles. 
Eventually, calcium salt enhances the soil skeletons, leading to an 
increase in soil permeability (Quirk and Schofield, 1955). 
Cohesive sediment deposited in a semi-closed bay has an 
extremely low permeability coefficient. Low permeability brings 
about not only an accumulation of contaminants but also a 
reductive condition; the ecosystem will soon be destroyed, 
including the development of odors generated from the anaerobic 
decomposition processes. It has also been reported that the 
permeability will affect the erosion or resuspension of clay 
particles through changes in the critical shear stress (Kim et al., 
2009). Thus, it is thought that the permeability can be a key factor 
in improving the amount of reductive cohesive sediment. 

We hypothesized that calcium salt supply by GCA will change 
the electrochemical properties in the sediment, leading to an 
increase in the hydraulic conductivity. In this study, we conducted 
lab-scale permeability tests and sediment incubation experiments 
using GCA to prove our theory. 

 
 METHODS 

To visually confirm the changes in clay mobility, the turbidity 
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of the clay suspension was measured under different ion 
conditions. A variable-head permeability test was then conducted. 
Finally, a sediment incubation experiment was carried out. 

 
Granulated Coal Ash  

GCA was developed through the granulation processes of coal 
fly ash with the addition of Portland cement (15% fly ash). 
According to the ASTM classification, the fly ash used was Class-
F fly ash with major constituents of silica and alumina, making it 
an ideal pozzolanic material (Arulrajah et al. 2016). GCA is 
composed of a large quantity of calcium compounds, where 
calcium accounts for most of the cations eluted (Table 1). The 
other characteristics of GCA on a benthic environment such as 
the immobilization of phosphate or hydrogen sulfide have been 
described elsewhere (Yamamoto et al., 2013; Asaoka et al., 2012).  
 
Turbidity Test 

The turbidity of a clay suspension was measured in deionized 
water, and Na, Ca, and GCA solutions. The Na and Ca solutions 
were prepared using NaCl (Sigma-Aldrich) and CaCl2 (Sigma-
Aldrich), respectively. The GCA solution was prepared at a 
solid/liquid ratio of 1:1. All experimental aqueous solutions were 
prepared at the same electrical conductivity (2 mS/cm). The GCA 
solution was used equally in all subsequent experiments. 

The experimental procedure is as follows. A total of 2 L of 
deionized water is filled into an opaque cylinder, and 20 g of a 
cohesive sediment is added into the cylinder. Next, the changes 
in turbidity of the well-mixed suspension are measured using a 
water quality measurement device (AAQ−RINKO, 
JFE−ADVANTECH Co., Ltd., Japan). This process was repeated 
under Na, Ca, and GCA solutions. 

 
Variable-Head Permeability Test 

The permeability coefficient of the cohesive sediment was 
determined following the Korean standard (KS F 2322) using a 
variable-head permeability test apparatus. The cohesive soil 
specimen was fully filled into a permeability mold (Ø 100×127 
mm). The permeability coefficient (k) was determined using Eq. 
(1).  

 
𝑘𝑘 = 2.3 𝑎𝑎𝑎𝑎

𝐴𝐴(𝑡𝑡2−𝑡𝑡1)
𝑙𝑙𝑙𝑙𝑙𝑙10 �

ℎ1
ℎ2
�                                  (1) 

 
where k is the permeability coefficient (mm/s), a is the area of the 
stand pipe (mm2), and L and A are the height (mm) and area (mm2) 
of the permeability mold, respectively. The time (t2 − t1) required 
for a water column to decrease from h1 to h2 was measured. 

 
Table 1. Result of leaching test of GCA as following Korean Leaching 
Procedure. 
 

Amount of elution (mg/L/100 g) 
Ca 304.8 
Na  90.8 
Si  22.5 
Mg   0.3 
Al   0.2 
Fe   0.2 

 
Deionized water, and Na, Ca, and GCA solutions, under the 

same conditions as the turbidity test, were used for the permeating 
solutions. 
 
Sediment Incubation Eexperiment 

Sediment incubation experiments were performed under 
different overlying water conditions. A cylindrical chamber (Ø 
100×127 mm) was filled with a cohesive sediment to a thickness 
of 5 cm. Two equally prepared chambers were then filled with a 
GCA solution and deionized water, respectively. Both chambers 
were stored for 24 hours in a shaker bath vibrated at 50 rpm. After 
24 hours, the electrochemical properties of the pore water were 
determined. The pH and ORP were measured using a pH/ion 
meter (LAQUA F−73, HORIBA, Japan). The electrical 
conductivity (AAQ−RINKO, JFE−ADVANTECH Co., Ltd., 
Japan) and cation concentrations (NexION 300D, PERKIN 
ELMER, USA) were also measured. The cation exchange 
capacity (CEC) and sodium adsorption ratio (SAR) were 
calculated using the cation concentrations by following Eqs. (2) 
and (3).  

 
CEC (meq/100 g) = K+Ca+Na+Mg

10
                          (2)  

 
SAR = Na

�Ca+Mg
                                            (3) 

 
where K, Ca, Mg, and Na indicate the molar concentration of each 
cation (mol/L). 

All samples were used after filtering through a syringe filter 
(Millipore 0.45 µm pp filter, USA). All measurements were 
repeated in triplicate, and mean values and standard deviations 
are shown in graphs. 
 

RESULTS 
Results of Turbidity Test 

The results of turbidity tests are shown in Figure 1. The 
turbidity of all four clay suspensions reached equilibrium within 
1 hour. The turbidity in the Ca solution, GCA solution, deionized 
water, and Na solution were 69.6, 104.0, 288.0, and 347.3 FTU, 
respectively. The turbidity in the Ca and GCA solutions was 75 
and 64% lower than that of deionized water, respectively, 
whereas the turbidity in the Na solution was 21% higher than that 
of deionized water. 

 
Results of Variable-Head Permeability Test 

The difference in permeability based on the cationic strength 
was tested using the Ca and Na solutions (Figure 2). The 
permeability in all three cases reached equilibrium within 30 
minutes. The permeability coefficient was 0.019, 0.007, and 
0.006 mm/s in the Ca and Na solutions and deionized water, 
respectively. 

The results of the permeability test using a GCA solution are 
shown in Figure 3. A previous permeability test was conducted 
using deionized water, then the infiltration solution was replaced 
with a GCA solution and re-saturated for 5 minutes. The 
permeability in each solution reached equilibrium within 30 
minutes, and the permeability coefficient was 0.002 and 0.007 
mm/s in deionized water and the GCA solution, respectively. 
Results of Sediment Incubation Experiment 
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The electrical conductivity (EC) was changed from 42.3 to 43.4 
and 33.3 mS/cm for the control and GCA cases, respectively 
(Figure 4). The EC in the GCA case was 10.1 mS/cm lower than 
that of the control, with a statistical difference (p<0.01). 
 

 

 
Figure 1. Changes of turbidity in varying clay suspension.  

 
 

 

 
Figure 2. Changes of permeability in Ca and Na solutions. 

 
 

 

 
Figure 3. Change of permeability in sequential experiment using 
deionized water and GCA solution (black bar for 5 minutes indicates re-
saturation time). 

 
 

The cation concentrations are shown in Figure 5. The calcium 
concentration was changed from 380 to 395 and 442 mg/L for the 
control and GCA cases, respectively. The calcium concentration 
in the GCA case showed a statistical difference with both the 
initial and control cases (p<0.05), whereas the control case did 
not show a statistical difference with the initial case (p>0.05). 

The sodium concentration was changed from 119,000 to 
118,500 and 109,000 mg/L for the control and GCA cases, 
respectively. The sodium concentration in the GCA case showed 
a statistical difference with both the initial and control cases 
(p<0.05), whereas the control case showed no statistical 
difference with the initial case (p>0.05). 

The concentration of magnesium was changed from 1,519 to 
1,344 and 1,273 mg/L for the control and GCA cases, respectively. 
The magnesium concentration in the GCA case was 5% lower 
than that of the control case, with a statistical difference (p<0.01). 

The concentration of potassium was changed from 835 to 464 
and 499 mg/L for the control and GCA cases, respectively. The 
potassium concentration in the GCA case was 8% higher than that 
of the control case, with a statistical difference (p<0.01). 

The pH was changed from 7.86 to 7.72 and 7.85 for the control 
and GCA cases, respectively (Figure 6). The pH did not show a 
statistical significance between the control and GCA cases. 
The ORP was changed from -25.9 to -17.3 and 46.9 mV for the 
control and GCA cases, respectively (Figure 7). The ORP in the 
GCA case was 64.4 mV higher than that of the control case, with 
a statistical difference (p<0.01). 

 
 

 
Figure 4. Electrical conductivity in pore water of incubations after 24 
hours. 

 
 

 

 
Figure 5. Cation concentrations in pore water of incubations after 24 hours. 
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Figure 6. The pH in pore water of incubations after 24 hours. 

 
 

 

 
Figure 7. ORP in pore water of incubations after 24 hours. 

 
 

DISCUSSION 
The turbidity test confirmed that the calcium ions aggregate the 

clay particles, whereas the sodium ions disperse the clay particles 
compared to the deionized condition (Figure 1), i.e., the 
difference in cation types dominates the mobility of colloidal clay; 
this is attributed to the difference in the ionic valency of the 
cations. This phenomenon occurring in pore water will affect the 
water flow conditions such as a shear frictional force or pore 
plugging (Suarez, Wood, and Lesch, 2006). Moreover, the results 
of the turbidity test in the GCA solution indicate that the amount 
of calcium elution from the GCA is sufficient to aggregate the 
colloidal clay particles compared to the results of the Na solution 
or deionized water. 

The permeability coefficient in the Ca solution was 
approximately 2.7 times higher than that of deionized water, 
whereas the permeability coefficient in the Na solution was not 
significantly different (Figure 2). The results of the permeability 
test confirmed that the permeability coefficient was also changed 
depending on the ionic strength of the permeating aqueous 
solution. In addition, we visually confirmed that the amount of 
soil discharge in the case of the Na solution was significantly 
larger than that of the Ca solution, although the leachate quantity 
of the Ca solution was 2 times larger than that of the Na solution.  

As described in Figure 3, the GCA solution increased the 
permeability by 3.5 times compared with deionized water. The 

permeability, in addition, changed within a short period despite 
being re-saturated for only 5 minutes. These results indicate the 
possibility that GCA is an applicable material that can increase 
the permeability according to the electric double layer theory. 

Changes in the electrochemical properties by the GCA solution 
were identified from a sediment incubation experiment. In the 
GCA case, the EC decreased significantly compared to both the 
initial and control cases (Figure 4), which could be an indirect 
indicator of the permeability. Because the EC of the overlying 
waters was only 2.4 and 3.4 mS/cm for the control and GCA cases, 
respectively, higher water penetrates the lower EC of the pore 
waters. The result of the EC implies that the GCA solution more 
easily permeates into the cohesive sediment than deionized water, 
which means that GCA can induce flows of pore water. The CEC 
was determined to be 68.3, 65.8, and 61.4 meq/100 g for the initial, 
control, and GCA cases, respectively, and in the GCA case 
relatively decreased more than that in the control case, which 
showed the same phenomenon as the results of the EC because of 
the infiltration of the GCA solution. 

The results of the cation concentration indicate that the 
concentration of calcium increased in the GCA case as compared 
to the initial and control cases, whereas the concentration of 
sodium decreased (Figure 5). The decrease in sodium 
concentration in the GCA case corresponds with the results of 
infiltration of the GCA solution, i.e., this result should be 
attributed to the dilution of the pore water by the GCA solution. 
However, the calcium supply from the GCA induced an increase 
in the calcium concentration, even under more active infiltration. 
Magnesium ions not contained in the GCA solution showed the 
same tendency to change with the sodium concentration. The 
potassium concentration in the GCA case was higher than that of 
the control, and it seems that this result was also influenced by 
the cations supplied from the GCA. The SAR was determined to 
be 1.36, 1.42, and 1.32 for the initial, control, and GCA cases, 
respectively. The SAR in the control case was slightly higher than 
that in the GCA case, which is an indicator of poor permeability 
(Suarez, Wood, and Lesch, 2006). The sodium concentration was 
the dominant factor in determining the SAR in this study, because 
seawater contains much more sodium than calcium and 
magnesium. 

The pH in the overlying water of the GCA case was 
significantly high at 11.9 compared to that of the control. A 
significance increase in pH in the GCA case should be attributed 
to a hydrolysis reaction during the release of cations from the 
GCA (Asaoka et al., 2012). In the case of the pore water, however, 
the pH was not statistically different between the control and 
GCA cases (p>0.05), despite the difference in the pH of the 
overlying waters (Figure 6). These results indicate that the pH of 
the coastal sediment does not easily change and maintains a stable 
state owing to the buffer effects of seawater, although the 
electrochemical properties of the pore water were changed 
through the GCA.  

As described in Figure 7, the ORP in the GCA case, which 
increased from the initial value, was converted into an oxidation 
state (ORP>0), whereas in the control case, it was not 
significantly different with the initial value, and a relatively low 
reduction in intensity was maintained. Such evidence suggests 
that the infiltration of the GCA solution creates a flow of pore 
water, leading to a supply of dissolved oxygen. 
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CONCLUSIONS 
The application of a calcium salt supplier was studied to 

increase the permeability of cohesive coastal sediment. The 
conclusions of this study can be summarized as follows: 

 
(1) The measurements in turbidity of the clay suspension 

confirmed that calcium ions aggregate the clay particles in 
aqueous solutions, whereas sodium ions disperse the clay 
particles. 

(2) These electrical phenomena affect the change in 
permeability of a cohesive sediment, and GCA increases the 
permeability coefficient of such cohesive sediment by 3.5 times 
compared to the control case. 

(3) In the sediment incubation experiment, the calcium 
concentration in the pore water statistically increased (p<0.05), 
whereas the sodium concentration statistically decreased (p<0.05), 
resulting in favorable conditions for the pore water flows. 

(4) The ORP increased from the GCA, which implies that 
the activated infiltration of a GCA solution creates a pore water 
flow, leading to a supply of dissolved oxygen.  

(5) Overall, GCA, a calcium supplier, is an effective 
material for remediating the reductive coastal sediment through 
an increase in permeability. 
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ABSTRACT 
 
Kim, C.W.; Shim, W.J., and Yim, J., 2019. Multi-decadal shoreline change interpreted from aerial photographs in 
Ilgwang Beach, South Korea. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 316-320. Coconut Creek (Florida), 
ISSN 0749-0208. 
 
The aim of this study is to use multi-temporal aerial photographs spanning a period of 70 years from 1948 to observe 
shoreline changes at Ilgwang beach in the northeastern part of Busan, which is an area that has excellent economic, 
social, and natural attributes. Photographs were enhanced using geometric correction, and the shoreline and beach 
width were extracted using a wet/dry line. Decadal changes were statistically analyzed using the Digital Shoreline 
Analysis System, 4.3 (DSAS). The sediment budget of the watershed was calculated using the Revised Universal Soil 
Loss Equation (RUSLE) and a correlation analysis was then conducted against beach width. The impact of typhoon 
Thelma which occurred in 1987 was strongly observed, and its occurrence prevented any clear trends in shoreline 
changes from being observed between 1948 and 2017, although a dike constructed on northern part of the beach caused 
strong deposition in transect 1 from 2009. In addition, the beach width was found to be relatively narrow at the both 
end of the beach and in the center where a small stream flows. The annual rate of change in beach width was 0.31 m 
in the northern part, 0.23 m in the central part, and 0.25 m in the southern part meaning sedimentation. The sediment 
budget of the watershed was positively correlated with beach width; and this result highlights the importance of 
proficient watershed management with respect to beach management. It was evident that the artificial structure 
constructed in the middle part of the beach had an influence on sediment transport, and changes related to the typhoon 
were evident; these results indicate that shoreline changes are affected by various factors, including the human impact 
on the watershed and natural conditions, and it is thus necessary to use a spatially integrated management approach 
that involves all these factors. 
 
ADDITIONAL INDEX WORDS: Shoreline evolution, mesoscale, beach morphodynamics. 
 

 
INTRODUCTION 

Coastal areas are affected by natural dynamics, such as tides 
and waves, but also by human activities. Rapid climate change 
and coastal modifications have increased the risk to such areas 
(Ratter, Petzold, and Sinane, 2016), and it is difficult to predict 
future changes. In response to enhanced coastal dynamics, many 
countries are addressing the issue of coastal vulnerability and 
implementing associated policies. To successfully implement 
coastal management policies, it is necessary to understand coastal 
processes. There is a lack of decadal scale (engineering time-scale) 
information about coastal changes, which is important for policy 
implementation (Ashton, Donnelly, and Evans, 2008; French and 
Burningham, 2009), as such time-scale require consideration of 
both long-term and short-term time-scales. On a long-term time-
scale (geological time scale), various phenomena are treated as 
noise, leaving only a huge trend, and most of the phenomena are 
interpreted on a short-term time scale (event time scale). However, 
decadal-scale studies are challenging because both have to be 
considered. In addition, there is a lack of historical data that were 
formed over decades, and it is not easy to guarantee the resolution 

and accuracy of any available data. Therefore, because of these 
practical constraints, the most common method of studying 
decadal scale changes is to use a variety of visualizations to detect 
shoreline changes (Moore, 2000). 

The aim of this study is to use aerial photographs of Ilgwang 
beach to observe and interpret shoreline changes over a period of 
70 years (from 1948). In addition, the relationship between 
shoreline changes and the sediment budget is determined. It is 
considered that observing decadal scale shoreline changes 
enhances our understanding of medium-scale coastal processes, 
which then has a subsequent impact on policy implications. 

Ilgwang beach has a length of 880 m and lies in a prime 
location in the northeastern part of Busan. It is a popular beach 
(Figure 1) because of its high socio-economic and natural 
attributes. The beach is pocket-shaped, lies in a north-south 
direction, and is located in a small bay. On May 17, 2017, the 
grain size of the beach was determined as being 0.09–0.15 mm 
(with an average size of 0.12 mm), the sorting was 0.60 
(moderately well sorted), and the skewness was -0.05 (near-
symmetrical) (Geosystem Research Corporation Staff, 2017). A 
small stream flows into the sea through the center of the beach, 
and the Ilgwang river flows from the north slope of Ahop 
mountain (361 m) in a south-easterly direction into the sea on the 
north side of the beach. The river has an extension of 6.68 km, 
length of 8.17 km, and a drainage area of 19.24 km2. Furthermore, 
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a dike was constructed between the beach and the river in 2009. 
Although certain studies have been conducted with respect to the 
economic attributes of Ilgwang beach and tourism (e.g., Bae et al., 
2016; Jung and Woo, 2007), studies of geomorphic changes have 
not yet been reported. 
 

 

 
Figure1.(a) Location of study area. (b) Spatial extent for soil erosion. (c) 
Ilgwang Beach and transect for DSAS. Yellow arrow indicates spatial 
divisions and red lines mean transect. 

 
 

MATERIAL ANDMETHODS 
Shoreline Change Detection 

To analyze shoreline changes at Ilgwang beach, 10 
computerized photographs taken in 1948, 1954, 1967, 1975, 1982, 
1987, 1996, 2001, 2008, 2013, and 2017 (total of 11 photographs) 
were obtained from the National Geographical Information 
Service. Table 1 shows the information about individual aerial 
photographs. 

As aerial photographs contain various distortions, it is 
necessary to correct the image prior to accurately detecting 
shoreline changes. Geometrical correction was performed by 
selecting 15-19 ground control points (GCPs) where there were 
few changes when comparing the orthophoto of 2017 with the 
other aerial photographs. The geometric correction error was 
limited to less than 0.7 m and the third-order polynomial method 
was used. One of the most important issues of detecting 
shorelines through aerial photographs or satellite imagery is to 
accurately determine the shoreline. In this study, we used a 
method based on the wet/dry boundary, which has been widely 
used in previous studies (e.g., Manca et al., 2013; Safak et al., 
2017; Sankar, Donoghue and Kish, 2018; Virdis, Oggiano and 
Disperati, 2012), and can be effectively employed when no sand 
dunes or precise tide data are available. The baseline was set in 
the land direction of the coastline, and the beach width, which is 
the distance from the baseline to the shoreline, was used for 
analysis. 

 

Table 1. List of photographs for Shoreline change detection. 
 

Date Scale(cm) Resolution(m) Note 

1948-06-05 1:7500  aerial 
photographs 

1954-02-24 1:10000  aerial 
photographs 

1967-11-09 1:37500  aerial 
photographs 

1975-06-03 1:20000  aerial 
photographs 

1982-05-17 1:20000  aerial 
photographs 

1987-11-06 1:20000  aerial 
photographs 

1996-11-29 1:20000  aerial 
photographs 

2001-12-02 1:20000  aerial 
photographs 

2008-05-01 1:20000  aerial 
photographs 

2013-11-21  0.51 orthophoto 

2017-05-03  0.51 orthophoto 

 
The shoreline extracted from aerial photographs for each 

period was analyzed by the Digital Shoreline Analysis System, 
4.3 (DSAS). In this respect, 18 transects were set perpendicular 
to the shoreline, and the statistical values calculated by DSAS 
(Thieler et al., 2009) were the end point rate (EPR), shoreline 
change envelope (SCE), net shoreline movement (NSM), and the 
linear regression rate (LRR), where the SCE is the distance 
between the maximum and minimum beach width; NSM is the 
distance between the oldest coastline and the most recent 
coastline (this value divided by time gives the EPR); and the LRR 
is calculated using a linear regression equation (and provides an 
R-square value). 

In shoreline analysis, the reliability of the results can be 
improved by estimating errors (Cenci et al., 2013), and following 
Manca et al(2013) and Virdis, Oggiano and Disperati (2012) the 
total error (σT) was calculated using this equation, 

 

𝜎𝜎𝑇𝑇 =  �𝜎𝜎𝑑𝑑2 + 𝜎𝜎𝑝𝑝2 + 𝜎𝜎𝑔𝑔2 + 𝜎𝜎𝑤𝑤𝑤𝑤2 + 𝜎𝜎𝑡𝑡2 

 
where, σd is the digitizing error, σp is the pixel error, σg is the 

geometric correction error, σwr is the wave run up error, and σt is 
the tidal level error. The calculated errors are shown in Table 2. 
 

Digitizing error was calculated by digitizing the same line 
several times and geometric correction error was limited to less 
than 0.7 m. Wave run up error was calculated based on the 
formula proposed by Hunt (1959) and the average slope of the 
beach were used for the calculation. Tidal level error was 
estimated by use of the nearest tidal gauge station data. (35°34`N, 
129°84`E). 
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Table 2. Estimated errors. 
 
Year σd σp σg σw σt σT 
1948 0.48 0.27 0.70 0.34 1.55 3.64 
1954 0.78 0.26 0.70 0.34 1.55 3.84 
1967 0.23 0.56 0.67 0.34 1.55 3.66 
1975 0.40 0.47 0.68 0.34 1.55 3.67 
1982 0.29 0.49 0.65 0.34 1.55 3.61 
1987 0.34 0.48 0.64 0.34 1.55 3.61 
1996 0.30 0.46 0.68 0.34 1.55 3.62 
2001 0.31 0.47 0.68 0.34 1.55 3.63 
2008 0.28 0.47 0.63 0.34 1.55 3.58 
2013 0.19 0.51 0.00 0.34 1.55 3.35 
2017 0.27 0.51 0.00 0.34 1.55 3.38 
 

Sediment budget from the watershed 
The Revised Universal Soil Loss Equation (RUSLE) was used 

to estimate the amount of sediment erosion occurring within the 
Ilgwang River watershed (Table 3). RUSLE is one of the most 
widely used soil erosion models globally (Wu and Wang 2007). 
To calculate the sediment budget, spatial data obtained from a 
digital elevation model (DEM), soil map, land cover map, and 
climate data were obtained. The DEM and soil map were fixed in 
time, and the land cover map and climate data were examined 
chronologically (Table 4). After estimating the sediment budget 
from the watershed, a correlation analysis was conducted to 
determine the relationship between beach width and sediment 
budget in the watershed. 

 
Table3. RUSLE equation and parameters. 
 

A=R×K×LS×C×P 

A estimation of average annual soil loss (t ha−1 yr−1) 

R rainfall erosivity factor 

K soil erodibility factor 

LS slope steepness and slope length measurements 

C cover and management factor 

P support practice factor 
 

Table 4. RUSLEdata sources. 
 

Data Time Source RUSLE 
Factor 

Digital Elevation 
Model 2000 SRTM LS 

factor 

Detailed Soil Map 2005 National Institute of 
Agricultural Sciences K factor 

Land Cover map 1975 – 
2013 

Water Resources Management 
Information System 

C factor 
P factor 

Climate map 
(rainfall data) 

1975 – 
2013 

Water Resources Management 
Information System R factor 

RESULTS AND DISCUSSIONS 
Shoreline Changes in Ilgwang Beach 

Figure 2 shows the changes in Ilgwang beach width. During the 
period 1948 to 2017, there were no clear trends in beach width 
changes. In 1987, there was a rapid decrease in the width of the 
beach and a huge amount of erosion occurred, but there were 
greater increases in the beach width after this year. The beach 
width increased in 1954, 1975, 1982, 1996, 2008, and 2013, but 
decreased in 1967 and 1987, and no clear changes were observed 
in 2001 and 2017. However, the width rapidly increased in 2013, 
and rapid sedimentation occurred. The sediment budget estimated 
from RUSLE was low in 1996 and 2001, and high in 1987 and 
2013. In general, a large amount of sediment increases the beach 
width (Willis and Griggs, 2003), but an inverse relationship was 
seen in 1987 (which is later discussed). 
 

 

 
Figure2.Shoreline changes (beach width) and the result of RUSLE. 

 
 
Narrower beach width was observed in transects 8 and 9, which 

small stream flows (Figure 3). The beach width of transect 1 in 
the 2017 is related to the construction of the dike between the 
river and the beach, which has prevented the occurrence of rapid 
erosion and sedimentation from river discharge. 
 

 

 
Figure 3. Shoreline changes (beach width) in transect. 

 
 
DSAS and Correlation Analysis  

The results of the DSAS are shown in Table 5. The overall 
value for transect 1 is high, and this is attributed to rapid 
sedimentation relating to the dike located on the north side. The 
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SCE shows similar values, except in transects 1 to 3 and 12; NSM 
and EPR shows somewhat higher values in the north, but there 
are no large differences between transects. The sedimentation 
rates in the north, center, and south are 0.31 m/yr, 0.23 m/yr, and 
0.25 m/yr, respectively. All the values in the LRR indicate 
sedimentation; however, a meaningful result is not apparent 
because the R-square value is very low. This result is related to 
the lack of a clear trend in the evolution of the shoreline at 
Ilgwang beach. 

 
Table 5. The result of DSAS analysis. 

 
Transect SCE NSM EPR LRR LRR-R2 

1 35.04 33.72 0.49 0.22 0.21 
2 20.23 18.94 0.27 0.1 0.1 
3 17.93 16.39 0.24 0.09 0.1 
4 20.98 17.12 0.25 0.1 0.14 
5 23.38 20.16 0.29 0.12 0.15 
6 26.95 20.28 0.29 0.15 0.19 
7 27.47 20.31 0.29 0.17 0.24 
8 24.12 13.94 0.2 0.1 0.1 
9 27.21 19.08 0.28 0.18 0.28 
10 28.27 13.73 0.2 0.13 0.16 
11 29.12 13.57 0.2 0.11 0.1 
12 31.7 15.29 0.22 0.1 0.07 
13 27.08 15.28 0.22 0.08 0.06 
14 24.05 13.99 0.2 0.05 0.02 
15 23.39 15.87 0.23 0.07 0.04 
16 21.66 18.35 0.27 0.08 0.07 
17 23.55 17.59 0.26 0.14 0.2 
18 24.8 19.88 0.29 0.09 0.07 

 
The results of a correlation analysis between beach width and 

sediment budget are shown in Table 6. The sediment budget is 
positively correlated with total beach width in the southern parts.  
However, although not statistically significant at the 95% level in 
the northern and central parts, the result is significant at the 90% 
level. The high positive correlation between each part of the 
beach and the sediment budget reflects beach`s simple 
topography and small size. 

 
Table 6. Correlation analysis matrix. 

 

(m) Sediment 
budget Total North Middle South 

Sediment 
budget 1 0.763* 0.683 0.701 0.814* 

Total - 1 0.954** 0.962** 0.981** 

North - - 1 0.853** 0.911** 

Middle - - - 1 0.934** 

South - - - - 1 

 
The results of correlation analysis are significant at the 99% 

level with an extremely high R2 value of 0.974 when using all 
years except 1987. In addition, the northern and central parts 
correlate well with the sediment budget. As sediments flowing 
into the sea through the estuary have a strong influence on the 
surrounding area (Gaspar et al., 2017; Tonyes et al., 2017), the 

supply of sediments through rivers influences the size of the 
beach width. Even when the effect of the dike is considered, it is 
evident that the sediment budget of the watershed is one of the 
boundary conditions for the width of the beach. 

 
Natural and human impact 

Although Ilgwang Beach has been undergoing nourishment 
since 2009, erosion occurred in the middle part (7 and 8 transect) 
between 2013 and 2017 (Table 7). No artificial structures were 
evident between these transects in aerial photographs up to 2008, 
but structures emerged in 2013.The size of the structure was 14.5 
m in 2013 and 36.58 m in 2018. In other words, the larger extent 
of the artificial structure makes the larger difference in the width 
of the trans 7 and 8. The artificial structure triggered a change in 
the circulation of the sediment littoral cell, which was ultimately 
separated, as with the groin discussed in a previous study 
(Kristensen et al., 2016). 

 
Table 7. Beach width difference and the size of artificial structure. 

 

Year Difference between 
transect 7 and 8 Artificial structure 

1948-2008 5.52m 0m 
2013 8.37m 14.55m 
2018 11.63m 36.58m 

 
Figure 2 shows that despite the high sediment supply, there was 

a dramatic decrease in beach width in 1987 because of the effect 
of Typhoon Thelma (July 9, 1987), which brought heavy rains to 
the Ilgwang River watershed. In addition, the typhoon landed 
during a high tide and strong storm surge occurred. The beach can 
be seen to be destroyed in the aerial photographs of 1987, due to 
the influence of the strong waves, and it took 30 years (until 2013) 
to recover in the northern and southern parts, and 25 years (until 
2008) in the central part. As nourishment has been in operation 
since 2009, it is considered that the northern and southern parts 
may not yet recover from the effects of typhoons without dike and 
nourishment. As nourishment has been in operation since 2009, it 
is considered that the northern and southern parts may not have 
recovered from the effects of typhoons without the construction 
of the dike and the nourishment program 

The occurrence of Typhoon Thelma in 1987 clearly shows the 
difficulty involved in undertaking decadal scale research. Short-
term studies would have focused on the effects of the typhoon but 
long-term studies would have treated it as noise, or it would have 
been mitigated by huge trends. However, decadal scale research 
can neither focus on the effect of the typhoon nor treat it as noise. 

 
CONCLUSIONS 

A decadal scale shoreline analysis of Ilgwang beach was 
conducted using aerial photograph analysis, DSAS, RUSLE, and 
a correlation analysis. No clear trends are evident in the shoreline 
changes from 1948 to 2017 because of the effect of Typhoon 
Thelma in 1987. The beach width is seen to be narrow at both 
ends and in the middle parts (transects 8 and 9) where a small 
stream flows. Strong deposition has occurred due to the effect of 
a dike in transect 1. DSAS analysis shows no significant trends, 
but a correlation analysis shows a strong positive correlation 
between beach width and the sediment budget over the 70 years. 
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This result means that with an increase in the sediment budget of 
the watershed there was an increase in the beach width (except in 
1987), indicating that the supply of sediments through rivers plays 
an important role in shoreline changes. With an increase in the 
size of the artificial structure built between transects 7 and 8, the 
difference in the beach width of transect 7-8 also increased. It is 
considered that the artificial structure affected the sediment 
littoral cell. 

The effect of Typhoon Thelma in 1987 caused an inverse 
relationship between beach width and the sediment budget, which 
is interpreted as being related to strong storm surge and waves. 
The occurrence and influence of typhoon Thelma provides a good 
example of the difficulties involved in conducting decadal scale 
studies. Shoreline changes are affected by a variety of factors, 
including natural factors (such as typhoons) and human factors 
(such as the management of nearby river basins), and these 
various factors need to be considered when implementing policies. 
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ABSTRACT 
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It is necessary to investigate contamination in beach sands for water safety because replenishing sand on eroding 
beaches may contain potentially toxic trace elements (PTEs). In order to understand the spatial variation and risk of 
PTEs in beach sands, this study uses hot spot analysis, which calculates a z-score based on the Getis–Ord Gi* statistic 
to identify a statistically significant hot spot sample. A high-value data sample surrounded by other high-value samples 
indicates a statistically significant hot spot. Using relatively cost- and time-effective portable X-ray fluorescence 
(PXRF) analysis, sand data are acquired from the OO beach on the eastern coast of Korea and used for hot spot analysis. 
The sand data of the OO beach are classified into four groups: high content with a high z-score (HH), high content 
with a low z-score (HL), low content with a high z-score (LH), and low content with a low z-score (LL). The HH case 
can be a critical hazard to human health, whereas the other cases may be insignificant. As a result, it was confirmed 
that Pb is mainly distributed in the northwestern and southeastern parts, and Zn is distributed in the southern part. 
However, all the PTE concentrations in the sample data do not exceed the soil contamination warning standards. 
Although Pb and Zn was detected from some samples, it was not critical from the PXRF and hot spot analysis results. 
The method implemented in this study may be utilized for the assessment of statistically significant contamination in 
beach sands. 

  
ADDITIONAL INDEX WORDS: Geographic information systems, portable X-ray fluorescence, potentially toxic 
trace elements. 
 

 
INTRODUCTION 

Beach replenishment to prevent coastal erosion has the 
advantage of simultaneously solving the problems of coastal 
erosion and sedimentation by supplying sand to the area where 
coastal erosion occurs. Important considerations for effective 
beach replenishment projects include the season of disturbance; 
characteristics of the sediments deposited such as grain size, shell 
and mud ball contents, as well as toxic components; geographic 
extent of the project; and dune sedimentology (Peterson, 2000). 
For water safety in particular, it is necessary to investigate toxic 
components in beach sands, because replenishing sand on eroding 
beaches may contain potentially toxic trace elements (PTEs). A 
number of cases of chemical analysis of replenishing sand have 
been reported in order to understand the contamination of beach 
sand. Pezzuto et al. (2006) conducted ecotoxicological, 
sedimentological, and biological sampling before, during, and 
after the Balneario Camboriu replenishment operations in order 
to assess environmental impacts related to the project. Di Lauro 
et al. (2004) analyzed the concentrations of lead (Pb), zinc (Zn), 
and copper (Cu), and the activity of 210Pb on the coastline of the 

Bay of Nice, using a geochemical approach to determine the 
impact of replenishment. In Korea, the Jeju Special Self-
Governing Institute of Environment Research (2016) conducted 
the tests for seawater quality and heavy metals in the sand of 14 
sites and all of them were suitable with respect to environmental 
safety standards. Park et al. (2016) conducted heavy metal 
analysis of Pb, cadmium (Cd), Chromium (Cr), mercury (Hg), 
and arsenic (As) using inductively coupled plasma (ICP) and 
atomic absorption spectrophotometry (AAS) for 25 beaches on 
the eastern coast of Korea. According to the Petroleum 
Management Service (2017), the beaches on the western coast of 
Korea also proved to be suitable according to the management 
standards. 

However, most of these investigations have a limitation in that 
they do not consider the spatial distribution of heavy metal 
content. Even if the heavy metal content in the sand does not 
exceed the standard, caution is necessary if the heavy metal 
content shows spatially significant clustering. For the purpose of 
understanding the spatial variation and risk of PTEs in beach 
sands, this study uses hot spot analysis to identify a statistically 
significant hot spot sample. Using relatively cost- and time-
effective portable X-ray fluorescence (PXRF) analysis, sand data 
were acquired from the OO beach on the eastern coast of Korea 
and used for hot spot analysis. 

 

§Department of Energy Resources 
Engineering  

Pukyong National University 
Busan, Republic of Korea 

†Department of Energy Engineering 
Kangwon National University 
Samcheok, Republic of Korea  www.cerf-jcr.org 

www.JCRonline.org 

____________________ 
DOI:  10.2112/SI91-065.1  received 9 October 2018; accepted in 
revision 14 December 2018. 
*Corresponding author: energy@pknu.ac.kr 
©Coastal Education and Research Foundation, Inc. 2019 
 

 



322 Kim and Choi 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

MATERIALS AND METHODS 
Target area and Sand Sampling 

Owing to coastal erosion, the white sandy beaches of the 
eastern coast of Korea are shrinking. Therefore, in general, 
replenishment work is carried out to replenish the sand before the 
start of the summer season. Replenishing work is constantly 
carried out at the OO beach (Hu, 2017). The extent of the target 
area was defined as 60 m × 50 m, considering the area where 
sampling can be performed without the effect of waves. Sampling 
of sand was conducted at a total of 68 points (Figure 1). The 
density of sampling points is relevant for the purpose of this study, 
such that there is a sample in every 44 m2. 

A dataset obtained via on-site analysis of Pb and Zn content 
was used for hot spot analysis in this study. Pb is a prominent 
human health hazard, which leads to high blood Pb levels in 
children as well as malacosteon, kidney damage, and relatively 
complex cancers (Zhang et al., 2012). Compared to several other 
metal ions with similar chemical properties, Zn is relatively 
harmless. Although only exposure to high doses has toxic effects, 
the effects associated with long-term, excessive Zn exposure 
(ranging from 150 mg/day to 1–2 g/day) have included 
sideroblastic anemia, hypochromic microcytic anemia, 
leukopenia, lymphadenopathy, neutropenia, hypocupremia, and 
hypoferraemia in case studies (Nriagu, 2007). Therefore, 
understanding the distributions of Pb and Zn at beaches is a very 
important process for human health and safety.  

The dataset was acquired using a PXRF instrument (Innov-X 
DELTA Handheld XRF analyzer; Olympus, Japan) equipped 
with a gold anode as the excitation source and a silicon drift 
detector. This PXRF instrument operates at 40 kV and 0.1 mA. 
Using a hand auger, surface sand samples were taken down to a 
depth of 10 cm at various sampling points (Figure 2). After the 
sand samples were disaggregated and sieved to <2 mm as loose 
powders in the field, they were analyzed using PXRF. The PXRF 
instrument employs the fundamental parameters (FP) method to 
support quantitative analysis. The FP method, which is 
accompanied by stored libraries, allows elemental analysis to be 
performed without standards or calibration curves (Lee et al., 
2016).  

 
 

 
Figure 1. Target area: (a) Locations of sampling points for the PXRF 
analyses; (b) location of target area in Korea; and (c) location of target 
area on the eastern coast. 

 

 

 
Figure 2. Photographs of field investigation on the target area. 

 
 
Hot Spot Analysis 

Spatial correlation and autocorrelation are very important in 
spatial modeling, and various methods for spatial autocorrelation 
measurement have been developed. Moran’s I is one of the most 
well-known spatial autocorrelation measures and it has been used 
with GIS to identify pollution hot spots (Zhang et al., 2008). 
Semi-variance is the most commonly used tool by geologists and 
remote sensing analysts. Estimating the spatial autocorrelation 
coefficients of regression equations is a typical approach for 
studying the global pattern of entire target area. However, it is 
often necessary to examine the pattern at the local scale. 
Therefore, Getis and Ord (1992) developed a statistic called 
“Getis–Ord Gi*,” which focuses on local effects. Recently, it has 
been applied for the soil contamination of industrial landscapes 
(Griffith et al., 2016) and mining areas (Kim and Choi, 2017). In 
addition, Kim et al. (2018) developed a three-dimensional hot 
spot analysis technique on borehole data for effective mineral 
exploration. 

In this study, the hot spot analysis tool was used in the GIS 
software ArcMap (Environmental Systems Research Institute) to 
calculate the Getis–Ord Gi* statistic for each sand sample in a 
given dataset. Statistically significant hot spots are encompassed 
with other high-value features. The Getis–Ord Gi* statistic is 
calculated by comparing the local sum of the feature and the 
neighboring features to the sum of all the feature values as follows: 

 
Gi∗ =

∑ wi,jxj−X�n
j=1 ∑ wi,j

n
j=1

S�
�n∑ wi,j

2n
j=1 −�∑ wi,j

n
j=1 �

2
�

n−1

,                                                     (1) 

 
where xj  is the value for feature j, wi,j  is the spatial weight 

between features i and j, n is the total feature number, and 
 

X� =
∑ xjn
j=1

n
,                                                                               (2) 

S = �∑ xj
2n

j=1

n
− (X�)2.                                                                (3) 

 
The resultant Gi* statistic is a z-score. A larger z-score means 

a clustering of high-value samples. When the local sum is very 
different from the expected local sum and that difference is too 
large to be the result of random chance, the z-score is statistically 
significant. 

To determine the spatial weight wi,j between samples, the fixed 
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distance band method was used in this study to conceptualize the 
spatial relationships among features. It is generally known that 
the fixed distance band method is well-suited to choose the right 
conceptualization of spatial relationships. In the case of a fixed 
distance band method, the scale of analysis does not change 
across the target area because it uses a critical fixed distance to 
determine which neighbors to include.  

To assess statistically significant clustered Pb and Zn samples, 
they were classified into four groups according to the 
concentration and z-scores of the Gi* statistics (Figure 3). The 
four groups are as follows: High concentration value with high z-
score (HH), high value with low z-score (HL), low value with 
high z-score (LH), and low value with low z-score (LL). HH and 
LL can be regarded as containing explicitly hot and cold spots, 
respectively. Particular attention should be paid to HH samples 
because these values tend to be clustered and may not be high 
values merely due to random chance. The concentration value 
normalized by the standard deviation and Gi* z-score were 
utilized as the x and y variables in a scatter plot to classify the 
dataset into four groups.  
 

 

 
Figure 3. Method of group classification of sand samples by considering 
the concentration and z-score. 

 
 

RESULTS 
Sand Sampling Results 

Figure 4a, b shows the spatial distributions of the Pb and Zn 
concentrations determined by the PXRF analysis, respectively. 
Samples with Pb concentrations of more than 20 mg/kg were 
obtained in the northwestern and southeastern parts of the target 
area, and high concentrations over 40 mg/kg were detected for 
three samples. Samples with Zn concentrations of more than 60 
mg/kg were obtained mainly in the southwestern and southeastern 
parts of the target area, and high concentrations over 90 mg/kg 
were detected for three samples. The histograms of the Pb and Zn 
concentrations for 68 samples are presented in Figure 5a,b 
respectively. As shown in the figure, the distributions of the Pb 
and Zn concentrations are positively skewed. In particular, Pb 
was not detected in 49 out of 68 samples. The maximum value of 
the Pb concentration was 58 mg/kg. However, this value is much 
lower than 200 mg/kg, which is the value of the soil 
contamination warning standards according to the Soil 
Environment Conservation Act in Korea. The maximum value of 
Zn concentration is 149 mg/kg. This value is also lower than the 
value of 300 mg/kg of the soil contamination warning standards. 

Sand sampling in the target area did not reveal a significant level 
of heavy metal content. However, in order to evaluate the 
potential contamination, it is necessary to confirm whether the 
concentrations of Pb and Zn are correlated or spatially significant. 
Figure 6 shows a scatter plot with the concentrations of Zn and 
Pb represented on the x-axis and y-axis, respectively. A low R2 
value of 0.25 was obtained, because there are many samples in 
which Pb was not detected, but there is a positive correlation 
between the two heavy metals.  

 
 

 
Figure 4. Spatial distributions of concentrations of (a) Pb and (b) Zn 
analyzed by PXRF. 

 
 

 

 
Figure 5. (a) Pb and (b) Zn concentration histograms for PXRF data. 

 
 

 

 
Figure 6. Scatter plot showing relationship between Pb and Zn 
concentrations. 

 
 
Spatial Autocorrelation Results 

Prior to the implementation of the hot spot analysis, the global 
pattern of spatial autocorrelation for the net samples was analyzed 
(Figure 7). These results were derived from the Global Moran’s I 
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statistic of the spatial autocorrelation tool provided in ArcMap. 
This tool evaluates whether the features are clustered, dispersed, 
or randomly distributed. The z-scores and p-values are calculated 
as Global Moran’s I statistics to indicate whether or not 
statistically significant clustering exists. In this study, the z-scores 
are approximately 0.87 and 0.90 for Pb and Zn, respectively. 
Therefore, it is difficult to say that the distribution of these heavy 
metals is clustered. In other words, it is not considered that there 
is a pollutant source for Pb and Zn in the target area. However, 
this result is an analysis of the global tendency, and thus further 
analysis on the local distribution is necessary. 

 
 

 
Figure 7. Global Moran's I statistic results yielded by the spatial 
autocorrelation tool in ArcMap. The tendency of clustering is not apparent 
in the target area. 

 
 
Hot Spot Analysis Results 

There is no fixed way to select an appropriate distance band for 
hot spot analysis. It is necessary to select an appropriate distance 
band according to the scale, and a rule of thumb is to select a 
distance to promote clustering for the phenomena on the target 
area. Based on this concept, the incremental spatial 
autocorrelation tool of ArcMap can be used to select the 
appropriate distance. This tool calculates the spatial 
autocorrelation at increasing distances and creates a graph of the 
z-scores at each distance. The distance associated with the peak 
value of the resulting z-score can be used for analysis. The 
distance band that exhibits maximum clustering, as measured by 
this tool, is the distance where those spatial processes are most 
active. As shown in Figure 8, the distances of 13 m and 25 m were 
selected as the distance bands for the hot spot analyses of Pb and 
Zn in the sand samples, respectively. 

 
 

 
Figure 8. Spatial autocorrelation of (a) Pb and (b) Zn by distance to select 
the appropriate distance band. 

 

Figure 9a,b show the spatial distributions of the Gi* z-scores of 
Pb and Zn resulting from the hot spot analysis based on the 
selected distance bands. As seen in the previous stage, hot spots 
are distributed in the northwestern and the southeastern parts in 
the case of Pb. In the case of Zn, hot spots are distributed 
throughout the southern part. The minimum, maximum, mean, 
and standard deviation (std. dev.) values of the concentration and 
Gi* z-score are shown in Table 1. In this study, individual 
samples were investigated by being classified through a scatter 
plot with the concentration on the x-axis and the z-score on the y-
axis, because hot spots may have low values. 

 
 

 
Figure 9. Hot spot analysis maps for (a) Pb and (b) Zn. 

 
 
Table 1. Descriptive statistics of concentration and Gi* z-score results for 
Pb and Zn. 
 

  Minimum     Maximum     Mean      Std. Dev. 
Pb concentration           0.00            58.00            8.53         14.66 
Pb Gi* z-score             −2.44              2.37            0.10           1.11 
Zn concentration           0.00          149.00          38.47         28.49 
Zn Gi* z-score             −1.65              1.85            0.26           0.84 

 
Figure 10a shows the scatter plot of the normalized 

concentrations and Gi* z-scores of Pb. The normalized Pb 
concentration was determined by dividing the difference between 
each sample value and mean value by the std. dev. The x- and y-
axes were used to classify the samples based on four distinct 
quadrants. In other words, the HH and LL group samples are 
regarded as explicit hot and cold spots, respectively. In Figure 10a, 
some samples correspond to real hot spots, such as the HH group 
with high concentrations and z-score. However, when compared 
with the soil contamination warning standards, these levels are 
very low, which is not a concern. In addition, there are no samples 
satisfying the condition that assumes the normalized 
concentration and z-score over 1.5 are of concern. Figure 10b 
shows the scatter plot of the normalized concentrations and Gi* 
z-scores of Zn. One sample requires careful attention because its 
normalized concentration and z-score exceed 1.5. This sample is 
located in the southeastern part of the target area (Figure 9b). 
However, the Zn concentration in this sample is 137 mg/kg, 
which is not a concern when compared to the soil contamination 
warning standards. 
 



Assessment of Lead (Pb) and Zinc (Zn) Contamination in Beach Sands by Hot Spot Analysis                             325 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 91, 2019 

 

 
Figure 10. Group classification according to concentration and Gi* z-
score for (a) Pb and (b) Zn. 

 
 

CONCLUSIONS 
In this study, Getis–Ord Gi* hot spot analysis was employed to 

map Pb and Zn contamination hot spots in the beach sands of the 
eastern coast of Korea. To obtain element analysis data, PXRF 
instruments, which are relatively cost- and time-effective, were 
used. With the development of the PXRF instrument, a 
considerably greater number of sampling points can be 
investigated instantly.  

As a result of the hot spot analysis, it was found that Pb is 
mainly distributed in the northwestern and southeastern parts, and 
Zn is distributed in a higher density throughout the southern part. 
The cause cannot be clearly identified, but it can be assumed that 
one of the causes is heavy metals in the replenishing sands in the 
southern part to prevent beach erosion. In addition, in the case of 
samples close to the road, pollutants discharged from vehicles 
may act as pollution source of the beach sands. 

To further analyze the individual samples, they were grouped 
into four groups by considering the normalized concentration of 
heavy metals and the hot spot z-score. Some samples were 
analyzed to correspond to HH groups with relatively high 
concentrations and z-scores. However, in the case of Pb, none of 
the samples had a value of 1.5 or more in either of the variables. 
Only one sample had a value of 1.5 or more in the case of Zn. 
Therefore, the beach sands in the target area are presumed not to 
be affected by prominent pollution. In particular, Pb with higher 
risk was not detected in most of the samples. In the case of Zn, it 
was detected in more samples, but it was confirmed that the 
maximum value of the samples did not meet the soil 
contamination warning standards. 

The results of this study confirm that hot spot analysis can 
provide information on the statistical significance of each sample 
of beach sands. This information is important for sample 
assessments and for the planning of the beach sand management. 
The application of hot spot analysis and the classification 
approach can identify critical areas in beach sands and help the 
improvement of human health and safety. 
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This article aims to determine the temporal and spatial features of accidental drowning spots on the east coast of 
Gangwon-do, which is famous for tourism in Korea, and to consider the geographical features of areas where drowning 
accidents frequently occur. For this research, the spots where the drowning accidents happen were listed based on 119 
data points, the spatial database was set up, and a GIS-based spatial analysis was conducted. The first step was 
analyzing the temporal and spatial features of these drowning accidents in order to identify the characteristics of the 
spots where drowning accidents took place. The second step was figuring out the adjacency between the accident spots 
and 119 emergency facilities or hospitals. As a result, in terms of seasons, the highest drowning accident rate occurred 
in summer (June to August), accounting for 60% of all drowning accidents. Then, 12% of all drowning accidents 
occurred in winter (December to January) and another 12% in spring (March to May). Time wise, 60% of all drowning 
accidents occurred from 11am to 6pm. In terms of geographical characteristics, the highest drowning accident rate 
occurred on sandy shores, accounting for 36% of all drowning accidents, followed by shore facilities, such as ports and 
breakwater, with a 33% rate. The rate of drowning accidents on rocky coast was 14%, followed by estuary with 11%. 
 
ADDITIONAL INDEX WORDS: Spatial-temporal analysis, emergency call, water safety, GIS. 
 

 
INTRODUCTION 

The study area, Gangwon-do coastal area, is the most popular 
tourist destination in Korea. In this area, where about 50 million 
tourists visit each year, there are a total of 96 beaches. Due to the 
presence of so many tourists, the frequency of drowning accidents 
is also high. From 2012 to 2016, 331 drowning accidents occurred 
in the studied area. In terms of years, 78 accidents occurred in 
2012, 49 in 2013, 73 in 2014, 84 in 2015, and 47 in 2016. The 
average number of drowning accidents annually is 66 and the 
standard deviation is a relatively large value of 15.3 (Figure 1). 

Coastal drowning is a common phenomenon in most parts of 
the world. Therefore, various studies have been carried out 
globally on drowning accidents. Most studies related to ocean 
drowning are about accident types and accident prevention: 
analyzing the relationship between drowning and weather or time 
during leisure activities (Son et al., 2012); safety management 
plans in coastal sea areas (Hartmann, 2006; Chang, 2009); and so 
on. In addition, there have been many studies on drowning in 
children, who are vulnerable to drowning (Crawford et al., 2014; 
Nixon and Pearn, 1978). 

Drowning is a matter of space. So, in order to accurately 
understand drowning accidents, it is necessary to understand the 
sites of drowning accidents. Therefore, we used a GIS 

(Geographic Information System)-based spatial analysis method 
to analyze drowning accidents. There have been a few recent 
attempts to apply this GIS method in the field of drowning 
(Andronaco, 2012; Dai et al., 2013). However, there have been 
very few related studies aimed at understanding the geographical 
characteristics of drowning accident spots. 
 

 

   
 

Figure 1. Frequency of drowning accidents (Yearly). 
 

 
This article aims to determine the temporal and spatial features 

of drowning accident hotspots on the east coast of Gangwon-do 
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and to consider the geographical features of areas where 
drowning accidents frequently occur. The results from this study 
will help suggest solutions to reduce accidents and the 
consequences of accidents in the studied area. 

 
METHODS 

In this study, we analyzed 331 cases of accidental drowning 
that occurred in the coastal area among 483,700 cases of total 
emergencies that occurred in Gangwon-do between 2012 and 
2016 (5 years). The dataset used was provided as an Excel file 
and included time of incidence, location, type of accident, age and 
sex of each patient, and the condition of each patient, 
corresponding to 119 (emergency) rescue centers and hospitals. 
This article focused on analyzing the temporal and spatial features 
of the dataset. Spatial features were recorded as addresses and 
allowed for geo-coding, where each address was converted into 
coordinates and then to spatial data that could be analyzed on GIS. 

Analyzing the features of drowning accidents on the east coast 
of Gangwon-Do Korea was carried out from two perspectives: 
spatial and temporal. First, temporal features were classified by 
the time, month, and year of incidence. As for spatial features, 
space density was analyzed based on location information, then 
the geographical characteristics of high-density areas were 
identified. 

When safety accidents such as drowning occur, prompt action 
is needed to minimize the damage associated with the accident. 
First aid, such as rescue and CPR, is the most important part of 
this response, but emergency care arrival time and patient 
transport to hospitals are important as well. This report studied 
drowning accident hotspots and conducted a GIS-based spatial 
analysis in order to identify areas where response times for 
emergency care and patient transport are inadequate. First, the 
distances from drowning accident spots to emergency care centers 
and hospitals to which patients can be transported were calculated. 
Then, space density was analyzed based on the distance 
calculated and the location of drowning accidents in order to 
compile a list of vulnerable drowning hotspots in terms of 
emergency response and patient transport. 

 
RESULTS 

Spatial-temporal Distribution of Coastal Drowning 
In terms of seasons, the highest rate of drowning accidents was 

in summer (June to August) and the lowest was in winter 
(December to January). Time wise, drowning accidents occurred 
most frequently during the afternoon (Figure 2).  

There are six administrative regions and 96 big and small 
beaches located along the 360 km coastline of Gangwon-do. 
These beaches are famous tourist areas in Korea. From the density 
analysis of drowning accident hotspots based on geo-coded 
coordinates of accidents in relation to beaches with the highest 
drowning rates, accidents were found to occur most frequently at 
beaches in Sokcho (SC1), a highly popular area for tourists on the 
east coast of Korea. The second-highest drowning accidents rate 
was at Gyeongpo beach in Gangneung (GN) (Figure 3). 
 
Difference in Frequency of Drowning Accidents by Main 
Agent and Size of Beach Management Services 

There are 96 beaches along the coast of Gangwon-Do, 
categorized into administrative bodies, such as local authorities 

(15 spots), specialized beach management organizations (28 
spots), village communities (50 spots), and others (three spots).  

The highest rate of drowning accidents was found at beaches 
managed by village communities, but considering the number of 
beaches, drowning accidents occurred most frequently on average 
at beaches managed by local authorities, which tend to be larger 
in size and have more visitors (Table 1). 

 
 

   
 

Figure 2. Frequency of occurrence drowning accidents (Monthly and 
Hourly). 

 
 

 

 
 

Figure 3. Drowning accident points and density. 
 

 
Geographical Characteristics of Drowning Hotspots  
Hotspot analysis is a very useful way to identify areas of high risk 
of drowning (Andronaco, 2012). The east coast of Gangwon-do 
studied for this research is 370 km-long and includes diverse 
geographical characteristics, such as sandy shores (29.2%), rocky 
coasts (38.4%), shore facilities such as port and breakwater 
(32.44%), and so on. In terms of geographical characteristics, the 
highest rate of drowning accidents was on sandy shores, 
accounting for 36% of all drowning accidents, followed by shore 
facilities, such as port and breakwater, with 33%. The drowning 
accident rate on rocky coasts was 14%, followed by estuary with 
11% (Figure 4). These results show that the drowning accident 
rates are highest at the most-visited spots of the beach. 
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Table 1. Frequency of drowning accidents by beach. 
 

Main Agent of             Number of     Frequency of      Average Accident 
 Management                 Beaches          Accidents         Cases per Beach 
Local Authorities                15                       92                          6.1 
Special Organizations         28                     111                          4.0 
Village Communities          50                     112                          2.2 
Etc.                                        3                       16                          5.3 
Total                                    96                     331                          3.4 

 
 

 
 

Figure 4. Geographical characteristics of accident spots.
 

 
However, coastal areas that share geographical characteristics 

do not have an equal density of drowning hotspots. Thus, we 
focused on spots where the density was higher than that of others. 
The geographical characteristics of the areas with high accident 
density were as follows: First, beaches near high population 
density areas. Second, small-sized shore facilities close to rocky 
coasts. Third, shore facilities linked to headland or land-tied 
islands. Finally, areas consisting of a combination of estuary, 
land-tied islands, shore facilities, and so on. 

To sum up the analysis in terms of geographical characteristics, 
the rate of drowning accidents on rocky coasts is higher than that 
on sandy shores. Secondly, the drowning accident rate at 
headlands created by land-tied islands or shore facilities is also 
high. Thirdly, the rate of drowning accidents on spots where a 
river meets the sea is high. Lastly, the risk is significantly greater 
when all of these factors are combined. 

Water erosion at rocky coasts and land-tied islands located on 
headlands is vigorous due to tides and waves. Drowning accidents 
are frequent in these areas due to irregular tides and waves. The 
risk of accidents is heightened on artificial shore facilities because 
shore facilities also affect tides and waves in the surrounding area. 
For this reason, more active water safety precaution measures are 
needed in areas with artificial shore facilities, headlands, or areas 
where a river meets the sea (Figure 5). 
 

 

 

 
 

Figure 5. Areas with high drowning accident density. A) Beaches located 
in high population areas. B) Shore facilities connected to rocky coasts. C) 
Shore facilities close to land-tied islands. D) Land-tied islands, estuaries, 
shore facilities complexes. 

 
 
Blind Spots for Emergency Facilities (119 Center, Hospital) 
in Case of Drowning Accidents  

The distance between drowning accident hotspots and 
emergency facilities, specifically 119 centers and hospitals in this 
study, is a very important safety factor because the distance 
directly affects the speed of emergency care and patient transport 
to hospitals. Therefore, areas vulnerable in terms of emergency 
rescue need to be identified through analyzing the emergency 
rescue environment at drowning accident hotspots. Based on 
Kernel density analysis, areas with frequent drowning accidents 
and areas where emergency care and patient transport are not 
prompt were identified simultaneously. In calculating the density 
through Kernel density analysis, the input variable of the location 
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of a drowning accident was weighted with the distance between 
the drowning accident and the nearest emergency facilities. 

The results from the Kernel density analysis based on the 
locations of drowning accidents and the distances of the nearest 
emergency facilities from them showed that the difference among 
areas was not the most substantial factor, as ambulance service 
centers are evenly distributed. However, spots along the borders 
between the YY area and SC1, GN district were insufficiently 
equipped for emergency rescue. Furthermore, Kernel density 
analysis using the distance between drowning accidents and 
hospitals showed that vulnerable areas to emergency transport are 
widely distributed based on the fact that hospitals tend to be 
concentrated in big cities. GS, YY, and SC2 areas were 
particularly weak in terms of patient transport services (Figure 6). 
Finally, with the locations of drowning accidents as points of 
reference, an integrated analysis added up the distance an 
ambulance travels to where needed and the distance of patient 
transport to hospitals. 
 

 

 
 

Figure 6. Emergency response and hospital transport vulnerable areas 
 

 
The integrated analysis further confirmed the results of 

analyzing patient transport distances, shedding light on the 
inadequacy of emergency rescue services in areas GS, YY, and 
SC2(Figure 7). This study highlights the need to secure hospitals 
or similar emergency facilities along the relevant coast of 
Gangwon-do for emergency patient transport. 

 

 
 

Figure 7. Vulnerable areas in terms of both emergency response and 
hospital transport. 

 
 

CONCLUSIONS 
The east coast of Gangwon-do studied in this research is one of 

the most famous areas for coastal vacation in Korea. However, 
studies to date on the frequency of drowning accidents and 
accident hotspots in the area have not been sufficient. The present 
spatial-temporal condition and characteristics of coastal 
drowning based on data from the past five years (from 2012 to 
2016) indicate that there is an uneven distribution of accidents in 
spatial-temporal respects. It was found that a temporally uneven 
distribution was predictable to an extent, when seasonal factors 
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and the time of day with the highest number of visitors were 
considered. 

The spatially uneven distribution could be explained by 
differences in the geographical characteristics of the coast. The 
density of drowning accidents is higher on rocky coasts than on 
sandy coasts, and also higher on headlands and areas where a river 
meets the sea, as compared to bay areas. Moreover, the density of 
drowning accidents is higher in areas with artificial shore 
facilities than at natural coasts. The risk is even greater when 
these factors are combined. When drowning accidents occur, 
prompt patient transport to a hospital is very important to prevent 
loss of life. Accordingly, after analyzing the sufficiency of 
emergency rescue services at drowning accident hotspots, it was 
found that areas deemed vulnerable in terms of emergency rescue 
coincided with areas where hospitals are located too far for 
patients to be properly treated in a timely manner. 

The results of this study will help reduce drowning accidents 
in the area studied, and will also be of aid in developing an 
improved system for patient transport. The results of this study 
will additionally contribute to the efficient relocation of limited 
emergency resources for minimizing damage from drowning. 
There is however, a need to collect data over a longer period of 
time in order to conduct additional research on whether time as a 
variable affects the types of drowning accidents that occur. 
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This paper identifies major coastal erosion factors for Hupo beach of the east coast of Korea where coastal erosion is 
serious, and looks into how beach erosion environment has changed through time series analysis (1970 - 2015). Aerial 
photographs of the beach by each time period were used to calculate the area of the beach, and analysis of correlation 
with identified factors on top of trend analysis were done to find and analyze major factors that have an impact on 
long-term changes in the beach. This paper is expected to contribute to identification of future coastal erosion factors, 
building-up and application of database, and policy-making to respond to changes in coastal erosion environment. 

  
ADDITIONAL INDEX WORDS:  Coastal erosion, statistical analysis, time series coastal detection, GIS. 
 

INTRODUCTION 
Coast is where land and marine ecosystems meet and directly 

affected by both, with its dynamic and complex environments 
closely intertwined with human lives. Beach in particular is the 
coastal area that has the most dynamic action-response and 
unstable sedimentary environment where erosion and 
sedimentation continue to occur as per changing conditions of 
water energy. The equilibrium is achieved in an ideal situation but, 
in a natural state, it experiences ceaseless changes by the dynamic 
action of force of seawater (Ritter, 1986; Shepard, 1973).  

Changes in beach are result of interactions between land and 
sea in association with natural phenomena like storm or seismic 
tidal wave as well as human activities in coastal regions. Beach 
sediment experiences seasonal or temporary movements but do 
not go outside the beach system. Beach is affected by factors like 
changes in sea level, ocean waves and current, changes in amount 
of sediment from land, meteorological phenomena like typhoon 
and seismic tidal wave, human activities, or all combined, and 
hence it is not easy to point out what has exactly caused certain 
changes in beach (Kim, 2002). Several beach regions in Korea 
saw a sharp reduction in its size (Ham, Kim, and Jang, 2002), 
which indicates that changes in coastal region is rather caused by 
erosion environment than sedimentary environment.  

Studies on changes in beach started to shed light on beach 
erosion in some regions after the 1970s when rapid 
industrialization and economic growth led to development of 
rivers and streams as well as fishing port (Kim, 2002). In addition, 
recent costal environmental changes caused by development 
projects and extreme weather conditions are accelerating coastal 
erosion. Impact of beach loss, or beach erosion, on human 

activities, coastal communities’ economy, and environment 
protection is one of the key focuses in policy-making in many 
countries (Kim, and Song, 2012). That said, there are some 
ongoing studies on what has caused beach erosion and how to 
stop it.  

Changes in beach environment have been mainly affected by 
variation of amount of sediment (development of river, 
construction of debris barrier) as well as construction of artificial 
structures (road, building), while beach erosion in particular has 
been accelerated after the 2000s. The long term time series 
analysis confirmed that beach erosion environment had been 
more affected by artificial factors than natural factors; hence 
policies that focus on natural recovery to prevent beach erosion 
will have a positive impact on accelerated beach erosion.  

The purpose of this study is to find out environmental and 
socio-economic factors that affect coastal erosion and 
sedimentation in major beaches of the east coast, and identify how 
and why coastal erosion environment is changing through time 
series analysis.  
 
Study Area and Study Period 

The study area is Uljin Hupo beach (Location: 36°40'35.92"N, 

129°26'43.32"E) located at the mouth of major rivers of the east 
coast, which has a high coastal erosion risk. It looked into changes 
in the study area from the 1970s when coastal erosion started to 
materialize due to city development, etc., to the 2010s (Figure 1).  

 
METHODS 

The study first identified causes of coastal erosion through 
preceding research analysis, and aerial photographs and terrain 
map were analyzed to identify the extent of changes in shoreline. 
As a next step, changes in beach landform, such as rate of changes 
in the area, rate of changes in shoreline, and speed of coastal 
erosion, were developed into spatial database. Then influence 
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factors were analyzed using multiple correlation analysis between 
identified major factors and changes in beach landform. 

 

 

Figure 1. Study area. 

 
 

Statistical Analysis 
Impact of coastal erosion factors on beach landform cannot be 

simply described. No study on coastal erosion does clearly 
describe exact causes of erosion. Most of the studies looked into 
what may potentially cause the erosion or co-relations between 
beach erosion and its one or two factors. 

This study uses statistical analysis to identify costal erosion 
factors that have a significant impact on changes in beach 
landform, and the extent of impact of various factors. It was then 
analyzed to find which factor leads to the closest result. 

In-scope factors were identified after analyzing 48 papers and 
studies, from home and abroad, on beach erosion. As shown in 
Figure 2, they were first categorized into 3 groups: 5 natural 
factors; 2 artificial factors; and 1 other factor. Then 8 natural and 
artificial factors, such as temperature, precipitation, erosion 
control zone project count, road (within and outside the 50 m 
parameter), variation in building count (within 50 m), coastal 

structures, and river improvement projects, were selected and 
developed into database to extract more in-depth data. 
Temperature and precipitation factors were selected in relation to 
storm, sea level change and global warming, whereas coastal 
structures and erosion control zone projects were selected as 
artificial factors. Construction of roads and river improvement 
projects were selected considering the geological characteristics 
of Hupo beach. 
 
Spatial Analysis on GIS 

Aerial photographs of Hupo beach in each time period (every 
10-year) from the National Geographic Information Institute were 
used after distortion correction. Root mean square (RMS) error 
for an orthophoto with 1:5,000 ratio is within 2 m (Korea Land 
Development Corporation, 2008). These orthophotos were used 
to analyze spatio-temporal changes through GIS-based spatial 
analysis for each factor. 

Ortho correction was applied to aerial photographs, after which 
shorelines were marked through periodic overlay analysis after 
masking (Figure 3). As shown in Table 1, the number of GCPs 
was 12 for each aerial photograph and average RMSE was 
reasonable at less than 1 m.  

The study uses ARCGIS 10.2 program to calculate the area of 
the beach, based on which variation and erosion rate were 
estimated with its result shown in Table 2. Time series analysis 
was applied and regions with greater coastal area change for each 
time period were analyzed (Figure 4).  

 

 

 

Figure 2. Result of factor analysis.  
 

 
RESULTS AND DISCUSSION 

Analysis of Main Effects to Coastal Erosion 
The study did statistical analysis for mean temperature, 
precipitation, erosion control projects, buildings within 50 m of 
the shoreline, roads, roads outside the 50 m parameter, artificial 
coastal structures, and erosion control project count, all of which 
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can have an impact on changes in coastal area (coastal erosion 
rate). The commercially-available Minitab 18.0 program was 
used for co-relation analysis between coastal erosion and 
aforementioned factors. Table 3 shows correlation between 
erosion rate and the factors. In Table 3, Pearson correlation value 
indicates the extent of correlation between variables and P-value 
is the probability value in statistical testing. P-value under 0.05 
means independent relations. Positive Pearson correlation value 
indicates a positive association between a factor and coastal 
erosion control whereas factors with negative Pearson correlation 
value can be interpreted that they contributed to coastal erosion. 
While mean temperature has the greatest positive association with 
coastal erosion, P-value is less than 0.05, meaning they are 
independent of each other. It is therefore difficult to conclude that 
mean temperature necessarily has cause-and-effect relations with 
erosion rate, albeit being one of the major factors. Other factors 
than mean temperature have P-value greater than 0.05, indicating 
linear relations with erosion rate. River improvement project, 
construction of more buildings nearby, and erosion control 
projects have greater linear correlations with coastal erosion 
while construction of artificial structures is closely associated 
with coastal erosion prevention. 
 

 

 
Figure 3. Ortho-corrected aerial photograph and shoreline. 

 
 

To compare the extents of impact using the average of data 
affecting coastal erosion and least mean square for various factors, 
main effects analysis was done on coastal erosion rate and above-
mentioned factors. Figure 5 shows how much each factor affected 
changes in the coastal area. Mean temperature, and coastal 
structures have stronger relations with reduction in coastal 
erosion while erosion control works, construction of buildings, 
and river improvement increase the erosion. Average 
precipitation is independent of erosion and construction of roads 
is associated with increase in erosion but to a lesser extent.  

Figure 6 shows quantitative impact of coastal structure and 
river improvement, two factors most closely related to coastal 

erosion, on changes in coastal areas. Axis X is the number of river 
improvement works, and axis Y indicates absent or presence of 
coastal structure. Red in the plot indicates the greater reduction in 
coastal areas due to erosion while blue means lesser erosion or 
conditions that may lead to sedimentation. Unlike factors that 
change the flow of the current like breakwater, artificial structures 
originally intended to prevent coastal erosion from wave can 
delay the erosion whereas river improvement works in fact have 
a negative impact on coastal erosion as they can reduce the 
amount of sediment in downstream areas, leading to reduction in 
sediment in coastal regions overall. 
 

 
Figure 4. Erosion environment analysis on changes of the area. 

 
 

Table 1. GCPs and average R.M.S.E. 

Sensor Date Numbers of 
GCPs 

Average R.M.S.E. 

(m) 

Aerial  

photograph 

1971 12 0.74 

1980.10 12 0.69 

1991.4 12 0.86 

2005.5 12 0.95 

2010.10 12 0.94 
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Table 2. Shoreline and changes in coastal area. 

Year 
Length of 
shoreline 
(m) 

Coastal 
area (㎡) 

The amount 
of area 
change (㎡) 

The rate of 
change in 
shore –line 
(%) 

The rate of 
coastal 
erosion (%) 

1971 2604.6  86477.6  - - - 

1980 2674.4  74296.3  -12181.3  0.33  -1.88  

1991 2622.5  69856.6  -4439.7  -0.20  -0.61  

2005 2517.0  64963.9  -4892.7  -0.32  -0.56  

2015 2426.5  58631.3  -6332.6  -0.41  -1.13  

 
Table 3. Results of correlation analysis between rate of coastal erosion 
and various factors. 

 Pearson correlation P-value 

Mean temperature 0.911 0.032 

Average precipitation 0.497 0.394 

Erosion control works -0.350 0.564 

Construction of buildings -0.475 0.419 

Construction of roads -0.163 0.793 

Coastal structure 0.678 0.208 

River improvement -0.754 0.141 

 
 

 

Figure 5. Main effects plot for rate of coastal erosion (%).

 

 

 

 
Figure 6. Contour plot for changes in areas (m2) from coastal structure and 
river improvement work. 

 
 
Trend Analysis on Changes in Coastal Area 

Figure 7 shows the results of trend analysis on the variation of 
the coastal areas. Based on the growth curved model, the coastal 
areas are expected to exponentially decrease to 40,651 m2 by 
2055 while the erosion is thought to be a major cause behind 
changes in coastal areas. Mean absolute percentage error as an 
accuracy measure is 2.  
 

 

 

Figure 7. Trend analysis plot for coastal area (m2). 
 

 
CONCLUSIONS 

This study identified major factors affecting coastal erosion 
environment, and calculated shoreline and coastal area changes 
(coastal erosion rate) through an analysis of periodic aerial 
photographs. Correlation analysis between identified factors and 
changes in coastal erosion as well as trend analysis were done to 
find factors that have an impact on long-term changes in the beach. 

This study has an inherent limitation in its objectivity due to 
analysis of long-term changes in Hupo beach from limiting 
factors. Still, it identified major coastal erosion factors, which can 
be helpful in managing and controlling coastal regions in the 
future. Building-up and region-based-application of long term 
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data on these factors and trend analysis can reduce otherwise 
potentially ever-decreasing coastal areas. This study is expected 
to contribute to identification of future coastal erosion factors, 
building-up and application of database, and policy-making to 
respond to changes in coastal erosion environment. 
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Assessment of the relationship between the sea surface temperature (SST) and the brightness temperature (BT) is 
necessary for estimating the SST using the BT data derived from the earth observation satellite sensors. This research 
assessed the relationship between the in-situ-measured SST data and the BT data derived from the Landsat-8 thermal 
infrared sensors through the linear regression analysis. The statistical results derived from the developed regression 
model show the following: the SST and BT datasets have a strong and positive relationship, and the BT data is the 
significant parameter for measuring the SST. In the future research, the various regression models will be compared to 
select the most appropriate model for estimating the SST using the BT data.  
 
ADDITIONAL INDEX WORDS: Sea surface temperature, brightness temperature, Landsat image, linear 
regression analysis. 
 

 
INTRODUCTION 

A Sea Surface Temperature (SST) is defined as the water 
temperature close to the sea surface (National Oceanic and 
Atmospheric Administration (NOAA, 2018). SST is one of the 
significant environmental factors for estimating the climate 
changes and ecological activities in ocean environments (Kang et 
al., 2014; Syariz et al., 2015). In general, SSTs are measured by 
using the various equipment such as buoys and satellites (Weather 
Guide, 2018).  

The specially equipped vessels or buoys can measure the actual 
SSTs, but they are limited to measure the SSTs on the entire ocean 
areas. The thermal infrared bands provided by the earth 
observation satellites are useful for measuring the SSTs because 
the thermal infrared sensors of these satellites can measure the 
surface temperature on the entire ocean areas (NOAA, 2018).  

Research has been carried out for measuring the SSTs using the 
thermal infrared sensors of the various earth observation satellites. 
Takashima and Takayama (1981) estimated the SST using the 
AVHRR (Advanced Very High-Resolution Radiometer) sensor 
of the NOAA satellite. O’Carroll et al. (2006) measured the time-
series SSTs using the multi-temporal ATSR (Along-Track 
Scanning Radiometer) sensors. Robinson and Donlon (2010) 
measured the global SSTs using the satellite sensors. Bayat and 
Hasanlou (2016) retrieved the SST using the multiple thermal 
bands obtained by the different satellite sensors. Alsweiss et al. 
(2017) measured the SSTs using the AMSR (Advanced 

Microwave Scanning Radiometer)-2 sensor of GCOM-W (Global 
Change Observation Mission-Water) satellite. Tarigan and 
Wouthuyzen (2017) monitored the SSTs using the different 
sensors of the Moderate Resolution Imaging Spectroradiometer 
(MODIS) satellites.  

Top of Atmosphere (TOA) Brightness Temperature (BT) is 
defined as “a measurement of radiance of the microwave 
radiation traveling upward from the top of the atmosphere to the 
satellite, expressed in units of the temperature of an equivalent 
black body” (Remote Sensing Systems, 2018). TOA BT can be 
derived using the thermal infrared sensors of the earth observation 
satellites such as Landsat (United States Geological Survey 
(USGS, 2018a). Since BT is the radiance measurement of the 
microwave radiation traveling from the atmosphere to the satellite, 
it is closely related to the fundamental climate data such as the 
wind speed, water vapor, rain rate, and SST (Remote Sensing 
Systems, 2018), etc.  

Hence, assessing the relationship between the SSTs and the 
BTs using the satellite sensors and the in-situ-measured data is 
necessary for measuring the SSTs in huge ocean areas. Recent 
studies have been carried out for measuring the SSTs using 
various satellite sensors, but the research for assessing the 
relationship between the in-situ- measured SSTs and the satellite 
sensor-derived BTs has been limited. This research was carried 
out to assess the relationship between the in-situ-measured SSTs 
and the satellite sensor-derived BTs through the proposed 
methodology.  

 
Datasets and Study Areas 

The west coast of South Korea was selected as the study area 
in this research because there are a number of the ocean 
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observatories that provide the in-situ measured-SST data from it 
(see Figure 1).  

 
 

 
Figure 1. Locations of the ocean observatories that provide the in-situ-
measured SST data of the west coast of South Korea. 

 
 
The Landsat-8 Thermal Infra-Red Sensor (TIRS) provides the 

two different thermal infrared bands (Bands 10 and 11) for 
measuring the surface temperatures (USGS, 2018a). In this 
research, the data derived from only Band 10 were employed for 
measuring the surface temperature because Band 10 is generally 
better than Band 11 for such purposes (Choung et al., 2018; 
USGS, 2018b). In this research, the 33 scenes of Band 10 
acquired between 2013 and 2017 were utilized. Figure 2 shows 
one scene of Band 10 acquired on May 30, 2014.  

 
 

 
Figure 2. One scene of Band 10 acquired on May 30, 2014. 

 
 

METHODOLOGY 
Figure 3 shows the flowchart of the procedure for assessing the 

relationship between the in-situ-measured SST data and the BT 
data derived from the 33 scenes of Band 10 acquired in the study 
area by the Landsat-8 TIRS. 

 
 

 
Figure 3. Flowchart of the procedure for assessing the relationship 
between the in-situ-measured SST data and the BT data derived from the 
33 scenes of Band 10 acquired in the study area by the Landsat-8 TIRS. 

 
 
In the initial step of the proposed methodology, the BT data 

was derived from the scenes of Band 10, as follows. First, the 
Digital Number (DN) of each scene of Band 10 was converted to 
the TOA spectral radiance through the radiance rescaling method, 
shown in the equation below (Choung et al., 2018; USGS, 2018b).  

 
SR =  𝑀𝑀𝐿𝐿𝑃𝑃𝑃𝑃10 + 𝑅𝑅𝑅𝑅                                                              (1) 
 
where SR denotes the TOA spectral radiance, ML denotes the 

band-specific multiplicative rescaling factor, PB10 denotes the 
intensity values of the pixels in Band 10, and RF denotes the 
band-specific additive rescaling factor. Figure 4 shows one scene 
of the TOA spectral radiance image converted from Band 10 
through the radiance rescaling method.  

 
 

 
Figure 4. One scene of the TOA spectral radiance image converted from 
Band 10 through the radiance rescaling method. 
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Next, the TOA spectral radiance was converted to the TOA BT 
in Kelvin degrees using the equation below (Choung et al., 2018; 
USGS, 2018b).  

 
BTK =  𝐾𝐾2

ln (𝐾𝐾1𝑆𝑆𝑆𝑆+1)
                                                                         (2) 

 
where BTK denotes the TOA BT in Kelvin degrees, and K1 and 

K2 denote the band-specific thermal conversion constant from the 
metadata of Band 10.  Figure 5 shows one scene of the TOA BT 
in Kelvin degree image converted from the TOA spectral radiance 
image. 

 
 

 
Figure 5. One scene of the TOA BT in Kelvin degree image converted 

from the TOA spectral radiance image. 
 

 
Finally, the TOA BT in Kelvin degrees was converted to the 

TOA BT in Celsius degrees using the equation below (Choung et 
al., 2018; USGS, 2018b).  
 
BT = 𝑃𝑃𝐵𝐵𝐾𝐾 − 273.15                                                                 (3) 
 

where BT denotes the TOA BT in Celsius degrees. Table 1 
shows all the constants needed in equations (1), (2) and (3).  

 
Table 1. All the constants needed in equations (1)(2) and (3). 
 

ML                     RF                    K1                    K2 
       0.0003342                0.1                 774.89             1321.08 

 
After the completion of the above procedure, the BT image was 

converted from Band 10. Figure 6 shows one scene of the BT 
image finally converted from Band 10 acquired on May 30, 2014.  

In the next step of the proposed methodology, the relationship 
between the in-situ-measured SST data and the Band 10-derived 
BT data was assessed through the simple linear regression 
analysis. Simple linear regression analysis is the widely used 

 

 
Figure 6. One scene of the BT image finally converted from Band 10 
acquired on May 30, 2014. 

 
 
statistical method for assessing the relationship between one 
dependent outcome variable (in this research, the in-situ- 
measured SST data) and one independent input variables (in this 
research, the Band 10-derived BT data) (PennState, 2018). The 
equation below illustrates the model of simple linear regression 
analysis using the in-situ-measured SST and the Band 10-derived 
BT datasets (Online Statistics Education, 2018).  

 
Y =  A ∙ X + B                                                                        (4) 
 
where Y denotes the dependent outcome variable of the in-situ-

measured SST data, X denotes the independent input variable of 
the Band 10-derived BT data, and A, B are the unknown 
parameters of the developed model.  

 
RESULTS AND DISCUSSIONS 

In this research, the 51 pairs of the in-situ-measured SST and 
Band 10-derived BT data were used for assessing the relationship 
between the in-situ-measured SST data and the Band 10-derived 
BT data through simple linear regression analysis. Figure 7 shows 
the graph of the developed simple linear regression model using 
the in-situ-measured SST and Band 10-derived BT datasets. 

Table 2 shows the values of the unknown parameters (A and B) 
of the developed regression model, the R-squared (R2), the 
statistical measure of how close the given datasets are to the fitted 
regression line, and the p-value of the independent input variable 
in the developed regression model.  

As seen in Figure 7 and Table 2, the Band 10-derived BT data 
has a closely positive relationship with the in-situ- measured SST 
data because the calculated R2 value (0.9306) is close to 1. Hence, 
when the Band 10-derived BT data increases, the in-situ-
measured SST data also increases, also in vice versa. In addition, 
the BT data derived from Band 10 of the Landsat-8 sensors is the 
meaningful parameter for determining the value of the SST 
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because the p-value of the BT data is much lower than 0.05. 
Hence, the BT data derived from Band 10 of the Landsat-8 sensor 
can be the significant factor for measuring the accurate SST value. 

 
 

 
Figure 7. Graph of the developed simple linear regression model using the 
in-situ-measured SST and Band 10-derived BT datasets. 

 
 

Table 2. Values of the unknown parameters (A and B) of the developed 
regression model, the R-squared (R2) that a statistical measure of how 
close the given datasets are to the fitted regression line, and the p-value 
of the independent input variable in the developed regression model. 
 

A                    B                     R2                     p-value 

                1.0152            0.5159            0.9306                 4.81E-30 

 
 

CONCLUSIONS 
This research assessed the relationship between the in-situ- 

measured SST data and the BT data derived from Band 10 of the 
Landsat-8 sensor using simple linear regression analysis. Based 
on the statistical results, the two following conclusions were 
arrived at. First, the two datasets have a strong and positive 
relationship, which means that when the BT data increases, the 
SST data also increases, also in vice versa. Second, the BT data 
is the significant variable for measuring the accurate SST value. 

SST estimation using the BT data derived from the satellite 
images is useful for measuring the SSTs in huge ocean areas that 
cannot be accessed by humans. This research employed the linear 
regression model for estimating the SST using the BT data. As 
seen in Figure 4, however, the selected linear regression model 
has limitations in assessing the relationship between the SST and 
the BT, which have a non-linear pattern in some cases. Hence, in 
the future research, a comparison of the non-linear and linear 
regression models will be carried out for estimating the SST using 
the BT data derived from the satellite images. 
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This paper compares HY-2A, WindSat, ASCAT satellite wind data collected over six years from 2012 to 2017 with 
observed wind data from Ieodo Ocean Research Station (IORS) and Buoy located in the south sea of Jeju Island(BSJI), 
and analyzes the accuracy and characteristics of satellite wind data. The three satellites can measure wind speed and 
direction by remotely sensing the ocean surface. Specially, HY-2A scatterometer data produced by Chinese satellite 
were recently open to research users. The error analysis shows that RMSE of the three satellites are between 1.3 and 
2.2 m/s, and correlations are between 0.84 and 0.92, and accuracy is high in the order of ASCAT, WindSat and HY-2A. 
Accuracy analysis in different wind speed ranges is also performed to find the characteristics of each satellite wind 
data. The satellite wind data are to be used for verification and assimilation data for wind forecasting model which 
produces input data for wave prediction numerical model. 
 
ADDITIONAL INDEX WORDS: HY-2A, ASCAT, WindSat, satellite, scatterometer, wind, Ieodo, buoy. 
 

 
INTRODUCTION 

Physical elements observed on land or on the ocean are 
important data for analyzing and understanding phenomena 
occurring in nature. Especially, the winds observed in the sea are 
very important data that are applied not only to the analysis of 
meteorological characteristics but also to the boundary conditions 
and data assimilation in the field of natural disaster prediction 
model as input data. In the case of mid-term or short-term within 
one week weather prediction, it is necessary to obtain accurate in-
situ observation data as an initial condition because the prediction 
results calculated are greatly influenced by the initial conditions 
(Lee et al., 2011). The winds in the sea are also the main force for 
the generation of waves which influence the coastal environment. 
Despite its importance, there are few in-situ wind data in the ocean 
compared to the land, and most of them are concentrated in the 
coastal waters, where are islands and easy to access from the land 
for maintenance or communications. In case of Korea, most of the 
wind observations are also carried out in land and coastal area, 
and almost no observations are made offshore except IORS in the 
East China Sea. There is a severe lack of offshore oceanographic 
and meteorological data, specially near the center of the East Sea. 

It is very difficult task to conduct field experiments offshore in 
expense and time, and it is more difficult to operate longterm 
unmanned monitoring system for marine meteorological data. 
Wave observations in the East Sea using wave gliders, 
autonomous surface vehicle, have also been limited in terms of 

periodic and continuous monitoring. The only alternative to 
offshore in-situ observation is to utilize satellite remote sensing 
data. Satellite observation has disadvantages of only once or twice 
a day measurements and indirect measurement requiring 
calibration, but it has advantages of observing the wide area 
simultaneously and regularly with a beam width of from a few 
hundred km to over a thousand km and repeat period. In the 
adjacent sea of Korea, sea wind research using QuikSCAT, 
ASCAT and WindSat also has been done by several recent studies 
(Jeong et al., 2008; Lee, 2012; Park et al., 2018; You et al., 2007). 

When we analyze large scaled atmospheric phenomena such as 
typhoon and evaluate the prediction performance of numerical 
wind models, it is very important to use not only many satellite 
data to cover temporal and spatial area of the phenomena but also 
large swath satellite data along the orbit observing simultaneously 
the wide area. Lee (2012) analyzed the IOA (Index of Agreement) 
and RMSE (Root Mean Square Error) after using QuikSCAT and 
ASCAT for data assimilation, and found that QuikSCAT was 
superior to ASCAT in data assimilation performance because of 
the spatial size of the data larger than ASCAT due to the large 
beam width of QuikSCAT. 

Recently, HY-2A/MS scatterometer wind data from HY-2A 
(Haiyang), a Chinese polar orbit satellite, is open for research use. 
The biggest feature of the HY-2A/MS is its wide beam width of 
about 1500 km covering large observation area, which is smaller 
than QuikSCAT (1800 km) but larger than ASCAT (550 km, two 
channels) and WindSat (950 km). The reliability of observation 
performance was also proved through many previous studies and 
being used actively in the field of remote sensing (He et al., 2013; 
Dawei and Hui, 2015; Xing et al., 2016), but there have been no 
related studies in Korea. 
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In this study, HY-2A/MS sea wind data are compared and 
analyzed with WindSat, and ASCAT sea wind data on the waters 
around Korea to evaluate its accuracy and to examine its 
utilization for data assimilation of numerical wind model in the 
future. They are also compared with wind speeds observed at 
IORS and BSJI to analyze their errors. 
 

SATELLITE SENSORS AND IN-SITU  
Measurement for Wind Data 

HY-2A/MS, WindSat, and ASCAT sea wind data 10 m above 
the sea surface are examined and compared. 

HY-2A is a polar orbiting satellite launched in China on August 
16, 2011. The radar altimeter (RA), the microwave scatterometer 
(MS), the scanning microwave radiometer (SMR) are loaded to 
measure sea-level, sea wind, wave height, sea surface temperature, 
and water vapor. The HY-2A/MS emits a 13.256 GHz (Ku-band) 
microwave over an altitude of 970 km and analyzes the received 
information. It has a beam width of 1500 km, which is wider than 
the European Metop/ASCAT (550 km, two channels), and 
observes 90% of the global oceans daily (Jiang and Lin, 2014). 

WindSat is a polarimetric microwave radiometer sensor 
developed by Naval Research Laboratory (NRL), which is loaded 
on the Coriolis satellite launched on January 6, 2003, and has 
been carrying out observations since February 2003 to date. 
Observations have been made with a beam width of about 950 km 
at an altitude of 830 km, providing sea surface temperature, water 
vapor and precipitation information as well as wind speed and 
direction. WindSat uses 6.8, 10.7, 18.7, 23.8, and 37.0 GHz 
microwave bands to measure the polarization energy emitted, 
scattered, and reflected from Earth's atmosphere and sea surface 
(Gaiser et al., 2004; Freilich and Vanhoff, 2006; Ryu et al., 2011). 
The WindSat passive microwave sensor is preferred for climate 
diagnosis and assessment because it is easy for global observation 
compared to the active microwave sensor and less influenced by 
clouds than optical sensors (Ryu et al., 2011). 

The Advanced Scatterometer (ASCAT) is an active microwave 
scattering sensor developed by the European Space Agency. It is 
mounted on a polar orbital satellite Meteorological Operational 
Satellite (MetOp) launched in October 2006 and has a swath of 
550 km on each side of the satellite ground track separated by a 
gap of about 360 km. ASCAT, a scattering sensor as in HY-2A, 
emits radio waves to the sea surface at 5.255 GHz (C band) from 
three radars and analyzes the information that is backscattered to 
obtain sea wind information (Figa-Saldaña et al., 2002). 

The HY-2A/MS wind data were provided by National Satellite 
Ocean Application Service (NSOAS) with Level 2B (L2B) orbital 
data of 25 km spatial resolution. ASCAT and WindSat wind data 
were downloaded from the Remote Sensing System (RSS) sites as 
v2.1 data grided with 0.25° spatial resolution. 

In order to verify the satellite observations, the data from IORS 
(latitude 32°7'22", longitude 125°10'56"), which is being 
operated by KHOA (Korea Hydrographic and Oceanographic 
Agency) and BSJI located 168 km east of IORS at latitude 
32°5'25 " and longitude 126°57'57" are utilized (Figure 1). 

IORS is located about 149 km southwest of Marado, Korea and 
was built on a submerged rock island called Ieodo which has a 
depth of about 55 m. It measures the wind at the weather tower of 
10 m above the top of the deck (33.5 m) and observes the sea wind 
at 43.5 m above sea level (Oh and Ha, 2005). In case of BSJI, the 

wind sensor mounted on the buoy measures the wind at 4 m above 
sea level. Since HY-2A/MS, WindSat, and ASCAT sea wind data 
are 10 m above the sea surface, the sea winds observed at IORS 
(43.5 m) and BSJI (4 m) are corrected to 10 m height sea wind data 
based on the equation proposed by de Rooy and Kok (2004). This 
kind of approach was also adopted by Oh and Ha (2005) and Jeong 
et al. (2008) to compare wind speed measured at different height 
from the sea surface. In the southern part of Jeju Island, 
observations are made only at a very small number of points and 
in-situ field data are very rare, so the data observed at both sites 
are very important. In particular, since IORS is located on the path 
of typhoons and not affected by the surrounding land, it provides 
very valuable data for typhoon research (Moon et al., 2010). The 
observation sensor installed on the fixed structure severely 
decrease the possibility of loss or troubles of the equipment. 
Because of its geographical location advantage and longterm 
stable monitoring capability, it has been widely used in previous 
studies comparing satellite data with in-situ observations (Kim et 
al., 2005; Jeong et al., 2008). 

 

 

 
Figure 1. Location of IORS (red) and BSJI (blue).  

 
 
Wind Data Comparison 

In order to compare the observation area of each satellite, sea 
wind fields observed by HY-2A/MS, WindSat and ASCAT when 
Typhoon Bolaven (1215) passed on the Korean peninsula in 
August 2012 are shown on Figure 2. 

The typhoon passed the Okinawa Islands and moved north to 
the Korean peninsula, while the strong wind radius for the speeds 
of more than 15 m/s reached several hundred kilometers. When 
the typhoon size is large, the observation area by the satellite 
sensor is very important in order to capture the whole area of 
typhoon and analyze the typhoon wind characteristics. 
Comparing the wind velocity fields twice a day, HY-2A/MS 
among the three satellites is found to have the largest observation 
area by containing the whole area of the typhoon. 
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In order to compare sea wind velocities from satellites with in-
situ wind data, wind velocity data observed at two ocean stations 
for 6 years from 2012 to 2017 were collected. Since it is almost 
impossible to compare the satellite data with simultaneously 
observed in-situ data at the same location, near-temporal and 
near-spatial data should be found for comparison by setting the 
radius around the observation point and selecting the observed 
satellite data within the specified range. There is usually a 
difference between researchers in selecting the radius such as 12.5, 
25, and 50 km, but in general, scatterometer data is assumed to be 
homogeneous within a radius of 25 km (Pickett et al., 2003; 
Satheesan et al., 2007; Wentz et al., 2017). This study also 
collected satellite wind velocities observed at the same time 
within a radius of 25 km from IORS and BSJI, and compared with 
in-situ measurement at two ocean stations.  

The comparison of wind speed with in-situ data shows RMSE 
(Correlation) of 1.38 m/s (0.92), 1.68 m/s (0.89) and 1.98 m/s 
(0.84) at IORS and 2.17 m/s (0.86), 2.53 m/s (0.82), and 2.99 
m/s (0.72) at BSJI in ascending order of ASCAT, WindSat and 
HY-2A. It was found that the relatively large errors at BSJI 
compared to IORS are originated from the data in 2012. The wind 
data at BSJI in 2012 showed large errors with all three satellites 
data by implying the possibility that the wind measurement 
instrument at BSJI had some problems during the period. When 5 
years data at BSJI were compared excluding the data observed in 

2012, the errors were found to decrease as 1.65 m/s (0.92), 2.01 
m/s (0.89) and 2.19 m/s (0.84), respectively. 

The wind direction was observed only at IORS and compared 
with satellite data. The accuracy of wind direction in terms of 
RMSE (Correlation) is 70.53° (0.70), 77.99° (0.63), and 85.79° 
(0.57) in ascending order of ASCAT, WindSat and HY-2A, which 
was the same order but showing relatively large errors compared 
to the wind speed. The wind speed and wind direction residuals, 
RMS, Bias, and STD error analysis results are presented in 
Figure 3. First, the wind speed error analysis shows that wind 
speed bias is nearly zero and is not much varying with speeds in 
the moderate wind speeds between 4 ~13 m/s except HY/2A-BSJI 
case, which fluctuates with wind speeds. When the wind speed is 
less than 4 m/s, almost all three satellites show higher wind speeds 
than IORS and BSJI, and this tendency prevails in all wind speeds. 
At low wind speeds less than 4 m/s and high wind speed over 13 
m/s, the bias becomes large and irregular. The most occurring 
wind speeds are near 5 m/s and have the lowest bias and errors. 
The trend of the wind direction bias is similar to the wind speed 
but negative errors are also found as much as positive errors. 
Specially at low wind speeds less than about 7 m/s, the wind 
directions are spread in all directions. Similar results are also 
found in other satellite sea wind studies. Freilich (1997) and 
Freilich and Dunbar (1999) presented that the error of 
scatterometer sea wind data increases at low speed less than 5 m/s 

 

 
Figure 2. Wind fields of typhoon Bolaven (1215) on 26th and 27th August, 2012 observed by (a, d) HY-2A/MS, (b, e) Metop/ASCAT and (c, f) WindSat. 
The swath of HY-2A/MS is much wider than ASCAT and WindSat. 

 
 
 

by showing higher wind speed than in-situ measurement. HY-
2A/MS and ASCAT satellite data compared with National Data 

Buoy Center (NDBC), Tropical Atmospheric Ocean Project 
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Forecasting (ECMWF) reanalysis data (ERA-interim) also shows 
that the accuracy of the wind speed and direction dropped in the 
low wind speed less than 4 m/s (Xing et al., 2016). The accuracy 
of WindSat wind speed and direction also depends on the wind 
speed. Freilich and Vanhoff (2006) analyzed the error of WindSat 
by comparing with NDBC buoy data and found that WindSat 
wind speed was higher than buoy data when the wind speed was 
less than 5 m/s and more than 15 m/s. The accuracy of wind 
direction also decreased when the wind speed was less than 5 m/s. 
Lei et al. (2016) performed WindSat wind speed comparison with 
NDBC buoys from 2004 to 2013, and also found that errors 
increases when WindSat wind speed is less than 5 m/s or more 
than 17 m/s. For these reasons, the satellite wind velocity data 
corresponding to the low wind speed range of 3 ~ 7 m/s are 
usually excluded in the analysis and comparison study. 

As examined above, since the magnitude of error varies 
depending on the weather conditions and the range of application 
by each researcher, statistical analysis using more satellite and 
buoy data are necessary to estimate reasonable standards for using 
satellite sea wind data. 

 
RESULTS AND DISCUSSION 

HY-2A/MS, WindSat and ASCAT wind data for 6 years from 
2012 to 2017 are compared with wind data observed at IORS and 
BSJI. In terms of wind speed and direction, both accuracy are 
high in order of ASCAT, WindSat and HY-2A/MS, but HY-
2A/MS has the largest observation area among the three satellites 

along the tracks enough to cover the whole strong wind area of 
typhoon. Similar to previous studies on satellite wind data, the 
wind velocities outside the range from 4 m/s to 13 m/s appear to 
have large errors in all three satellites and they also show different 
trends in wind speed and direction error depending on the wind 
speed. 

There have been many studies on QuikSCAT, ASCAT and 
WindSat wind data, but HY-2A/MS sea wind data are recently 
open to research users and  have not been studied yet in Korea. 
We tried to validate HY-2A/MS sea wind data on the adjacent sea 
of Korea by comparing with other satellites as well as two in-situ 
offshore wind data, but it is not enough to calibrate it and make 
standards of it to use for applications. More in-situ wind data not 
only in the waters around Korea but also in the Atlantic and 
Pacific oceans are necessary for comparison to find error 
characteristics of the satellite sea wind data. The validated 
satellite sea wind data will be used for boundary conditions and 
assimilation data for wind prediction model improvement. 
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Figure 3. Residuals of wind speeds and wind directions calculated in 1 m/s wind speed bins of in-situ measurements. The pseudo colors represent residual 
distributions in wind speed bins of 1 m/s × 1 m/s and wind direction bins of 1m/s × 10°. Green, black and red lines represent the RMS, Bias and STD, 
respectively. 
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ABSTRACT 
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Sea fog leads to poor visibility for ship navigation, and thus is a major cause of severe marine accidents such as 
groundings and collisions between ships and unmapped objects such as icebergs. In this study, a temporary GNSS 
observatory was installed at the Gosan weather station on Jeju Island, the largest island in South Korea and located 
along its busiest shipping lanes, to determine the feasibility of using GNSS measurements to observe fog. In Korea, 
the greatest amount of sea fog occurs between April and September. In the South Sea where Jeju Island is located, 
the heaviest fog occurs around July and August. Accordingly, from the 11th to the 14th of August 2009, the 
temporary GNSS observatory was used to collect data describing the perceptible water vapor and an automatic 
weather station was used to measure the mixing ratio in the area of Jeju Island. When analyzed and compared to 
radiosonde and other meteorological data, this data indicated that the GNSS-measured perceptible water tended to 
increase prior to the occurrence of precipitation and fog, while conversely the AWS-measured mixing ratio tended 
to decrease. When fog occurred prior to rain, the GNSS-measured perceptible water decreased, demonstrating that 
it reacts sensitively to the occurrence of fog. It was also found that the increasing trend of the AWS-measured mixing 
ratio was somewhat delayed prior to the occurrence fog, indicating a close relationship between the two. 

  
ADDITIONAL INDEX WORDS: GNSS, precipitable water vapor, sea fog, Jeju Island. 
 

 
INTRODUCTION 

When heavy fog occurs at sea, severe marine accidents such as 
groundings and collisions between ships and unmapped objects 
such as icebergs can occur due to poor visibility, as it becomes 
difficult to observe objects and measure positions. Around 60% 
of marine accidents occur as a result of poor visibility due to fog 
or precipitation (Bergot et al.,2005; Leigh, 1995). Accordingly, 
navigation plans are typically created by properly understanding 
the characteristics of and conditions for the formation of fog. In 
Korea, a large amount of sea fog occurs between April and 
September. Looking at the country’s regional characteristics, it 
can be observed that the fog occurs in the northern part of the East 
Sea when warm, moist air blows over Liman cold currents, while 
in the Yellow Sea and the southwestern waters, fog occurs in June 
and July when warm, moist air from the southwest blows over the 
relatively cold sea surface (Korea Meteorological 
Administration). To account for the difficulties in observation and 
measurement due to poor visibility in fog, it is necessary to 
exercise caution and undertake mitigatory actions such as 
bolstering lookouts, operating a radar, or taking depth 
measurements. On May 12, 2007 near Korea, a vessel called the 
“Golden Rose” was traveling from China to Chungnam, Korea 

when it lost visibility due to heavy fog and collided with a 
Chinese container vessel called the “Jinsheng” and sank, an 
incident that raised awareness of sea fog in the wider community. 
All those on board the Golden Rose were killed by the accident, 
and around eight billion dollars of property damage was incurred 
(Kim, 2007; Moon, 2007). 

In Korea, 13% of all marine accidents between 2008 and 2017 
occurred due to sea fog (Korea National Statistical Office, 2017). 
Sea fog occurs most often from late spring to summer, so special 
caution is required during this time period. In the West and South 
Seas around July and August, sea fog becomes thicker and lasts 
longer if a cold pool occurs in which the water temperature is 
around three degrees lower than that of surrounding seas (Korea 
Meteorological Administration). When sea fog occurs, proper 
visibility distances cannot be ensured, and the risk of collision 
increases significantly for small craft without radars. In this study, 
a global navigation satellite system (GNSS) observatory was 
installed and weather observations were performed on Korea’s 
Jeju Island, which is located along the most active shipping 
channel in Korea, and experiences frequent sea fog and 
precipitation. The observatory was used to analyze the feasibility 
of GNSS-based fog observations. 

 
DATA AND PROCESSING METHODS 

In order to analyze the feasibility of fog observations using 
GNSS, this study installed a GNSS observatory to measure and 
analyze the perceptible water vapor on Korea’s largest island, Jeju 
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Island, which experiences some of the busiest ship traffic in 
Korea. As described in the introduction, most fog in this area 
occurs between April and September in Korea, and in the South 
Sea where Jeju Island is located, the heaviest fog typically occurs 
around July and August (Korea Meteorological Administration). 
Therefore, this study installed a temporary GNSS observatory at 
the Jeju Island Gosan weather station and collected observation 
data for four days from the 11th to the 14th of August 2009. The 
Gosan weather station is located on top of a cliff on the west coast 
of Jeju Island, and is equipped with an automatic weather station 
(AWS), an automated weather measuring device for observing 
various weather factors such as temperature and atmospheric 
pressure. For GNSS weather observations, the surface 
temperature and atmospheric pressure are required (Davis et al., 
1985; Niell et al., 2001). Therefore, in this paper, the surface 
temperature and surface atmospheric pressure observed by the 
Gosan AWS were used to inform the GNSS perceptible water 
vapor (PWV) calculations, and the accuracy of the analysis results 
were verified using simultaneous observations from a radiosonde, 
an upper-air weather observation device. The Gosan weather 
station’s location and observation equipment are shown in Figure 
1 and Table 1.  
 

 
Figure 1. Location of the Gosan weather station on Jeju Island and the 
installed GNSS equipment. 

 
 
Table 1. Positions of GNSS observatores in track of Typhoon NARI. 
 

Latitude (°)  Longitude (°)  Height (m) 

AWS    33.2938                      126.1628    97.425 

GNSS    33.2942                      126.1627   102.702 

 
In this paper, the PWV was calculated using observation data 

from the AWS and the GNSS, the mixing ratio was calculated 
using the AWS observation data, and an analysis was then 
performed to determine the correlation between the calculated 
weather data and weather observation data provided by the Korea 

Meteorological Administration (KMA), such as precipitation and 
fog, in order to investigate the feasibility of observing fog via 
convection zone vapor measurements using GNSS. To do so, the 
mixing ratio r was calculated in grams of vapor existing in 1 kg 
of dry air as follows when the vapor is in a saturation state (Korea 
Meteorological Society, 2005): 

 
𝑟𝑟 = 𝑟𝑟𝑤𝑤𝑈𝑈𝑤𝑤

1+𝑒𝑒𝑤𝑤−𝑟𝑟𝑤𝑤𝑈𝑈𝑤𝑤𝜖𝜖
 , 𝑟𝑟𝑤𝑤 = 𝜖𝜖𝜖𝜖𝑤𝑤

𝑃𝑃−𝜖𝜖𝑤𝑤
  (1) 

 
where 𝑈𝑈𝑤𝑤  is the relative humidity, P is the atmospheric 

pressure, and T is the temperature, taken from the AWS 
observation data;  𝑒𝑒𝑤𝑤  is the saturated water vapor pressure, 
calculated by the Magnus equation log 𝑒𝑒𝑤𝑤 = −2937,4

𝑇𝑇
−

4.9283 log𝑇𝑇 + 23.547, and ϵ is the ratio of dry air molecular 
weight and to the vapor molecular weight, and it isset as 0.622(Ha 
et al., 2010) . 

To process the GNSS observation data, the GPS Inferred 
Positioning System-Orbit Analysis and Simulation Software 
(GIPSY-OASIS) was used with ultra-rapid orbit and clock data 
products. Revisions were made to the ocean loading displacement 
because of phase center variation (PCV) using an absolute 
revision model, to the ocean tidal loading displacement using the 
FES2004 model, and to the change in vapor in the azimuth 
direction, where the threshold altitude angle was set as 10°. The 
amount of convection zone delay was estimated in 5-min intervals 
through a random walk process using a priori numerical values. 
The estimated GNSS-based convection zone delay was calculated 
using the amount of perceptible water vapor as per the Korean 
mean temperature equation(Ha et al., 2010). For validation of 
PWVs derived from GNSS measurements, radiosonde or MWR 
observations are used (Niell et al., 2001). The accuracy of the 
PWV calculated on the basis of the GNSS data was analyzed in 
comparison with the radiosonde data. 
 

RESULTS 
In this paper, a temporary GNSS observatory was installed and 

GNSS-based convecti on zone vapor amounts were calculated at 
the Jeju Island Gosan weather station over four days from the 11th 
(DOY 223) to the 14th (DOY 226) of August 2009. The AWS 
observation data, radiosonde-measured mixing ratio, and 
precipitation and fog observation data provided by the KMA were 
analyzed together. During the observation period, sudden heavy 
rains accompanied by fog occurred regularly at the Gosan 
weather station. The mean temperature was 298.8 K, the mean 
atmospheric pressure was 997.5 hPa, the mean relative humidity 
was 85.1%, and the maximum daily precipitation was 44.5 mm. 
Figure 2 provides the weather conditions (surface temperature Ts, 
surface atmospheric pressure Ps, and relative humidity RH) 
observed by the AWS at the Gosan weather station during the 
observation period. 

Figure 2 shows that there were variations in all measured 
conditions during the observation period, including a temperature 
range of 294.9–302.5 K, an atmospheric pressure range of 991.9–
1003.4 hPa, and a relative humidity in the range of 69–91%. 
Interestingly, on DOY 225 there was an interval in which the 
temperature briefly rose above the mean to its highest value, 
while simultaneously the relative humidity fell below the mean to 
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its lowest value. According to the hourly accumulated 
precipitation data collected by the KMA during the observation 
period (Figure 3), sudden rainfall of around 1 mm/h occurred 
frequently beginning on August 10 (DOY 222), but there was no 
precipitation or fog on DOY 225 when the maximum temperature 
and minimum humidity were recorded. This phenomenon was 
also observed on DOY 227. After a relatively large quantity of 
heavy rain occurred on DOY 226, the weather cleared on DOY 
227. At this time, the temperature again rose and the relative 
humidity fell.  

In this paper, the AWS weather observation data shown in 
Figure 2 was used to calculate the mixing ratio and the GNSS-
measured PWV. This data was then compared to the data 
collected by the radiosonde and the KMA in order to analyze the 
feasibility of observing fog using GNSS.  

 
 

 
Figure 2. Surface temperature Ts, surface atmospheric pressure Ps, and 
relative humidity RH measured by the Gosan AWS between August 11 
(DOY 223) and 15 (DOY 227), 2009. 

 
 

Figure 3 shows the mixing ratio and PWV calculation results 
together with the precipitation and fog observation data. The 
horizontal axis in Figure 3 shows the DOY, while the vertical axis 
shows the mixing ratio (g/kg), PWV (cm), and the hourly 
accumulated precipitation (mm/h). Figure 3 indicates that the 
mixing ratio r and PWV decrease at a similar slope. Particularly 
in the case of the PWV, GNSS and radiosonde measurements 
exhibit very similar magnitude and trend. In general, the 
temperature and humidity sensors of the radiosonde are exposed 
to the outside air, leading to dry bias due to solar heating, 
particularly in the daytime, when solar heat directly affects the 

sensor (Kwon et al., 2007; Turner et al., 2003; Wang et al., 2002). 
owever, in 2008, the radiosonde model used at the Gosan Weather 
Station was changed from model RS80-15L to model GRS DF-
06 to improve performance under dry bias. As a result, as can be 
seen in Figure 3, there is no deviation in the PWV between the 
radiosonde and GNSS data. When using true values for the 
radiosonde-measured PWV, the GNSS results indicated a 
standard error of 0.02 cm and a standard deviation and RMS of 
0.2 cm, indicating that the GNSS-estimated PWV in this study is 
very accurate. However, while the mixing ratio calculated based 
on the AWS surface weather observation data exhibited a similar 
trend to the mixing ratio calculated based on the radiosonde 
observation data, the radiosonde-based mixing ratio is slightly 
larger because the mixing ratio provided by the radiosonde is a 
mean mixed-layer mixing ratio. The average difference between 
mixing ratios provided by the two devices was 1.0 g/kg, with a 
standard deviation of 1.9 g/kg. 
The correlation between the AWS-measured mixing ratio rAWS 
and the GNSS-measured perceptible water vapor PWVGNSS is 
shown in Figure 4, where it can be seen that while the AWS-
measured mixing ratio and GNSS-measured PWV both show a 
linear relationship described by y=0.7x+14.2, the correlation 
coefficient between the two is 0.4, indicating a somewhat low 
correlation between measurements. This is due to the opposite 
trends indicated by the AWS-measured mixing ratio and the 
GNSS-measured PWV, which can be clearly observed in Figure 
3 between DOY 224 and DOY 225. 
 
Analysis 

To more closely analyze the changes in the GNSS-measured 
PWV according to occurrences of fog and precipitation, the trend 
of the relationship between the GNSS-measured PWV and the 
AWS-measured mixing ratio was calculated after ignoring units, 
with the Y-axis scale of the mixing ratio adjusted for legibility, as 
shown in Figure 5. The bias between the AWS-measured mixing 
ratio and GNSS-measured PWV was 12.3. Figure 5 shows the 
AWS-measured mixing ratio, GNSS-measured PWV, KMA fog 
observation times and precipitation, but no radiosonde 
observations. Clearly, the AWS-measured mixing ratio and 
GNSS-measured PWV show opposite trends prior to the 
occurrence of fog or precipitation. Analyzing a specific case on 
DOY 224, before fog occurred, the GNSS-measured PWV 
(dotted line a in Figure 5) increased, while the AWS-measured 
mixing ratio (solid line b in Figure 5) decreased. The same trend 
occurred on DOY 226: before fog occurred, the GNSS-measured 
PWV (dotted line d in Figure 5) increased, while the AWS-
measured mixing ratio (solid line c in Figure 5) decreased. 

The PWV is generally known to increase before rainfall and 
decrease after rainfall (Bevis et al., 1992; Gutman and Benjamin, 
2001). As shown in the section indicated by lines a and b in Figure 
5, the PWV clearly increased before precipitation occurred and 
slightly decreased after the occurrence of fog (A in Figure 5). On 
the other hand, the mixing ratio in section b decreased and then 
somewhat stagnated immediately before the occurrence of fog. 
Unlike other times in the measurement period when fog occurred, 
the section indicated by lines a and b were days on which fog 
occurred prior to precipitation. On DOY 222 and DOY 226, 
precipitation occurred prior to or at nearly the same time as the 
fog. Combining Figures 3 and 5 shows that the GNSS-measured  

223 223.5 224 224.5 225 225.5 226 226.5 227 227.5
290

300

310

T
s 

(K
)

223 223.5 224 224.5 225 225.5 226 226.5 227 227.5
990

1000

1010

P
s 

(h
P

a
)

223 223.5 224 224.5 225 225.5 226 226.5 227 227.5

Day of Year

60

80

100

R
H

 (
%

)

mean: 997.5 hPa

mean: 85.1%

mean: 298.8K



Sea Fog Analysis Using Jeju Island GNSS Observables to Prevent Marine Accidents                                     349 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 91, 2019 

 

 
Figure 3. Time series of the AWS-measured mixing ratio (blue lines), radiosonde-measured mixing ratio (blue circles), GNSS-measured PWV (red 
lines), radiosonde-measured PWV (red circles), KMA fog observation time (light-blue shaded areas), and KMA hourly accumulated precipitation 
(light-blue stems) from August 11 (DOY 222) to August 15 (DOY 227) at the Gosan AWS. 

 
PWV tends to increase prior to precipitation or fog, while the 
AWS-measured mixing ratio tends to decrease prior to 
precipitation or fog. Additionally, the GNSS-measured PWV was 
observed to decrease when fog occurred prior to 
precipitation,while the AWS-measured mixing ratio ceased to 
increase and somewhat stagnated, indicating a close relationship 
between these trends and the occurrence of fog. Therefore, this 
study confirmed that it is possible to observe sea fog by 
combining a GNSS-measured PWV and an AWS-measured 
mixing ratio to perform a complex analysis. Particularly when 
GNSS observation data from island areas where ships and 
navigational aids are used, the meteorological data from these 
islands and aids can be combined to provide reliable fog 
observations in maritime and coastal areas, improving the safety 
along ship navigational routes. 

 
Figure 4. Correlation between the GNSS-measured PWV and AWS-
measured mixing ratio. 

 

 
Figure 5. Time series of the AWS-measured mixing ratio (blue dots), GNSS-measured PWV (red dots), KMA fog observation time (light-blue shaded 
rectangles), and KMA hourly accumulated precipitation (light-blue stems) from August 11 (DOY 222) to August 15 (DOY 227) at the Gosan AWS. 
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CONCLUSIONS 
This study established a temporary GNSS observatory at the 

Gosan weather station on Jeju Island for four days from August 
11 to 14, 2009 to confirm that it is possible to observe sea fog 
using GNSS measurements by analyzing the GNSS-measured 
PWV and an AWS-measured mixing ratio generated by fog and 
heavy rain. Notably, the mixing ratio and PWV exhibited similar 
slopes. In the case of the measured PWV, both the GNSS and 
radiosonde provided data of very similar magnitude and trend. 
When using the PWV data collected by the radiosonde as the 
correct values, the GNSS-measured data exhibited a standard 
error of 0.02 cm and a standard deviation and RMS of 0.2 cm, 
indicating a highly accurate estimate of PWV. On the other hand, 
the AWS-measured mixing ratio and GNSS-measured PWV 
exhibited opposite trends. Before the occurrence of precipitation, 
the PWV was observed to increase, while it was observed to 
slightly decrease after the occurrence of fog. On the other hand, 
the mixing ratio decreased and then somewhat stagnated 
immediately before the occurrence of fog. Additionally, when fog 
was observed to occur before rainfall, the GNSS-measured PWV 
decreased and the AWS-measured mixing ratio exhibited a slight 
stagnation of its increasing trend, indicating a close relationship 
between these measurements and the occurrence of fog. 
Therefore, this study confirmed that it is possible to observe sea 
fog by combining a GNSS-measured PWV and an AWS-
measured mixing ratio to perform a complex analysis of weather 
conditions. 
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Coastlines are changing constantly due to natural forces or artificial activities. As the information on changing 
coastlines is critical for defining the land, acquisition and management of such information is important. To this end, 
this paper proposed a method of extracting the coastline information of area using satellite image acquired by InSAR 
satellite. NIR, satellite imaging technology for coastline extraction, has a disadvantage that it cannot penetrate obstacles 
present in the natural environment such as clouds floating on the earth surface. Since InSAR satellite uses micro waves 
to capture image, however, it is possible to acquire image through obstacles such as clouds. This paper is aimed at 
developing a technique to extract the coastline data via image processing, and algorithms such as Binarization, Noise 
(Salt&Pepper) Canceling, and Canny Edge Detection were used to this end. The algorithm developed was applied to 
the coast of Pohang and the extracted coastline was confirmed. 
 
ADDITIONAL INDEX WORDS: Coastline, InSAR, image processing. 
 

 
INTRODUCTION 

Coastlines are changing constantly due to natural forces or 
artificial development. Identifying and establishing the exact 
form and time-dependent changes of coastlines is expected to 
improve the efficiency of coastal management and contribute to 
overall expansion of spatial information. 

Various studies have been carried out on the coastline 
extraction. Lee, Choi, and Joh (2015) proposed a method to 
extract the coastline data by taking pictures with a small 
unmanned aircraft and putting them through Sobel filter 
algorithm. And Kim et al. (2013) identified lands and waters by 
using binarization values based on Landsat satellite image and 
detected coastlines using edge extraction algorithm.  

In addition to the optical image using the normal RGB band, 
other satellite imaging method capable of extracting the coastline 
is the near-infrared (NIR) band for which related prior arts have 
been developed. First, Liu et al. (2017) used Landsat-8 satellite 
image with superior spatial resolution to extract coastlines 
employing Infusion, ATWT, and AWLP algorithms. And Zhang 
et al. (2013) there employed OBRGIE (integrated edge detection) 
technique to separate land and sea for coastline extraction. 

The satellite image extracted from NIR band were evaluated to 
be useful for extracting coastline as the method extracts only 
terrain data excluding water. As shown in Figure 1 below, 
however, these NIR bands cannot penetrate natural obstacles such 
as clouds, making it difficult to use them without being impeded 
by weather conditions. The InSAR method using the SAR 

satellite image can detect terrain by using microwave-based 
active sensors to transmit weather conditions such as clouds and 
rains. Water can be excluded as well with this method as with the 
optical satellite NIR bands, thereby making it possible to extract 
the coastline regardless of the weather condition. 

Since SAR image can basically penetrate clouds, studies have 
been conducted on coastline extraction using the SAR image. For 
instance, Acar et al. (2016) extracted the coastline automatically 
by processing the SAR satellite image. It would be possible to 
extract coastlines in a more precise environment if the SAR 
satellite image is processed by the InSAR technique. 

The purpose of this paper is to extract coastline from SAR 
satellite image using InSAR method and compare it with the 
results of coastline extraction of NIR band. After the SAR 
satellite image was processed by InSAR method, the provided 
image was then binarized to extract the coastlines. The median 
filter was employed to remove on-screen noises (Salt&pepper) 
caused during the binarization process. Finally, the coastlines were 
detected employing Canny Edge Detection algorithm. 

 
 

Figure 1. Observation obstacles in NIR band image. 
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METHODS 
As described earlier, the method of extracting coastlines from 

the NIR band of optical image is very effective in automatically 
excluding oceans. Since we cannot overcome the weather 
conditions such as clouds, however, InSAR image was used in 
this study. As it is generally accepted that 'the coastlines extracted 
by the InSAR technique are not much different basically from 
those extracted from the NIR band, the authors employed this 
verification method in this study. 

 
InSAR Image 

In the case of optical satellite image such as NIR band, normal 
visible light is measured. The solar energy reflected by the object 
or the thermal energy emitted by the object itself are measured in 
this method. As this method is inevitably impeded by problems 
such as diffraction and opacity depending on weather conditions, 
information can be acquired only in clear weather. As such, these 
conditions are not suitable for constant extraction of the coastline. 
InSAR image is used in this paper in order to compensate for this 
shortcoming. As the SAR satellite uses microwave-based active 
sensors capable of penetrating weather conditions such as clouds, 
it can overcome undesirable weather conditions, thereby 
facilitating continuous observation of coastlines (He, 2006). This 
study used Sentinel-1A satellite imagery to obtain InSAR image. 
The above description is shown in Figure 2. 

 
 

 

 
 
 

 
 
Figure 2. Microwave of SAR satellite (Sentinel-1A) and NIR band of 
optical satellite (Sentinel-2) in bad weather conditions. 

 
 
Image Smoothing 

It is easy to apply binarization to InSAR satellite image but 
they are accompanied by screen noises. The Median Filter was 
applied to remove them. This is a noise elimination filter that 
extracts the intermediate value after sorting out entire pixel values 
included in the given mask region in ascending order, and assigns 
the intermediate value as the value of the pixel located at the 
center of the mask (Sebastiani, and Stramaglia, 1997). The noise 
generated during the binarization process of this study 
corresponds to impulse noise, and the Median Filter is used in 
general to effectively remove it as shown in Figure 3. The next 
mask measures up by 3x3, and the intermediate value is 4 when 
the internal values are sorted out in ascending order. The median 
value in this occasion is defined as the median. Since there are 9 

values in this case, concentration 4, the fifth number from the left, 
is taken and inputted in the center. 

 
 

Figure 3. Application of media filter to mask. 
 

 
Figure 4 shows the process of removing noise from a binarized 

image of an area near the Pohang New Port. In the image on the 
left, we removed sporadic noises on the sea and on the land. If the 
numerical value is adjusted incorrectly, the coastline itself may 
be distorted. Therefore, the value has been optimized over several 
iterations. 

 
 

Figure 4. Binarization image noise reduction. 

 
 
Edge Detection 

The algorithm was developed in 1986, by John F. Canny. In 
this study, the edge detection algorithm was applied after going 
through the binarization and Median Filter. The Canny’s edge 
algorithm has both advantages and disadvantages in performing 
edge extraction. Its advantage is that its performance is basically 
superior to other edge detection-related algorithms, the reason 
being that its error rate is low and the positions of edge points are 
accurately measured. Another advantage in ensuring 
measurement accuracy is that the detector yields only one point 
for each edge point. On the other hand, its disadvantage is that it 
is complicated and the execution takes a long time (Liang, Meng, 
and An, 2011). As this study does not require the level of real-
time application, however, it was decided that it can be overcome. 

Figure 5 shows the process of extracting the edges after 
removing noise from the binarized image of an area near the 
Pohang New Port.  

 
Edge gradient (G) = (√Gx2+Gy2)                           (1)                                      

 
Angle(θ) = arctan(Gy/Gx)                                      (2) 
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The smoothened image of Pohang New Port is filtered 
horizontally and vertically by the Sobel kernel. A first derivative 
of the horizontal direction 𝐺𝐺𝑥𝑥  and the vertical direction 𝐺𝐺𝑦𝑦  is 
obtained. In this study, the edge gradient as shown in Equation (1) 
and the direction as in Equation (2) are found by these two values. 
The gradient direction is perpendicular to the edge. Subsequently, 
edge extraction is performed using this process (Choi, 2006). 

 
 

Figure 5. Edge extraction using canny edge. 

 
 
Coastline Extraction in NIR Band Image 

As mentioned earlier, the end result in this paper was compared 
with the coastlines extracted from the NIR band of the optical 
image. Figure 6 shows the default optical satellite NIR band near 
Pohang. The algorithm was applied based on the satellite image 
taken on a day when the weather condition was good with no 
cloud. 

 
 

Figure 6. Satellite image of NIR band of the coastline near Pohang. 

 
 

The algorithm applied to the NIR band image near Pohang is 
shown in Figure 7. After changing the original image to a gray 
scale image, the noise scattered mainly in the sea was removed, 
before extracting the coastline by employing the Canny edge 
detection algorithm. 

 

 
Figure 7. Coastline extraction algorithm in NIR band. 

 

Coastline Extraction from InSAR Image 
In this paper, the authors applied the image processing 

algorithm to extract coastlines from satellite image that were 
acquired from InSAR. Figure 8 shows the SAR satellite image of 
the coastline near Pohang. The InSAR technique based on SAR 
satellite was applied to the process. 

 
 

Figure 8. SAR satellite image of coastline near Pohang. 

 
 

Figure 9 shows the order in which image processing algorithms 
are applied to the coastline satellite image near Pohang. 
Algorithms such as noise cancellation, binarization, and Canny 
edge detection are used in the process. First, the original image is 
converted to a gray scale image before being binarized. After the 
noise is removed with the median filter, only the coastlines 
extracted via the Canny Edge Detection algorithm are left on the 
black screen. 

 
 

 
 

 
 

Figure 9. Coastline extraction algorithm in InSAR. 
 

 
RESULTS 

The results section of this study contains two topics: coastline 
extraction in the first optical image (NIR band) and coastline 
extraction in the second InSAR image. The key result is coastline 
extraction in InSAR image. However, coastline extraction in 
optical image was also performed to compare the two different 
sets of results. A comparison of the two results is provided in the 
discussion section below. 
 
Coastline Extraction Results from NIR Band 

Figure 10 shows the result obtained after having applied the 
algorithm to the NIR band Image near Pohang. The original 
image is converted to a gray-scale image to apply Canny edge 
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algorithm. As the sea is expressed in black basically, we applied 
the Canny edge algorithm after removing the noise without going 
through binarization process. Finally, the extracted coastlines 
were matched to the original image as shown in Figure 10e. 

Unlike the InSAR Image, the conversion to the gray scale was 
performed as described above in order to extract the edge from 
the NIR band which is an optical image. Since the NIR band 
image displays water as black like InSAR, it was useful for 
coastline extraction as it was the case with InSAR. After 
removing the noise from the sea or land using the image 
smoothing algorithm, the boundary between the sea and the land 
became clearer, thereby making it easier to extract the coastlines 
using the Canny edge. 

 
 

Figure 10. (a) Original image of NIR band. (b) Binarization image. (c) 
Image smoothing. (d) Canny edge detection and (e) Coastline extraction 
in NIR band image. 

 
 
Coastline Extraction Results from InSAR Image 

Figure 11 shows the result of applying the algorithm to the 
InSAR Image of an area near Pohang. The noise was removed by 
the median filter as a result of binarizing the InSAR image, which 

is basically a gray scale image. Finally, the Canny Edge algorithm 
was applied to extract the coastlines. There is a lot of noise in the 
sea as well as in the land in the case of binarization image. SAR 
satellite image is basically black because the satellite cannot 
detect the ocean, while noises are generated due to floating 
objects. 

To explain the algorithm in detail, first, a lot of noise including 
those in the sea was observed as described above in the case of 
Figure 11b in which the binarization was performed. We can 
observe that the noise has been removed by applying the median 
filter as shown in Figure 11c. When the Canny edge detection 
algorithm was applied, we can observe the shape of the coastlines 
as shown in Figure 11d. Finally, we confirmed the accuracy of the 
results by matching the coastline with the original Image as in 
Figure 11e. 
 

 

Figure 11. (a) Original image of InSAR. (b) Binarization image. (c) Image 
smoothing.  (d) Canny edge detection and (e) Coastline extraction from 
InSAR image. 
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DISCUSSION 
The results of this study can be useful for the management and 

observation of coastlines. The coastline can be extracted and 
matched to the original to facilitate visual observation. As such, 
the management of the coastlines and the observation of the 
thermal changes can be realized. The coastline extraction iamges 
of InSAR, the key result of this study, are advantageous in that 
they are not subject to weather conditions such as clouds. Since it 
was judged that the extraction and detection rate of the coastline 
in the existing NIR band should not be decreased significantly in 
order for us to conclude that it is a statistically significant result, 
the verification was carried out by comparing the two different 
sets of results. As shown in the following Figure 12, the 
agreement with the actual coastline for the two extracted 
coastlines was compared. Both the agreement in InSAR and the 
agreement in NIR band were more than 85%. This proves that the 
InSAR image can efficiently extract the coastline without being 
affected by weather conditions. The resolution of the SAR 
satellite (Sentinel-1A) imagery used in this paper was 5 m × 20 
m. There was a limit to acquiring high coastline extraction rates 
using this resolution. In order to increase the coastline extraction 
rate in the InSAR image, it is necessary to acquire and use a 
higher resolution satellite image. 

 
 

Figure 12. Comparison of NIR band and InSAR coastline extraction. 

 
 

In conclusion, the coastline extraction was successful. It was 
easy to observe the entire coastline with this method, but it was 
impossible to perform close observation. In other words, yearly 
amount of difference between the data was necessary when we 
wanted to observe the change of the coastline. As a part of the 
future plan, it would be necessary to carry out the above-
mentioned time series analysis when InSAR data has been 
accumulated in sufficient amount.  

 

CONCLUSIONS 
In this paper, the authors extracted the coastlines by applying 

the image processing algorithm to the satellite image to which the 
SAR satellite-based InSAR technique unimpeded by cloud was 
applied. After that, we compared the coastline extraction image 
and the extent of detection in the NIR band environment which is 
affected by existing cloud. As a result, it was concluded that there 
is no significant difference, thereby proving that the InSAR 
coastline extraction method, which is capable of penetrating 
weather conditions such as clouds, is superior to other methods. 
When these techniques are introduced in practice, it would be 
possible to observe the coastlines for 365 days per year. 
Consequently, it will be possible to perform a time series analysis 
of the changing coastlines. 
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Coastal areas adjacent to the sea are vulnerable to disasters every year due to repeated damage caused by typhoon-
induced tsunamis, seawater flooding, and erosion. As such, a method for comprehensively managing coastal facilities 
and areas vulnerable to danger, based on underwater, aerial, and underground information included in the three-
dimensional (3D) grid system was prepared, which can serve as an objective and scientific data source for the decision-
making involved in effective coastal management. To this end, the concept and roles of the 3D spatial grid system are 
introduced in this study. In addition, through 3D data production and visualization utilizing this method and considering 
the characteristics of coastal areas, a method for comprehensive management of coastal areas through the 3D spatial 
grid system is proposed.  

  
ADDITIONAL INDEX WORDS: 3D Spatial-Grid, coastal area management. 
 

 
INTRODUCTION 

South Korea suffers extensive damage each year due to 
typhoons and storms. Approximately 40% of such damage occurs 
in coastal areas. The damage to coastal areas nationwide due to 
natural disasters over the five years from 2008 to 2012 amounted 
to KRW 431.5 billion, representing approximately 67.1% of the 
total nationwide damage costs. Moreover, the damage is 
increasing due to coastal development, the increasing population, 
and the increasing number of facilities including fisheries and 
leisure activity infrastructure. In addition, considering that coastal 
areas are home to 27.1% of the national population (2012 data), 
natural disasters present a relatively larger threat to coastal areas 
than to the human population. 

In South Korea, the national disaster management system 
(NDMS) is in operation to prevent national disasters, but it is 
difficult to perform preventive management because the system 
is focused on other efforts such as damage alert, overall damage 
calculation, restoration, and relief supply support. The coastal 
areas are subject to direct damage in the event of a typhoon or a 
tsunami, and damage to harbors, fishing ports, and fish farms 
occurs every year. For this reason, the government is currently 
managing coastal areas through various policies. 

However, the existing management system provides spatial 
and attribute information separately due to its use of the two-
dimensional (2D) thematic map listing GIS system. Therefore, 
there are limitations to the efficacy of management of the diverse 
information available about the coastal areas. 

As such, a comprehensive management of the diverse 
information concerning coastal areas, including monitoring, 
prediction, and response, through a system based on the three-
dimensional (3D) spatial grid system is required. To this end, a 
complex management method based on the 3D spatial grid system 
which is capable of comprehensively expressing the various 
characteristics of the coastal areas was proposed.  
 
Overview of 3D Spatial Grid 

The 3D spatial grid system conceptually refers to the system 
that uniformly divides the aerial, ground, underground, and 
underwater spatial ranges. Technically, it refers to the system that 
defines positional values in 3D space in grid form, as well as 
stores and manages such information (Figure 1).  

In addition, the 3D spatial grid system consists of spatial grids 
and spatial tiles, and the coordinate system is based on Transverse 
Mercator (TM) of the GRS80 ellipsoid. The spatial grid system 
uses the octree technique and performs “2n” division by increasing 
the resolution from top to bottom. As for grid ID allocation, IDs 
are assigned by consecutively increasing the numbers along the 
x-, y-, and z-axes with respect to the origin.  

 
 

 
Figure 1. Conceptual diagram of the 3D spatial grid system. 
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Spatially, the system can be managed as a 3D spatial grid 
without space distinction, considering the characteristics of the 
coastal areas with aerial, ground, underground, and underwater 
continuity. Therefore, prediction and rapid response are possible 
using accurate positioning.  

 
METHODS 

The 3D spatial grid system is a subject of consistent research 
and development so that the aerial, ground, underground, and 
underwater information can be comprehensively managed and 
various analyses can be conducted.  

 
Development of Main Functions 

3D spatial grid systems consist of information, core, and 
service areas. The information area is composed of modules 
capable of converting, storing, and managing the data collected 
through linkage to the unique data format of the 3D spatial grid 
system. It integrates various data and stores the information of 
both the ambiguous virtual space and real-world space in the 
system. It stores various data in uniformly divided spaces so that 
aerial, ground, underground, and underwater information can be 
dealt with on a continuous basis. The core area analyzes the real 
world in cubic units, thereby enabling spatial analysis and 
visualization one step beyond the existing methods that analyze 
points, lines, and surfaces. The service area provides a module for 
developing applications based on the 3D spatial grid system. As 
seen, systems based on the 3D spatial grid system are a useful 
spatial information technology capable of integrating and 
managing information from various areas. 

 
Data Management 

The 3D spatial grid system is a technology for the visualization 
of spatial information as well as for management, analysis, and 
visualization of this spatial information by dividing it into grids 
of a certain size in accordance with the determined method. In 
other words, the 2D grid data management technology was 
expanded to 3D in this system. There is also a difference between 
this system and other currently available 3D visualization services. 
In current 3D visualization methods, 3D objects are inputted on x 
and y coordinates based on 2D grids. In other words, all criteria 
are actually on 2D planes, but visualized as if they were in 3D. 
This existing method encounters difficulties in performing 3D 
analyses because it is more like a visualization model than a data 
management system, and the management of data itself is thus 
more difficult (Yoo et al., 2018). Differences in the data 
management method between the 3D spatial grid system and the 
existing 3D modeling method are summarized in Table 1. 

In addition, the existing 3D visualization system utilizes tiles 
as the management unit for the data. It manages the ground 
surface by dividing it into 2D grids of a certain size and displays 
the grids by storing and superimposing required object units in 
each grid. 3D spatial grid system divides the object and stores it 
inside the grid so that all information can be completely included 
in a single grid file without additional external information 
(Figure 2). 

As such, 3D grid data were constructed based on digital maps 
of 2D buildings or facilities, including use of the digital elevation 
model(DEM), collected measurement data (e.g., digital surface 
model(DSM) and obstacle information), and height. In addition, 

3D Level of detail(LOD) was created by applying the octree 
structure and the run length compress(RLC) data compression 
algorithm so that data input, storage, and search functions could 
be available by space type (Figure 3). 

 
Table 1. Differences between the 3D spatial grid system and 3D modeling 
data management methods. 
 

Category 3D modeling 
method 

3D spatial grid system 
method 

Basic 
operation 

Data management in the 
form divided by 2D tiles 
regardless of the height 

Management of all the 
3D information of the 
management target by 
dividing it into grids 

2D Raster 
Converted into 3D 

surfaces through DEM* 
and then visualized 

Converted into 3D 
surfaces through DEM 
and then visualized on 
the grid where the data 

are located 

2D Vector 

Modeled and then 
inserted into the 

reference point as a 
model 

Managed as 3D grid 
data 

3D Raster 

Made into images in tile 
units and visualized on 

the topographical 
surface created through 

DEM 

Made into images in tile 
units and visualized on 

the topographical 
surface created through 

DEM 

3D Vector 

Inserted into the 
designated input points 
in model units and tile 

units 

Data are divided for 
management into grid 

units 

Empty Space  
Management Not supported 

Empty space 
information is made into 
a grid and managed as 

another piece of 
information 

Raster 
Visualization 

Visualization after 
model creation by CPU 

Raster data are 
transferred to GPU and 

visualized 

Vector 
Visualization 

Object-based 
visualization Grid-based visualization 

Data Search 
Data search according 
to the altitude after 2D 

range search 
3D range search 

* Digital Elevation Model 
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Figure 2. 3D spatial grid system data division and storage function: As 
shown in the left-hand figure, object 2 has information in all of the four 
tiles (A, B, C, and D) and settings can be made to prevent duplication 
during visualization, but data duplication occurs nonetheless. However, 
when the grids are loaded as shown in the right-hand figure, object 
duplication due to division does not occur because the object information 
is stored in grids A, B, C, and D, and all the information can be captured 
utilizing a single grid. 

 
 

 

 
Figure 3. 3D spatial grid system implementation and data management 
technology. 

 
 
Visualization and Analysis through the 3D Spatial Grid 
System 

3D visualization and the grid data visualization methods use a 
method of reading a model and then expressing it as a model at 
the appropriate position. As the grid data use the same method as 
Voxel in the 3D spatial grid system, the GPU can be sufficiently 
utilized. As the GPU enables the processing of far more 
calculations than in the existing method, further improvement can 
be expected in terms of speed and convenience (Figure 4).  

In addition, 3D spatial object analysis was made possible in this 
system. In particular, the expression of comprehensive analysis 
results for facilities as well as aerial, ground, underground, and 
underwater spaces was possible through sectional view analysis 
(Figure 5). 

 

 
Figure 4. Visualization through the 3D spatial grid system. 

 
 

 

 
Figure 5. Analysis technique using the 3D spatial grid system. 

 
 

RESULTS 
Control and Monitoring 

At regular time intervals, the areas where disasters had 
previously occurred were identified based on the 3D spatial grid 
system, and surroundings were comprehensively monitored.  

For this, positional information (x, y, and z coordinates), 
topographical information, weather information (e.g., 
temperature, wind direction, and humidity), real-time information 
(sensor information concerning earthquakes and tsunamis), and 
CCTV information are included in the grid information system, 
and comprehensive monitoring is performed (Figure 6). 
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Figure 6. Control and monitoring based on the 3D spatial grid system.  

 
 
Prediction and Analysis 

In the event of a disaster, correlations between the 
corresponding grid, the surrounding grids, and the risk factors are 
comprehensively analyzed. The diffusion path as well as 
vulnerability and risk ranges are predicted and expressed in a 3D 
grid (Yang et al., 2018).  

The positional information (x, y, and z coordinates), 
topographical information, weather information (e.g., 
temperature, wind direction, and humidity), facility information 
(buildings and dangerous facilities), real-time information (sensor 
information concerning earthquakes and tsunami), and other 
information (such as accident history information) were included 
(Figure 7). 

 

 
Figure 7. Prediction and analysis based on the 3D spatial grid system. 

 
 
Response and Support 

Based on the accurate position provided by the 3D spatial grid 
system, information such as appropriate response direction and 
evacuation route can be provided via analysis of information such 
as the diffusion path and range, as well as the complex situation 
by grid. In particular, grid information affected by the movement 
paths of pollution sources was displayed, and the influence of the 

corresponding grid was provided in a comprehensive manner 
(Figure 8). 

 
 

 
Figure 8. Response and support based on the 3D spatial grid system. 

 
 
For this, positional information (x, y, and z coordinates), 

topographical information, weather information (e.g., 
temperature, wind direction, and humidity), analyzed prediction 
information, and real-time information (sensor information 
concerning earthquakes and tsunami) must be included in the grid 
information, and a service module capable of relaying preparatory 
information to citizens is additionally required.  

 
DISCUSSION 

There is a system for coastal area management in South Korea. 
However, the existing management system provides spatial and 
attribute information separately due to the construction of a 2D 
thematic map listing the GIS system that is focused on overall 
damage calculation for the effects of natural disasters. 

The coastal areas of South Korea are vulnerable to disasters 
and considerable damage occurs every year due to typhoons and 
storms. Therefore, prediction and analysis to minimize damages 
as well as services for fast response in the event of a disaster are 
extremely important. To this end, the existing 3D spatial grid 
system was further developed to store diverse information (of 
aerial, ground, underground, and underwater nature) in 3D space 
or to conduct fast analysis, such as for prediction. However, it is 
an issue to comprehensively include massive aerial, ground, 
underground, and underwater information in a grid. As the 
monitoring, prediction, and response directions vary depending 
on data, it is necessary to first discuss which information must be 
selected and stored as basic data. 

 
CONCLUSIONS 

In South Korea, the conventional system for coastal area 
management has limitations in its provision of accurate positional 
information because it uses 2D information to visualize the 
analyzed information in three dimensions. 

The 3D spatial grid system rapidly stores diverse information 
(of aerial, ground, underground, and underwater nature) in 3D 
space and conducts analyses including predictive analysis, thus 



360 Noh, Shin, and Ahn 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

enabling easy information management (Ahn et al., 2013). In 
addition, to effectively manage coastal areas with complex data, 
monitoring, prediction, and response directions were proposed 
based on a system that utilized the 3D spatial grid system. 

Based on the results of this study, it is necessary to prevent 
disasters in coastal areas through the development of various 
analysis models, and to prepare more precise management 
systems in the future. 
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ABSTRACT 
 
Lee, J.; Lee, W.; Lee, H., and Yoon, H., 2019. The settlement analysis of the saemangeum coastal area by the tide 
using D-InSAR. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety 
Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 361-365. Coconut Creek (Florida), ISSN 0749-
0208. 
 
In this paper, the ground settlement of the embankment located on the coast of Saemangeum is obtained using D-
InSAR technique using SAR images. Sentinel-1B images with C-band were utilized and D-InSAR technique is 
performed using SNAP software. To derive the time series, six images are used from February 24, 2017 to March 21, 
2018 to obtain ground settlement through D-InSAR technique. The accuracy of ground settlement is analyzed using 
GNSS constant monitoring station located in Saemangeum embankment. The RMSE value of the ground settlement 
obtained comparing the GNSS constant monitoring station data and D-InSAR techniques is accurate to 0.742mm. In 
addition, a relationship analysis of the ground settlement obtained usng D-InSAR techniques is conducted to analyze 
the change in the tide, one of the causes of the coastal ground settlement 

  
ADDITIONAL INDEX WORDS: Land settlement, D-InSAR, tidal change. 

 
 

INTRODUCTION 
The coastal ground settlement can cause direct damage to 

humans, such as flooding by waves, collapse of buildings and 
destruction underground facilities. In particular, there is a high 
possibility that the reclaimed land that developed mudflats will be 
land subsidence. Because mudflats is a representative soft ground, 
Ground settlement measurement methods include GNSS 
measurements, leveling, InSAR and etc. The InSAR technique 
carried out in this study has the advantage of no time-space 
constraints, as it observes ground settlement through remote 
senisng of a wide range of areas over other ground settlement 
observation methods. InSAR techniques are used to accurately 
measure surface displacement using phase differences in several 
SAR images. InSAR techniques vary depending on the number of 
images such as D-InSAR, PS-InSAR, and SBAS. Using the 
InSAR technique, there is a variety of seismic-induced ground 
sinking (Massonnet et al., 1993), surface displacement studies 
(Raymond and Rudant, 1997), and observation studies of glaciers 
(Kwok and Fahnestock, 1996), Research on reclaimed land, a 
representative soft ground, was also carried out using the InSAR 
technique. A maximum 40 cm ground settlement was observed in 
Shanghai (Peter et al. 2007) and a maximum ground settlement 
of 5.8 mm per year in Macau (Jiang, Lim, and Cheng, 2011). In 
this paper, the ground settlement of Saemangeum coast 
embankment, one of Korea's reclamation sites, was obtained 

using D-InSAR techniques. In addition, the association is 
analyzed to find change in the tides, which are factors that could 
affect the ground settlement of Samangeum embankment. 
Saemangeum embankment is 33.9 kilometers long, it was 
constructed for reclamation of Saemangeum reclamation sites. It 
was deemed necessary to study ground settlement in the area, as 
the issue of ground settlement was raised due to the development 
of mudflats as well as ecological changes during reclamation of 
Saemangeum land. As the landfills for Saemangeum have not yet 
been completed, it is hoped that the ground settlement of the 
embankment could be found to affect ground settlement of the 
completed landfiils. In addition, a correlation analysis was 
conducted on the variation of the tide affecting coastal ground 
settlement. As the variation in the illumination changes every 
18.6 years, the association is drawn to consider the possibility of 
predicting the ground settlement of the Saemangeum 
embankment to be predictable. 
 

THEORETICAL BACKGROUND 
SAR Image 

Synthetic capture radar (SAR) refers to the launch of radio 
waves from a satellite and producing the satellite's travel distance 
and reflected radio waves in a two-dimensional picture during its 
return to the surface. Because the SAR images are a method of 
using radio transmission, unlike optical satellites that use visible 
light, the reflection of transmitted radio waves is closely related 
to the accuracy of the SAR images. Although the accuracy of the 
SAR images is high in urban areas where the reflectivity of the 
radio waves is high, the accuracy of the SAR images is relatively 
low in mountainous and agricultural regions. In addition, the 
accuracy of the SAR images is affected by the band frequency 

 www.cerf-jcr.org 

www.JCRonline.org 

†School of Civil, Architectural Engineering, and 
Landscape Architecture 

Sungkyunkwan University 
Suwon, Republic of Korea 
 
 

††Interdisciplinary Program in Crisis, Disaster and 
Risk Management 

Sungkyunkwan University 
Suwon, Republic of Korea 
 
 

____________________ 
DOI:  10.2112/ SI91-073.1  received 9 October 2018; accepted in 
revision 14 December 2018. 
*Corresponding author: yoonhs@skku.edu 
©Coastal Education and Research Foundation, Inc. 2019 



362 Lee et al. 
_________________________________________________________________________________________________ 

 

Journal of Coastal Research, Special Issue No. 91, 2019 

used by the SAR sensors. Wavelengths used in SAR sensors are 
usually used by L-band (15 – 30 cm), C-band (3.75 – 7.5 cm), and 
X-band (2.4 – 3.75 cm), and reflectivity increases as frequency 
increases. In this thesis, six images of Sentinel-1b (C-band) were 
used. The image date is Table 1 and the image used is Figure 1. 

 
Table 1. Sentinel-1b image date. 
 

Sentinel-1b image date 
2017.02.24 2017.04.13 
2017.06.18 2017.09.10 
2017.12.15 2018.03.21 

 

 

Figure 1. The range of satellite image of Sentinel1-b, including 
Saemangeum embankment. 

 
 

InSAR Technique 
InSAR is a method to correlate two or more SAR images to 

identify surface displacement based on changes between the two 
images. In this case, the images that are the basis for mutual 
agreement are called main images and the images used for 
comparison are called negative images. In order to achieve 
convergence and density of main and sub-image, the reflectivity 
of main images and sub-image reflectivity is first produced. In 
this case, the intensity of the main and sub-image is obtained for 
each pixel in the reflected image, and the higher the density 
obtained, the less noise that occurs during interception. In 
addition, when two or more SAR images are combined, the 
interference patterns of radio waves caused by wavelength 
interference of radio waves are analyzed through a multiple 
number of multiplication to produce phase-between images. The 
phase-interference images shall be coordinate registration with 
the accuracy of the images, and the phase values shall be shown 
as the values of the -π and π intervals. Phase intervention is 
defined by the following Equation. (1). 

 
x(t)= Acos (wt+φ) (1) 

  
where, x(t) denotes Phase Interferogram, A denotes Amplitude, 

ω denotes Angular Frequency and φ denotes Phase Angle. 
To analyze the phase value as the actual generated surface 

displacement, a phase unloading process is required to integrate 
the phase difference between adjacent pixels. Phase failure results 
in the change of the value of phase to the length unit, which is the 
final indication of the change in the surface. In this paper, we used 
goldenstein to disable the phase. Golden Stain is defined by 
Equation. (2). 
 

H�fx,fy�=S{|Z((Fx,FY)|}a∙Z�fx,fy� (2) 
 

Table 2 shows the main and minor images used in this thesis. 
Figure 2 shows the reflection images that can be obtained from 
the master image and slave image. Figure 3. is a map of coherence, 
interferogram, and displacement map. 

 
Table 2. Master image and Slave image date. 
 

Master image Slave image 

2017.04.13 2017.02.24 

2017.06.18 2017.04.13 

2017.09.10 2017.06.18 

2017.12.15 2017.09.10 

2018.03.21 2017.12.15 

 

 
Figure 2. Example of a reflectivity map that has co-registration of the 
Master image and Slave image. 

 
 

 
Figure 3. Example of Coherence map, Interferogram map and 
displacement map in the process of the InSAR technique. 
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D-InSAR Technique 
D-InSAR is a technique of determining the phase difference 

from two SAR images (Master image, Slaver image) acquired in 
the same region and measuring the elevation and surface vertical 
change of the surface. D-InSAR techniques are divided into 
various subsections according to how to eliminate terrain relief 
such as 2-pass, 3-pass and 4-pass, among which 2-pass methods 
are most commonly used, using DEM data and two SAR images. 
Since D-InSAR uses only two SAR images, the coherence 
between master images and slave image significantly affects the 
surface change. Cohernece is affected by the baseline  and the 
time of the satellite image. Therefoe for D-InSAR techniques, it 
is necessary to know the baseline of the correct satellite, and the 
shorther the time gap between images, the higher coherence can 
be extracted. The D-InSAR technique’s flow chart is Figure 4. 

 

 
Figure 4. D-InSAR’s Flow chart. 

 
 
A Change of Tide 

Chnage of tide may affect ground settlement of the 
embankment. Thus, the association is analysed for changes in the 
tide that could affect the ground settlement of the Saemangeum 
embankment. The tidal data used the data from Gunsan and Wido 
tide observatory station. Since ground settlement obtained using 
D-InSAR technique is a cumulative change in the image date 
interval, the cumulative tidal variation is calculated and compared. 
Gunsan tide observatory station datas are null from June to 
August 2017. So data from null periods used the data predicted 
using Harmonic Analysis. Equation (3) is an expression of the 
harmonics analysis. 

 

n= a0+ � ai× cos�wt-φi�
n

i=0

 
 

(3) 

 
Because ground settlement obtained using the D-InSAR 

technique is cumulative change by image period, the tide data is 
also compared by calculating cumulative change. 

 
RESULT 

Figure 5 shows the results of the ground settlement of the 
Saemangeum embankment obtained using the D-InSAR 
technique. 
 

 
Figure 5. D-InSAR results between SAR images of each period. 

 
 

Saemangeum embankment achieved results from both 
settlement and uplifting over time. Although it can be seen that 
the ground change patterns of the embankment are entirely 
similar, the results of the near Shinsido are different. The reason 
fo the different trend is that the coherence of the embankement is 
influenced by the cohrenece of the Shinsido when the 
displacement map is produced. D-InSAR results according to the 
layer of the results are defined in Table 3. 
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Table 3. D-InSAR result of Saemangeum GNSS continuous observatory 
area. 
 

D-InSAR result of Saemangeum GNSS contunous observatory area 

2017.02.24~2017.04.13 - 2.3 mm 

2017.04.13~2017.06.18 + 1.1 mm 

2017.06.18~2017.09.10 - 4.2 mm 

2017.09.10~2017.12.15 + 6 mm 

2017.12.15~2018.03.21 0.00 mm 

 
The results of the Saemangeum GNSS monitoring station 

located in the Saemangeum desorber were compared to determine 
the accuracy of the changes in the ground obtained using the D-
InSAR technique. Table 5 calculates the values of the GNSS 
permanent monitoring station results and ground changes by 
image date period and the RMSE values. The accuracy of the 
RMSE value is 0.742 mm. 

 
Table 4. Comparison of D-InSAR and GNSS data. 
 

 D-InSAR 
result 

GNSS 
data 

2017.02.24~2017.04.13 - 2.3 mm - 3 mm 

2017.04.13~2017.06.18 + 1.1 mm + 1.4 mm 

2017.06.18~2017.09.10 - 4.2 mm - 3.3 mm 

2017.09.10~2017.12.15 + 6 mm + 5.3 mm 

2017.12.15~2018.03.21 0.00 mm + 0.6 mm 

RMSE 0.742 mm 
 

Table 5 shows the cumulative tidal varation according to the  
image date spacing between Gunsan and Wido tide observatory 
station.  
 
Table 5. Cumulative tidal variation. 
 

Cumulative tidal variation Gunsan tide observatory station 
2017.02.24~2017.04.13 + 369 m 
2017.04.13~2017.06.18 + 42 m 
2017.06.18~2017.09.10 + 56 m 
2017.09.10~2017.12.15 - 97 m 
2017.12.15~2018.03.21 + 413 m 

Cumulative tidal variation Wido tide observatory station 
2017.02.24~2017.04.13 - 131 m 
2017.04.13~2017.06.18 - 309 m 
2017.06.18~2017.09.10 + 224 m 
2017.09.10~2017.12.15 - 414 m 
2017.12.15~2018.03.21 + 387 m 

 
The Figure  6 is a graphical representation of the Table 3 and 

the Table 5. 

 
Figure 6. Compare D-InSAR and cumulative tidal variation. 

 
 

When comparing the corresponding result graphs, it can be 
seen that the changes in the ground obtained by the D-InSAR 
technique tend to be reverse to the changes in the cumulative tidal 
varation. 
 

DISCUSSION 
D-InSAR technique are used during the study to obtain 

maximum settlement of – 4.2mm and maximum uplift of +6mm 
in the Saemangeum embankment. Results using D-InSAR 
techniques and GNSS continoust observatory stations have an 
accuracy of 0.742mm to ensure the reliability of the data. It can 
be inferred that the cumulative of tidal variation and the 
cumulative change in the ground tended to be reverse and that the 
ground change repeated rise and fall as the cumulative tidal rise 
and fall. 
 

CONCLUSION 
The ground settlement of the Saemangeum embankment is 

within allowable ground settlement of the soft ground in mm. 
However, it is considered that continuous monitoring is necessary 
since road and building loads after the reclamation project 
completed. In addition, the test-bed of the study is small, and 
further study is deemed necessary. 
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ABSTRACT 
 
Kim, I.H.; Kim, J.H.; Nam, J.M.; Lee, H.S., and Song, D.S., 2019. Monitoring of coastal geomorphological changes 
in Wolchun Beach after LNG base construction. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), 
The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 366-370. 
Coconut Creek (Florida), ISSN 0749-0208. 
 
Constructions of industrial facilities nearby coastal region often break a natural equilibrium between sediment budget 
and littoral current condition. The Wolchun beach, which is facing East Sea of South Korea, had a longshore stretch of 
1.9 km before the LNG storing base was constructed. In this study, we analyzed the change patterns of the Wolchun 
beach topography caused by the installation of artificial structures, as well as coastal geomorphological changes. The 
control points in the study area were divided into 8 sections, each spaced 50 m pitch apart, for the trend analysis of the 
beach profiles. Also, the sea zone with 1.35 km2 area was divided into 6 sections with 300 m × 750 m per section, for 
the monitoring of water depth variation. The surveying results show that the area of the northern side of the Wolchun 
beach near the LNG storage base was continuously increased due to the accumulation of sediment after the construction 
of LNG base. On the contrary, the continuous erosion occurred on the south side of Wolchun beach, and it was observed 
that the water depth near the surf zone is deepened. Also, the bathymetric change of the test area was occurred actively, 
and the significantly unstable change of water depth in the region of about -10 m ~ -15 m was confirmed to be generated 
by the breakwater with the disrupting of operable wave condition. It is found that the natural equilibrium has been 
collapsed along the unexpectedly formed shielding zone after the construction of the LNG base and the breakwater on 
the outside of the base. 
 
ADDITIONAL INDEX WORDS: Geomorphological change, coastal erosion, Wolchun beach, LNG base. 
 

 
INTRODUCTION 

The coastal area is affected by the marine environment and the 
land environment, and the population has been densely populated 
and various human activities have been done. The active coastal 
zone (sometimes also called active coastal profile) will always 
inclinable to a state of dynamic equilibrium. The sand coast 
condition at equilibrium is not static, but fluctuates around the 
equilibrium condition in response to aperiodicity in oceanic 
factors (tidal cycles, wave climate) and sediment supply. These 
coast aperiodic patterns correspond to alternating stages of 
erosion and accretion. Structural erosion or accretion can only 
occur in immediate response to structural changes in the 
hydrodynamic states, in structural changes in sediment supply or 
in subsurface soil motion. These structural changes can have a 
natural or a human causes.  

Coastal structures interfering with the sediment transport are 
the most common cause of coastal erosion. The presence of the 
structure has a series of effects (Mangor et al., 2017):  

 
 Trapping of sand at the upstream side of the structure 

that reduces sand supply to the adjacent shores. This causes 

mostly erosion at the river mouth, but large structures may also 
cause (initial) erosion on the upstream side. 
 Loss of sand to deep water. 
 Blockade of river mouth and sand deposition in harbors. 

Sand is often deposited in deep water after being removed by 
dredging. 

 
The coastal structures, which may cause beach erosion, are:  
 Groins and barricade erected to arrest shifting of the 

sand 
 Ports 
 Jetties at tidal inlets and river mouths 
 Offshore breakwaters 
 Land reclamations in coastal area 
 
The types of accretion and erosion nearby coastal structures 

depend among other things on:  
 The seasonal wave and its incidence direction 
 The extension of the coastal structure allows for the 

width of the surf zone 
 The detailed form of the coastal structure (van Rijn, 

2011). 
 
Coastline change analysis and shoreline prediction as well as 

seabed geomorphology investigation are essential part for the 
Integrated Coastal Zone Management (ICZM), and are 
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conventionally performed by field and aerial surveying. During 
the last decade, several researches have been discussed an 
alternative cost-effective methodology involving satellite remote 
sensing images, Airborne Laser Bathymetry (ALB) and statistics 
(Finkl et al., 2005; Hanson et al., 2010; Kim and Lee, 2011; Maiti 
and Bhattacharya, 2009; Nobi et al., 2010; Song et al., 2013; 
Vollmer et al., 2015). Multi-date images which were captured by 
aerial vehicle have been used to demarcate shoreline positions, 
from which shoreline change rates have been estimated using 
linear regression. 

Constructions of industrial facilities nearby coastal region 
often break a natural equilibrium between sediment budget and 
littoral current condition. In this study, we analyzed the change 
patterns of the Wolchun beach topography caused by the 
installation of artificial structures, as well as coastal 
geomorphological changes. Also, this study integrated the 
surveying results on the changes in the planar areas among the 
results of the coastal-erosion monitoring conducted to assess the 
effects of coastal erosion, and the bathymetric data for 
geomophological change analysis acquired from a single beam 
echo-sounder. 

 
METHODS  

Study Area 
The study area is the Wolchun beach which is located in the 

east-middle part of South Korea. This beach is about 1.9 
kilometers and the area is about 8,264 m2 before the LNG base 
installed (Figure 1). The Gakok river is adjacent to this beach, and 
a sufficient sediment supply by this river was inpoured to this 
beach. However, due to site renovation for the LNG storage base, 
the flow of the stream is partially blocked, so that the seasonal 
equilibrium of this beach has been disrupted.  

 
 

 
Figure 1. Location map of Wolchun beach before/after LNG storage base. 

 
 

Preliminary Analysis 
Before analyzing the topographic changes after the LNG base 

construction, the preliminary study using aerial photos was 
analyzed the state change of the study area. The shoreline of the 
study area was mapped using aerial images which were taken by 
the National Geographic Information Institute (NGII) during 
three times (2005, 2010, 2015). The Digital Elevation Model 
(DEM) for a production of orthometric image was created using 
the national digital map with scale of 1:5,000. The commercial 
software PG-STREAMER v.4.2 was used for an acquiring 
orthoimage from the aerial photos. While the analysis of the 
shoreline with a large tidal range requires tidal level adjustments 

through the information on the shot time, the tidal range of the 
study area is less than 20 cm and is smaller than the sea level by 
waves, and therefore, such an adjustment due to the tidal range 
was not considered in determining the shoreline (Kim et al., 2013). 

Figure 2a shows the change of coastal line and beach planar 
area by analysis of aerial photo in the Wolchun beach. There is 
no clear change between 2005 and 2010. However, in 2015, the 
area in the section A could not be calculated due to a compulsory 
image editing related to the important national facilities, and a 
remarkable increasing of the area in the B section and a large 
reduction in the C section were occurred (Table 1). 

 
Table 1. Changes of planar area of study region. 
 

 
After the LNG base was constructed, the shape of Wolchun 

beach has been clearly changed. More detailed quantitative 
analysis results about the beach width and area are shown in 
Figure 2b. The beach width in the CP10 was increased about 162 
m on November 2015 (after the LNG base completed), whereas 
the width at the CP13 in the section C, below the Hosan harbor 
which is in the south of littoral cell, was decreased as 89 m 
compared to the data on September 2010.  

 
 

 

      
Figure 2. (a) Overall change status of coastal line and beach area by 
analysis of aerial photo; (b) Quantitative analysis result of beach width 
between September 2010 and November 2015. 

 

Month/Year Area (m2 ) 
section A section B section C 

05/2005 35,156 81,644 31,580 
09/2010 33,228 83,920 32,067 
11/2015 - 101,131 9,142 

(b) 

(a) 
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Field Surveying 
The shoreline and beach profile surveying including a cross 

section were performed using the Virtual Reference Station (VRS) 
service of the National Geographical Information Institute (NGII) 
of South Korea. Equipped with the Differential Global 
Positioning System (DGPS), the researchers traveled along the 
shore at low speed either on foot or via a mobile platform such as 
an amphibious vehicle (Song et al., 2013). A total seven beach 
profile surveying, at least over three times, were carried out using 
VRS GNSS equipment in January, July 2012, and May, 
December 2013, and December 2014, 2015, 2016, respectively. 
For the cross-shore section survey, the interval in each beach was 
compartmentalized by every 300 m from the control point 
installed on the littoral drift cells. As shown in Figure 3, the 
control points in the study area were divided into 8 sections, each 
spaced 50 m pitch apart, for the trend analysis of the beach 
profiles. Also, the sea zone with 1.35 km2 area was divided into 6 
sections with 300 m × 750 m per section, for the monitoring of 
water depth variation using single beam echosounder. 

 

 
Figure 3. Surveying plan between land area and marine zone. 

 
 

RESULTS 
Beach Profile Surveying Results 

Figure 4a shows that the beach width was generally increased 
between CP 01 and CP 05 after the LNG base construction 
installed. However, the beach width during same period was 
reduced by over 40 m in CP 06, 07, and 08.  

There is no an obvious change of beach planar area between 
CP 01 and CP 02 during the construction site. Meanwhile, the 
area has been increasing ongoing until December 2013 between 
CP 03 and CP 06, but it has been decreasing since December 2014. 
In CP07~ CP08, the planar area has been continuously decreasing 
since the completion of the waterproofing work in January 2012. 

As shown in Figure 4c, the cross-shore profiles in the study 
area are relatively a gentle slope. The surveying data revealed that 
the cross-shore slope in CP 01 and 02 have been increased 
steadily, so that it shows a deposition tendency since 2012. Also, 
along two transects on southern part (between CP 07 and 08), a 
steep slope was formed to offshore direction.   

 
Bathymetric Change Results 

The echo sounding results show that the area of the northern 
side of the Wolchun beach near the LNG storage base was 
continuously increased due to the accumulation of sediment after 
the construction of LNG base (Figure 5). On the contrary, the 
continuous erosion occurred on the south side of the Wolchun 
beach, and it was observed that the water depth near the surf zone 
is deepened. 

 

 

 

 
Figure 4. Beach profile montoring results: (a) beach width (m); (b) beach 
planar area (m2); (c) cross-shore profile (m). 

 

(a) 

(b) 

(c) 



Monitoring of Coastal Geomorphological Changes in Wolchun Beach after LNG Base Construction                            369 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 91, 2019 

 

Figure 5. Water depth contour maps collected by sing beam echo 
sounding.

 
Also, the bathymetric change of the test area was occurred 

actively, and the significantly unstable change of water depth in 
the region of about -10 m ~ -15 m was confirmed to be generated 
by the breakwater with the disrupting of operable wave condition 
(Figure 6). It is found that the natural equilibrium has been 
collapsed along the unexpectedly formed shielding zone after the 
construction of the LNG base and the breakwater on the outside 
of the base. 

 
DISCUSSION 

Figure 7 depicts the results of six depth measurement along the 
six sections. From ST 01 to ST 04, the dynamic changes of the 
sediment transportation are observed in the depth of 10 m to 15 
m. After the construction of the LNG base, it is analyzed that the 
change of the depth of water continuously increases due to the 
collapse of the seasonal equilibrium state due to the formation of 
the shielding zone which prevents the movement of the sand. 

 

 
Figure 6. Comparison results about bathymertic change. 

 

 

 
Figure 7. Water depth change for each section. 

 
 

CONCLUSIONS 
As the direction of the longshore current was blocked around 

breakwater of the LNG bases during the N~NE wave during a 
winter season and resulted in the formation of a shielding zone, 
wave traveled to the southern area. As a result, the sediment 
accretion occurred in the CP 01 or 02 zone while extended erosion 
resulted in the CP 07~08 zones, the southern part of the shielding 
area. Due to the outside seawall's effect, the erosion of the 
Wolchun beach worsened (Figure 8). 

As the north direction of the longshore current of the S~SE 
wave flows in the summer is dominant, extended accretion 
occurred in the area which is adjacent to LNG bases. In the winter, 
when waves approach from the north-northeast, the longshore 
current is diffracted into the inner area of breakwater. As shown 
in Figure 8, the breakwaters were influenced on the altering of the 
effects of ocean waves, currents and sediment movement. As a 
result, the shielding zone on the sea and the land has been built. 

The longshore transport is characterized by a combination of 
sediment moved along the seabed (Mangor et al., 2017). Even 
when the sand is in suspension it is still relatively close to the 
seabed because of the relatively high fall velocity of sand grains. 
This means that any change in the hydrodynamics or bathymetric 
conditions will "immediately" result in a corresponding change in 
the transport capacity and therefore also in the morphology. This 
results for instance in the typical accumulation of sand behind 
even a relatively short, detached, coastal breakwater, as the 
accumulation of sand reflects the “immediate” response on the 
attenuated transport capacity behind the breakwater. 
Consequently, prior to the construction of coastal structure, it is 
necessary to establish a reasonable plan to maintain the stability 
of the coast by monitoring the characteristics of the target coast. 
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Figure 8. Patter diagram for blocking of seasonal wave flow and formating 
of shielding zone caused from construction of LNG base. 
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Sediment from rivers has created a vast tidal flat over the west coast of Korea. The topography of the area is critical to 
the fishing industry and pollution purification, and it is a dangerous area causing fatal accidents due to the depth and 
steep slope with the tidal flow. Topographic information of the area needs to be obtained and monitored periodically 
for rapid changes due to periodic tides; however terrestrial surveying of the area is limited by poor accessibility. For 
this reason, it would be better to use remote sensors, such as satellite or aerial sensors, which differ in terms of spectral 
bands, spatial resolution, and coverage. This study integrated data from the three platforms, processed the data through 
synthetic aperture radar (SAR) interferometry and stereo aerial photogrammetry to generate separate Digital Elevation 
Models (DEMs), and then fused these into a final product using three-dimensional (3D) point cloud matching. The 
product was used for automatic extraction of tidal flat channel information by analyzing tidal flat topography and 
deriving channel depth and width. 
 
ADDITIONAL INDEX WORDS: Tidal flat, multi-sensor, remote sensing, digital elevation model, channel 
extraction. 
 

 
NTRODUCTION 

Tidal flats are wetlands that form within coastal regions when 
sand or mud is deposited by tides or rivers. These areas are 
economically valuable and environmentally healthy geographical 
features because rivers transport sediment and organic matter to 
them, supporting a diverse ecosystem. The areas are also critical 
for pollution purification and the fishing industry as well as 
preventing coastal erosion (Reppert et al., 1979). Over 2,109 km2 
of tidal flats are found on the west coast of Korea. The tidal flats 
formed from the sediment of rivers in Korea and China. The 
Korean Ministry of Oceans and Fisheries has estimated the value 
of tidal flats as approximately USD 50,000 per ha. 

Although tidal flats are important, they can be dangerous places 
for human access as their uniquely muddy topographic features 
are submerged and exposed approximately twice daily. It is not 
easy for humans to move around in these conditions, and 
becoming stuck can be very risky due to the rising tide. These 
conditions led to 17 reported casualties in Korea from 2011 to 
2015. As a preventative measure, the Korea Hydrographic and 
Oceanographic Agency (KHOA) created topographic data for 
these tidal flats using light detection and ranging (LiDAR).   

Tidal flat topography should be periodically mapped to account 
for rapid changes caused by periodic tidal fluctuations. Among 
the topographic features of tidal flats, tidal channels are the most 

important in the coastal and tidal environment. As the tide rises, 
sea water flows into the bank until it overflows over levees and 
becomes sheet flow. Tidal channels are further classified into tidal 
grooves, gullies, and creeks depending on the depth and span of 
the channel. Therefore, research has been conducted on the 
change of width, depth, and velocity with discharge at various 
cross sections and along the length of the channel, showing that 
the estuarine channels differ from terrestrial channels (Hughes, 
2012; Myrick and Leopold, 1963).  

Difficult access to tidal flats hinders traditional terrestrial 
topographic surveying methods, resulting in the requirement to 
collect data remotely in order to map the tidal flat. For example, 
(Fagherazzi et al., 1999) proposed a method to automatically 
extract tidal channel networks from topographic data and aerial 
photos using a combination of the threshold elevation and the 
threshold curvature. (Ryu, Won, and Min, 2002) evaluated the 
waterline extraction method to monitor the tidal flat environment 
using medium resolution satellite data such as a Landsat thematic 
mapper. (Lohani et al., 2006) investigated the use of multispectral 
data including line scanner data, aerial photos, and LiDAR for 
channel extraction. (Ahn, Lee and Kim, 2011) utilized high 
resolution digital aerial images to generate a digital elevation 
model (DEM) of the tidal flat in Suncheon Bay in Korea. Recently, 
(Kim et al., 2016) reported the suitability of unmanned aerial 
vehicles (UAV) for tidal flat surveying, generating a DEM with a 
geometric error less than 30 cm. 

Various types of remote sensors are available for topographic 
mapping of tidal flats, including optical satellite sensors, satellite 
radar sensors, LiDAR, and aerial cameras. Each sensor has 
advantages and disadvantages. Satellite sensors have a large 
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swath that enables cost-effective mapping over large target areas, 
but they provide lower spatial resolution than aerial cameras. 
Aerial cameras provider higher spatial resolution with high 
geometric accuracy, but the operational cost is high and it is 
limited by severe weather and flight restrictions. Recently, drones 
have gained popularity by enabling cost-effective and accurate 
mapping for local regions where the required coverage is limited.  

This study tested the use of multi-sensory remote sensor data 
for the efficient creation and rapid update of tidal flat topographic 
information as a form of DEM. First, satellite interferometric 
synthetic aperture radar (InSAR) data was used to generate a low 
resolution DEM covering a broad area. Second, aerial photos 
were used to produce a moderate resolution DEM by 
photogrammetric processing, though this was noisy near water. 
Third, a low-cost drone was used to generate a high resolution 
DEM for rapid updates over specific points of interest. Finally, 
DEM fusion by three-dimensional (3D) elevation matching was 
conducted to generate the final DEM. In addition, tidal channel 
information was automatically extracted by applying a 
hydrological process to the DEM to identify the channel network 
before performing local topographic analysis along the channel 
network to extract channel width and depth.  

 
METHODS 

Initial data acquisition involved acquiring single-pass InSAR 
images from a satellite platform and aerial photos from a manned 
aircraft and an unmanned drone. Each data set was separately 
processed for individual DEM generation, followed by fusion for 
the final DEM used to extract tidal channel information such as 
width and depth. A methodological flowchart is presented in 
Figure 1.  

 
 

 
Figure 1. Flowchart of the study.

 
 

SAR Interferometry 
SAR is a system for transmitting and receiving electromagnetic 

microwaves to generate a two-dimensional image. The acquired 
image includes the degree of scattering from the ground surface 
and the distance information (phase) between the satellite and the 
ground surface. By combining two SAR images of the same 
region taken from slightly different angles, it is possible to 
calculate elevation information sufficient for DEM generation. 
SAR interferometry uses Equation (1). 

0
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4 flat

rz
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θλ φ

π ⊥

= −
   (1) 

flatφ = corrected 

interferometric phase with 
respect to the flat earth  

0
B⊥

= perpendicular baseline 

between two SAR satellites  

r  = distance between the 
satellite and the surface 

  

0θ  = incidence angle 

 
If Equation (1) is differentiated by the phase, the elevation 

corresponding to 2π is represented by Equation (2), which is the 
ambiguity height (

ah ). 
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For a higher precision DEM, a smaller value of ambiguity 
height is required. Very precise DEM is required because tidal 
flats have very little elevation change. In other words, DEMs 
needed to be generated using two SAR data sets obtained with a 
long baseline. 

 
Aerial Photogrammetry 

Aerial photos acquired from an aircraft and low-cost drone can 
be processed based photogrammetric methods including key 
point matches for tie point extraction and bundle adjustment for 
estimating the exterior orientation parameters such as positions 
and attitudes at the time of photo acquisitions. When ground 
control points (GCPs) are available, the information can be used 
for bundle adjustment for better positional accuracy. After 
completing bundle adjustment, dense stereo matching is carried 
out to reconstruct the ground coordinates X,Y,Z  in Equation (3). 
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  (3) 

,x y = photo coordinates 

0 0,x y = principal points 
X,Y,Z = ground coordinates 
(target information) 

L L LX ,Y ,Z = position of the 
perspective center at the time 
of image acquisition 

M  = rotation matrix of the 
camera attitude (roll, pitch, 
yaw) 

f = focal length 
1 2 3, ,K K K = radial lens 

distortion parameters 

1 2,P P = decentering lens 
distortion parameters 

1 2,b b = in-plane distortion 
parameters 

 
3D Matching and Fusion 

DEMs produced by SAR interferometry and aerial/drone 
photogrammetry are fused into a single DEM by 3D matching. 
First, aerial and SAR DEMs are matched and fused by setting the 
aerial DEM as the reference due to its higher positional accuracy. 
This first fused DEM is then matched and fused with the drone 
DEM by again setting the former as the reference because the 
positional accuracy of drone DEM is not high when processed 
without GCPs. The 3D matching can be carried out using the RT-
method (Rosenholm and Torlegard, 1988), expressed as Equation 
(4) and the linearized form of Equation (5).   
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RT matching can be carried out iteratively based on the least 

square adjustment. In other words, seven parameters of 3D 
transformation s , , ,X Y Z∆ ∆ ∆ , and , ,ω ϕ κ  are iteratively updated 
until the ∆parameters are close to zero.  

 
Local Tidal Channel Width and Depth Extraction 

After completing final DEM generation, it was possible to 
extract the tidal channels that can easily pass through flood and 
ebb tides. The flow direction is easily extracted by computing 
topographic slopes, which are connected for the channel. The 
local width and depth information are extracted along the channel. 
In general, the width of tidal channel becomes narrower and the 
number of branches increases as it goes upstream. Their cross-
section tends to be U-shaped within flat surroundings. The 
terminal portion of a tidal channel is relatively erosion-free and 
thus the sediment remains slightly higher than the surrounding 
area. In this study, an algorithm was developed to estimate the 
width and depth of tidal channels based on these unique 
characteristics. To obtain the width of a tidal channel, a DEM 
profile was extracted perpendicular to channel flow direction, and 
the distance between the two height extremes was defined as the 
width of the channel. If the floor height of the tidal channel was 
measured using DEM generation, the depth of the tidal flat 
channel could be determined by the difference between the larger 
extreme value of the tidal channel and the floor height. Since most 
of the water drained at low tide, the floor of the tidal channel was 
often exposed over relatively highland regions. If the DEM 
observation was made at this time, the floor height of the tidal 
channel could be measured and the depth of the tidal channel 
could be easily obtained. However, it was hard to see the floor 
height of the tidal channel because the tidal channel in the lowland 
near the sea was still flooding. In this case, the height of the floor 
could be estimated assuming that the part of U-shaped tidal 
channel extended to the bottom. 

 
RESULTS 

The test area was the Hampyeong tidal flat on the west coast of 
Korea (Figure 2). The site is an embayment that is deeply inland 
from the west coast, and is a unique geographic feature that is 
formed without large rivers.  

 
 

  
Figure 2. Study area on the western coast of the Korean peninsula.

 
 

SAR DEM Generation 
Regarding the SAR interferometry over the tidal flat, the 

scattering characteristics of microwaves on the ground surface 
completely changed due to flood and ebb tide twice per day. 
Repeat-pass SAR interferometry cannot be applied in this region, 
only single-pass SAR interferometry is viable. Recently, DLR 
(German Aerospace Center) has been operating TanDEM-X, 
flying two SAR satellites close to each other. TanDEM-X was 
originally launched to generate a worldwide precise DEM, but the 
accuracy of DEM varies depending on the baseline and latitude. 
In this study, 10 m spatial resolution DEM was generated using 
the long baseline TanDEM-X data acquired in June 2015 with the 
typical interferometric processing technique (Werner et al., 2000). 
Figure 3 shows the generated DEM from TanDEM-X which has 
the baseline of 1280 m and the subset (Doowoori, Hampyeong). 
In this study, we observed that SAR DEM covers a vast area but 
includes a lot of data void. 

 
Aerial and Low-cost Drone DEM Generation 

Aerial photos and low-cost drone aerial photos were acquired 
in 2015 and 2016, respectively. The acquisition was attempted at 
low tide for better topography imaging. The aerial photo 
acquisition was made using an UltraCAM camera (Vexcel 
Imaging) and the drone photos were acquired using a Phantom3 
(DJI). UltraCAM camera has a focal length of 100.5 mm and 
image size of 17,310 by 11,310 pixels, producing 20 cm 
resolution photos at a flying height of 3.8 km, while the drone 
camera has a 4.97 mm focal length and image size of 4,000 by 
3,000 pixels, producing approximately 4 cm resolution photos at 
an altitude of 140 m. Note that the low-cost drone covers the local 
area highlighted in Figure 4. With the dense stereo matching, 1 m 
resolution DEM and 10 cm resolution DEM were generated from 
the aerial and the low-cost drone photos, respectively, as shown 
in Figure 4. 

  
DEM Fusion 

We carried out the DEM fusion based on 3D point cloud 
matching. Figure 5 shows a sample of point clouds of the SAR 
DEM and the aerial DEM before and after RT matching. We 
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observed that the SAR DEM did not describe the local elevation 
detail for some parts, meaning the data quality over the region 
needs be improved. The matching reduced the elevation 
discrepancy between DEMs. Two DEMs were merged into a 
single DEM as presented in Figure 6(a). For comparison, we 
presented a simple mosaicked DEM in Figure 6(b). We observed 
that the fused DEM better described the topography with less 
noise. Figure 7 shows the detailed DEM comparison over the 
highlighted area A, where some data void area was observable in 
the SAR DEM. The aerial DEM filled the void in the mosaicked 
and fused DEMs while the fused DEM better described the 
topography in the tidal channels. 

 
 

    
Figure 3. 10 m DEM generated from TanDEM-X and subset area. 

 
 

 

   
Figure 4. One m and 10 cm DEMs from aerial and drone photos, 
respectively.

 
 
Next, the drone DEM was RT matched to the aerial DEM as 

shown in Figures 8(a) and 8(b). The discrepancy between the two 
DEMs before and after the matching was reduced from 19.4 m to 
1.2 m. Finally, we carried out the fusion of the 1st fused DEM 
with the drone DEM and the result is shown in Figures 8c and 8d. 

  
 

   
(a)                         (b) 

Figure 5. DEM change (a) before and (b) after RT matching. 
 

 
 

   
(a)                             (b) 

Figure 6. DEM comparison (a) fused DEM, and (b) simple mosaicked 
DEM. 

 
 

 

      
(a) (b)                   (c)                       (d) 

Figure 7. DEM comparison over the highlighted area A (a) aerial DEM, 
(b) SAR DEM, (c) simple mosaicked DEM, (d) fused DEM. 

 
 

 

    
(a)    (b) 

        
   (c)  (d) 

Figure 8. DEM fusion between the drone DEM and 1st fused DEM (a) 
and (c) before, (b) and (d) after.

 

Local Channel Width and Depth Extraction 
We extracted channel information from the generated DEM. 

After extracting the tidal flat channel from the DEM by 
hydrological analysis, we found the direction perpendicular to the 
flow direction (8 directions) along the channel. The DEM profile 
to this direction was extracted (Figure 9). We then determined 
whether there was a local maximum within a certain distance (7 
m in this study) as it moved away from the center of the tidal 
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channel, and then assigned it to the extreme value of the tidal 
channel if it was not the outermost position. However, if the local 
maximum existed in the outermost position, the same procedure 
was carried out while shifting the search area outward by 1 m. 
The positions of both extreme values determined in this manner 
were selected, and the distance between the two positions was 
measured as the width of the tidal channel. The depth of the tidal 
channel was determined by the difference between the larger 
extreme value of tidal flat channel and the floor height. Figure 10 
shows the width (length) and depth (color) of the tidal flat channel 
for all locations where the channel value is 1 in the Doowoori, 
Hampyeong tidal flat. 

 
 

      
(a)                          (b)      

Figure 9. Definition of the perpendicular direction of (a) flow direction 
and (b) DEM profile for this direction.

 
 

 

 
Figure 10. The estimated width (length) and depth (color) of tidal channels 
in the Doowoori, Hampyeong tidal flat.

 
 

DISCUSSION 
SAR could generate the DEM over vast areas (i.e. dozens of 

kilometers) but showed data void due to low coherence during the 
interferometry. The aerial DEM showed seamless elevation 
information over the medium size area (i.e. ten kilometers) and 
describes better local topography, however it showed noisy data 
around water lines. RT matching between the data could generate 
seamless and less noisy topographic information along the tidal 
channels. The low-cost drone photos generated very high 
resolution topographic information for a small area (i.e. less than 
one kilometer) though its positional accuracy was low due to 
being processed with only onboard GPS information. Note that 
the GCP surveying over the tidal flat was limited because of poor 
accessibility. The positional errors could be corrected by 
matching to the reference DEM. The fused DEM showed 
significantly less height discrepancy and better linearity along 
geographic features. The DEM from the multisensory data 
described local tidal channel profiles well and enabled extraction 
of the tidal channel as well as the local width and depth 
information along the channel.  

 
CONCLUSIONS 

Tidal flat topographic information should be periodically 
created and updated due to periodic tides. Therefore, we proposed 
the use of remote multi-sensory data for the information creation. 
Geospatial data acquired from satellite, aerial, and low-cost 
drones could be separately processed based on SAR 
interferometry and stereo photogrammetry for DEM generation. 
Each DEM showed its advantages and disadvantages so that they 
could be successfully fused into a single DEM via the 3D point 
cloud matching. From the fused DEM, we could extract the tidal 
channel information based on the proposed local topography 
analysis. 
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ABSTRACT 
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This paper described the system test including from ground test to the first flight of Seahawk system in Korea. Seahawk 
system has been developed since 2014 at the first time in Korea by Ministry of Oceans and Fisheries. Seahawk has 
been recently integrated and system shakedown testing (on the ground). Airborne engineering flight test was in the 
first of June and flight test in Korea was in first of July. Seahawk system features a light weight, compact opto-
mechanical design and achieves co-registered green and IR laser beams using a novel HOE (Holographic Optical 
Element) circular scanner. The Real Time Computation Engine (RTCE) displays 3D point clouds on the monitor in 
real time during operation to check missing data. In this paper, we introduce Seahawk system and report on the progress 
of its development. 
 
ADDITIONAL INDEX WORDS: Airborne, bathymetric LiDAR, seahawk, HOE, RTCE, IR, green, co-registered, 
compact, lightweight. 
 

 
INTRODUCTION 

Airborne bathymetric lidar utilizes green and IR laser which 
can detect bottom and sea surface to measure the water depth. 
Airborne bathymetric lidar is capable of widely and efficiency 
capturing a large scale areas and is especially suitable for 
dangerous areas in boat surveying (Quadros et al., 2008). 

Korea peninsula is geographically surrounded by the sea on 
three sides, so it is important to collect, process and update 
3dimensional coastal geolocation information. In order to offer 
coastal mapping data such as nautical chart, the government 
official had become interested in introducing the technology of 
airborne bathymetric lidar system. 
At the first time in Korea, the Optech Shoals 1000T was 
introduced in 2006. This surveyed area was Uleung and Dokdo 
Island about 40 km2. In November 2011 the AHAB HawkEye II 
was installed on Cessna 208B aircraft for surveying. This 
surveyed area was Biin Bay to Urchung Island about 190 km2. 
Since 2013, the Optech CZMIL was annually installed on King 
Air 90E and acquired bathymetric data for coastal mapping at the 
planned surveying sites. These projects were mainly conducted 
by the governments such as KHOA(Korea Hydrographic and 
Oceanographic Agency).  

Korea has been using airborne bathymetric Lidar mapping 
system in various applications such as nautical charting, coastal 
mapping project and beach erosion monitoring since Korea had 

introduced the first airborne bathymetric lidar system in 2006. 
The history of airborne bathymetric lidar in Korea is explained as 
listed in Table 1.  

But regardless of these merits, bathymetric lidar system have 
the limitation to conduct surveying in the West Sea due to the 
high water turbidity caused by the large tidal range and mudflat.  

 
Table 1. Standardization Requirements. 

 
Year Survey Area Area System 

2006 Ulleung and Dok Island 40 km2 Shoals 1000T 
2011 West Coast 190 km2 HawkEye II 
2013 Jeju & Dok Island 404 km2 CZMIL 
2014 West & East Coast 143 km2 CZMIL 
2015 West Coast 221 km2 CZMIL 
2016 West Coast 159 km2 CZMIL 
2017 West Coast & Jeju island 174 km2 CZMIL 

 
It is beneficial to develop a custom airborne bathymetric lidar 

system especially configured for this challenging domestic 
coastal environment. For this reason, Seahawk development 
project has begun in December 2014.  

SEAWHAK is specifically designed for using the localization 
in Korea. Seahawk was developed over 4 years with Geostory Inc., 
GTRI(Georgia Technology of Research Institute), ELiT 
Geomatics LLC and 3D Ideas. These collaborative efforts has 
been fruitful with Seahawk system.  

The goals of Seahawk system were to build a custom system 
capturing bathymetric data in shallow, turbid water and to design 
a lightweight and compact opto-mechanics using HOE 
(Holographic Optical Element) circular scanner. In order to 
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effectively operate the system, operator can see the point clouds 
data in real time during collecting data in flight. This data display 
the lidar point cloud and variance propagation calculation using 
TPU(Total Propagation Uncertainty). 
 

 

 
Figure 1. Various Applications of Bathymetric LiDAR in Korea; (a) 
Tideland Flooding Simulation, (b) Coastline monitoring, (c) Mudflat Map.  

 
 

Airborne Bathymetric LiDAR - Seahawk 
 The goal of Seahawk was developing a highly- compact, 

lightweight, large aperture, wide FOV telescope to meet the 
development objectives. Seahawk is developed to match 
specification, as listed in the table below (Table 2). 

 
Table 2. Specification of Seahawk. 
 

 Parameter Specification 

Operation 

Operating altitude 400 m 
Eye safety altitude 290 m 
Swath width Flying altitude @ 70% 
Aircraft speed 140 kts 
Pulse repetition 
frequency 10 kHz 

Point density 2 x 2 m 
Scan angle 20° 

Physical 

Sensor head 442W x 515D x 499H mm 
62.2 kg 

Operator Rack 694W x 624D x 536H mm 
80.5 kg 

Thermal Management 
System Rack 

694W x 624D x 492H mm 
61.9 kg 

Platform Integration 
HW 17.2 kg 

Total Weight 221.8 kg 
Total Volume 0.559 m3 

 
As a results, Seahawk designed and built a Richey-Chretien 

telescope having a circular scanner using HOE to be co-registered 
green-IR laser beam. Seahawk features its green and IR footprints 
are co-located at the sea surface. This co-location provides for 
improved detection of the sea surface and ultimately to more 
accurate rages and highly data density. Co-alignment of the 
beams is achieved using a novel achromatic transmit/receive 
architecture using HOE. Seahawk is capable of acquiring co-
aligned green-IR data using HOE.  

Seahawk system is comprised of 2 parts; Sensor head and 
Operator station. Operator station divide 2 units as Operator and 
TMS rack as shown Figure 2. The upper rack is Operator Rack 
and the lower rack is Thermal Management Rack. The goal of this 
design is to optimize the usability to operator. 

Seahawk is designed for deployment in King Air E90 aircraft 
in an aft-facing configuration. Figure 3 is shown as Seahawk 
installed in King Air E90 aircraft. 

The installation and de-installation for this aircraft are the 
procedures for measuring the offsets (lever arms) to the aircraft’s 
GPS survey antenna. Because Seahawk’s inertial measurement 
unit (IMU) is rigidly attached to the lidar’s chassis. 
 

 

       
Figure 2. Seahawk system (Left: Sensor Head, Right: Operator Station 
(Top: Operator Rack, Bottom: TMS(Thermal Management Rack)). 

 
 

The others aspects of novel technology of Seahawk is having a 
real-time computing engine to show and display 3D point cloud 
data during flight. Its feature actually helps operator to save time 
and money comparing with earlier system.  

When collecting these data, the operator may view point clouds, 
point cloud accuracies, and bathymetric waveforms in real time. 
The point clouds are computed and saved as latitude, longitude 
and ellipsoid heights in the WGS84 coordinate system. All data 
can be transferred for post processing by removing the high-
density hard drives and replacing them with empty ones to be 
used in the next flight. 
 

 

     
Figure 3. Seahawk installed in E-90 aircraft. 

 
 

Earlier system cannot usually check 3D point cloud data during 
operation in flight. After data collection in flight, we can check 
the status of data on the ground and decide to whether another 
surveying is necessary or not (Feygels et al., 2013). 

This system makes it possible to display 3D point cloud data in 
real time during operation by computing real time coordinates for 
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the lidar point cloud, the in-air and in water ranges. These 
operations are performed by combing embedded SW and the 
digitizer’s FPGAs within the inter-pulse time interval of 100 μs. 
SEAHAWK support continuously operating survey about 4-
hours duration. 
 
The Concept of Operations for Seahawk  

Seahawk developed for operation in Geostory’s E 90 aircraft. 
The concept of operation for Seahawk is described in Figure 3. 
The system employs a HOE circular scanner with a fixed 
incidence angle of 20 degrees.  

The deployment profile for SEAHAWK is straight and level 
flight from an altitude of 400 m and at a velocity of 140 knots. 
From this height, the 20 degrees incidence angle produces a 
survey swath that is 291m wide. Area coverage is achieved as the 
aircraft progresses along the flight line. The required 2.0m density 
for bathymetric data is achieved by combining the forward and 
backward scans.  

 
 

 
Figure 4. The Concept of Seahawk System Operation. 

 
 
Seahawk is developed for coastal mapping in Korea in order to 

scientifically and statically acquire, process, assess and 
acknowledge 3 dimensional geolocation information focused on 
especially coastal. This system has finally developed and 
delivered in Korea in July.  

In this paper, the process of Seahawk finally by integrating and 
testing describe in order to meet the specification of the 
development goals. For this, Seahawk has tested system 
shakedown testing (on the ground) including Ranging Calibration 
and Dynamic Test, engineering testing by Flight and Data 
acquisition test in Korea. 

 
Field Test; Ranging Calibration and Kinematic Test 

In order to compute and calibrate ranges, Seahawk is mounted 
to vehicle platform as Figure 5 and fires a laser on a hard target 
located at a known distance. Hard target is made of a white board 
with a size of 3 x 3 m in order to detect the spot size of laser.  

In order to compute accurate ranges, the known distance is 
comprised of 218.8 m, 288.7 m, 383.4 m and 474.4 m. When the 
ranging test is performed at the known distance, the actual range 

of Seahawk with known distance is to compare the detected 
ranging of the survey target and then determine the systematic 
range offsets as the calibration parameter. In order to calculate the 
more accurate ranging parameters, this test is repeated within the 
distance defined as the operating height of system. 

 
 

 
Figure 5. Hard Target Test. 

 
 
Kinematic Test is to calculated geolocation using the 

systematic range offsets and the determined scanner orientation 
related to HOE calculated by hard target and using real time 
navigation solution while operating on a mobile vehicle at 300 
meters from away trees. After test, we created 3D point cloud data 
using post processing. The results are shown as Figure 6. 

 
 

 
Figure 6. Kinematic Test (Top) and Post-Processed Point Cloud (Bottom). 

 
 
Engineering Test 

For achieving successful accomplishment, Seahawk system 
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need to check and verify the fit, the mounting location, and 
cabling through engineering test. For this, Seahawk installed in 
DC 3 for engineering test. This test was performed on June 2018 
in a DC3 airplane shown as Figure 7. Figure 8 is illustrated the 
surveyed area along with the planned flight lines. 

 
 

   
Figure 7. DC 3 aircraft and View of Seahawk inside. 

 
 

The technical objectives was defined to test and assess the 
functionality of Seahawk system as Table 3.  
 
Table 3. Objectives of Seahawk system. 
 

ID Objectives 
1 Real-time Coordinates & TPU 
2 1:1 product ratio 
3 KD Max 
4 Depth range 
5 Bathymetric Spatial Density 

6 
Bathymetric Accuracy 

(V) [0.32 +(0.013d)2]1⁄2m, 2sigma 
(H) (3.5 + 0.05d) m, 2 sigma 

7 Land/water discrimination 99% 
8 Topographic Spatial Density 

9 
Topographic Accuracy 

(V): ±15 cm, 2 sigma  
(H): ±1 m, 2 sigma 

 
This objectives reflect on achieving the requirements of system 

development whether flight test is successful or not. 
 

 

 
Figure 8. Planned Flight lines (Left) and Initial Results of Shallow Green 
only DSM (Right).  

 
The results of this test were shown as Figure 8. This flight test 

was to demonstrate real-time 3D point cloud data during 

operations. This flight test was to demonstrate real-time 3D point 
cloud data during operations. 

Deep and shallow green and IR waveforms are processed to 
ranges in real-time. Using RTCE, the coordinate of point cloud 
data are computed in real time. 

This results means the successful collected data after post-
processing. But, right of image is not used GNSS data due to GPS 
signal issues. This data is also not applied by using calibration 
because this test is only focus on properly operating and 
collecting data in real time. For this reason, this test and this 
results have a limitation for checking and verifying the 
performance system. Nevertheless, as a result of analyzing initial 
results, raw waveforms show water depth ranging within 30 m. 
 

 

 
Figure 9. Initial Results: Topographic Lidar Point Cloud Data of Each of 
3 Channels ((a) IR (10mrad FOV), (b) Shallow Green (10mrad FOV), (c) 
Deep Green (38mrad FOV). 

 
 

Topographic lidar data shown as Figure 9 is explained the 
detected data from each of detectors is co-registered green-IR 
waveform. 
 
Flight Test in Korea 

After delivered system into Korea, the first flight of Seahawk 
system in Korea for calibration and validation took place July 23 
- 28, 2018 and August 06 - 07, 2018. 

For this duration, the purpose of our test was to educate the 
system installation and de-installation, learn to operating SW and 
acquire the validated data for analysis and assessment of the 
performance of system. The first flight was conducted in Korea 
Transportation Safety Authority located in Gyeonggi-do and 
Baegado of the West Sea. 
 

 

 
Figure 10. Anomaly data caused by IMU ((a) Google Earth, (b) Seahawk 
data) (Test sites were Korea Transportation Safety Authority located in 
Gyeonggi-do). 

 
The system test was conducted that valid data was collected for 

processing and analysis. King Air E-90 aircraft used for the flight 
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tests. The tests were planned to check the fixed issues and operate 
the system by operators. But the fixed system already have issues 
as Figure 10 caused by the problems of Applanix IMU. 

After replacing another Applanix IMU, the results of flight test 
was shown as Figure 11. 
 

 

 
Figure 11. The results of Shallow Green by Seahawk in Baegado of the 
West Sea; (a) Seahawk data overlaid in Google earth, (b) & (c) Shallow 
Green after post processing SW (data: Seahwak_180807_082349_00 to 
13).

 
 

The data was processed and analyzed after flights. Waveform 
of shallow green channel looks good and the others still have 
some problems. In case of shallow green channel, waveform still 
include partially saturation, deep green channel included the 
missing data and IR channel have some noise and then could not 
detect signal as well. 

In order to fix and correct those issues, Seahawk will be 

consciously tested in October. After these test flights, the 
validation of Seahawk will be conducted soon. Korea flight test 
was and will be tested. 

 
CONCLUSIONS 

Seahawk is still tested in order to check and verify the 
performance of the system. The 2nd flight test in Korea will be 
conducted on 2nd or 3rd weekend of October, 2018 depending on 
the weather condition. The purpose of this test is for processing 
and analysis to collect data.  

In this phase and the next phase, Seahawk is testing and will be 
verified and be improved. For this, flight test in Korea is so 
important. After finishing system validation, Seahawk will have 
the features for various applications of coastal mapping as coastal 
monitoring, shoreline mapping, coastal mapping, nautical 
charting and natural disaster. 
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ABSTRACT 
 
Choi, H.; Lee, H.J., and Kim, G., 2019. Damage analysis of typhoon surge flood in Coastal Urban Areas Using GIS 
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Typhoon Maemi, which landed in the coastal area of Masan City on September 12, 2003, was the largest coastal 
disaster in Korea. Typhoon surges can cause extreme flood damage when they overlap with high tides. In this study, 
the maximum flooding zone according to the highest tide was calculated and the accuracy of the flooding model was 
analyzed by comparing it with the actual flooding zone in the Masan Bay area. A GIS-based hydrologic model for 
flood forecasting can complement the disadvantages of complex multidimensional flood damage estimation in which 
data acquisition and processing are complicated. It is important to establish a method to minimize damage by 
developing a more accurate damage simulation model. It is necessary to utilize data such as high-resolution satellite 
images and LiDAR for accurate analysis data considering the topographical characteristics of typhoon surge flood 
areas in the future. 
 
ADDITIONAL INDEX WORDS: Typhoon, flood damage, GIS, multidimensional flood damage estimation. 
 

 
INTRODUCTION 

Hurricane Katrina made landfall in Louisiana and Mississippi 
in August 2005, directly killing at least 1200 people (Blake, 
Landsea, and Gibney, 2011). The majority of deaths during 
hurricanes are caused by storm surge, and could be prevented 
with improved planning, warning systems, and emergency 
response. Accurate numerical forecasts of coastal flooding, 
delivered in real time, could result in more timely evacuations and 
help significantly with the deployment of first responders and 
emergency personnel. Storm surges have been the subject of 
much study, dating back several decades (Heap, 1983). For 
example, in the southern North Sea a surge was responsible for 
the worst natural disaster to affect the United Kingdom, the 
Netherlands, and Denmark in recent times (Gerritsen, Vries, and 
Philippart, 1995; McRobie, Spencer, and Gerritsen, 2005). 
Recent studies of severe U.S. hurricanes, including Hurricanes 
Katrina, Rita, Gustav, and Ike, can be found in Dietrich et al. 
(2010, 2011) and Kennedy et al. (2011). Numerical models of 
storm surge will always be subject to significant uncertainty 
(Brown, Spencer, and Moeller, 2007). In this study, the maximum 
flooding zone according to the highest tide was calculated and the 
accuracy of the flooding model was analyzed by comparing with 
the actual flooding zone in the Masan Bay area. 

The GIS based hydrologic model for flood forecasting can  
complement the disadvantages of multidimensional flood damage 
estimation in which data acquisition and processing process are 
complicated. It is important to establish a method to minimize 

damage by developing a more accurate damage simulation model. 
It is necessary to utilize data such as high resolution satellite 
images and LiDAR for accurate analysis data considering the 
topographical characteristics of the Typhoon surge flood area in 
the future The linkage between the GIS and the hydrologic model 
for flood forecasting can complement the disadvantages of 
complex multidimensional flood damage estimation and data 
acquisition in the flooded area. It is necessary to utilize data like 
high-resolution satellite image and LiDAR for correct analysis 
data considering geographical characteristics of dangerous area 
from the storm surge. And we must make a solution to minimize 
the damage by making data of dangerous section of flood into GIS 
DataBase using those data (as stated above) and drawing 
corrector damage function. In this study, we simulated the 
maximum possible typhoon conditions according to the 
ADCIRC(Advanced CIRCulation) using an atmosphere-ocean-
wave coupled model with the typhoon bogussing scheme. We 
then used a finite-element hydrodynamic model based on the 
generalized wave continuity equation model to assess the storm 
surge level in a closed-off section of the bay, and the likelihood 
of inundation along coastal areas of the port of Masan in korea, 
from the viewpoint of risk assessment and disaster management. 
Estimation of the maximum possible typhoon using the 
atmosphere ocean-wave model and ocean-land-river continuous 
numerical experiment performed using the ADCIRC are 
explained in section of data assimilation and extreme event. 

 
METHODS 

The numerical model used in this study is the ADCIRC  model. 
The model discretizes the shallow-water equations using finite 
element methods defined on unstructured meshes (Luettich and 
Westerink, 2004). Operational tidal forecasts of sea level and 
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currents are derived first, if regionally available, from 
computations of the fully nonlinear, two-dimensional 
configuration of the constant density coastal circulation model, 
ADCIRC (Luettich, Westerink, and Scheffner, 1992). The 
ADCIRC model is based on the well known shallow water 
equations (Mehaute, 1976) that are derived from vertical 
integration over the water column of the three-dimensional mass 
and momentum balance equations and subject to the hydrostatic 
and Boussinesq approximations. The frictional stress at the 
seabed is represented using a standard quadratic law based on the 
current magnitude squared. For tidal dynamics at scales currently 
considered (i.e. one half to tens of kilometers), lateral mixing 
effects are not important and are thus not considered. The 
ADCIRC model has an extensive and successful history of both 
tide and storm surge prediction in coastal waters and marginal 
seas (Blain, Westerink, and Luettich, 1994; Blain, Westerink, and 
Luettich, 1998; Luettich and Westerink, 1995; Luettich and 
Westerink, 1999; Westerink, Luettich, and Muccino, 1994). The 
model is well suited to tidal prediction because of its 
computational efficiency that is in part due to implementation of 
the finite element method and the use of an iterative sparse matrix 
solver. Both the vertically-integrated (ADCIRC-2DDI) and the 
fully three-dimensional (ADCIRC-3D) versions of ADCIRC 
solve a vertically-integrated continuity equation for water surface 
elevation. 

Both the vertically-integrated (ADCIRC-2DDI) and the fully 
three-dimensional (ADCIRC-3D) versions of ADCIRC solve a 
vertically-integrated continuity equation for water surface 
elevation. To avoid the spurious oscillations that are associated 
with a primitive Galerkin finite element formulation of this 
equation, ADCIRC utilizes the Generalized Wave Continuity 
Equation (GWCE) formulation. Development of the weak 
weighted residual form of the GWCE used in ADCIRC is 
described below. 

The vertically-integrated continuity equation is Equation (1). 
Equation (2) is depth-averaged velocities in the x, y directions. 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+  𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑈𝑈𝑈𝑈) +  𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑉𝑉𝑈𝑈) = 0                         (1) 
 

𝑈𝑈,𝑉𝑉 ≡ 1
𝜕𝜕 ∫ 𝑢𝑢, 𝑣𝑣 𝑑𝑑𝑑𝑑𝜁𝜁

−ℎ                                 (2) 
 

where, u, v are vertically-varying velocities in the x, y directions; 
H is total water column thickness;  h is bathymetric depth 
(distance from the geoid to the bottom; 𝜁𝜁 is free surface departure 
from the geoid.  

Take 𝜕𝜕 𝜕𝜕𝜕𝜕⁄  of Equation (1), add to this Equation (1) multiplied 
by the parameter 𝜏𝜏0 (which may be variable in space), assume a 
bathymetric depth that does not change in time, (i.e., 
𝜕𝜕𝑈𝑈 𝜕𝜕𝜕𝜕 =⁄ 𝜕𝜕𝜁𝜁 𝜕𝜕𝜕𝜕⁄  ) and rearrange using the chain rule 

 
𝜕𝜕2𝜁𝜁
𝜕𝜕𝜕𝜕2

+ 𝜕𝜕𝜁𝜁
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝐽𝐽𝑥𝑥
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝐽𝐽𝑦𝑦
𝜕𝜕𝜕𝜕

− 𝑈𝑈𝑈𝑈 𝜕𝜕𝜏𝜏0
𝜕𝜕𝜕𝜕

− 𝑉𝑉𝑈𝑈 𝜕𝜕𝜏𝜏0
𝜕𝜕𝜕𝜕

= 0              (3) 
 

where, 
 𝐽𝐽𝜕𝜕 ≡

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑈𝑈𝑈𝑈) + 𝜏𝜏0𝑈𝑈𝑈𝑈                                           (4) 
 

=  𝜕𝜕𝑄𝑄𝑥𝑥
𝜕𝜕𝜕𝜕

+ 𝜏𝜏0𝑄𝑄𝜕𝜕                                                   (5) 

 
=  𝑈𝑈 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝑈𝑈 𝜕𝜕𝜁𝜁

𝜕𝜕𝜕𝜕
+ 𝜏𝜏0𝑈𝑈𝑈𝑈                                    (6) 

 
𝐽𝐽𝜕𝜕 ≡

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑉𝑉𝑈𝑈) + 𝜏𝜏0𝑉𝑉𝑈𝑈                                            (7) 
 

=  𝜕𝜕𝑄𝑄𝑦𝑦
𝜕𝜕𝜕𝜕

+ 𝜏𝜏0𝑄𝑄𝜕𝜕                                                   (8) 
 

=  𝑈𝑈 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑈𝑈 𝜕𝜕𝜁𝜁
𝜕𝜕𝜕𝜕

+ 𝜏𝜏0𝑉𝑉𝑈𝑈                                    (9) 
 

where, 𝑄𝑄𝜕𝜕,𝑄𝑄𝜕𝜕 are almost the same as UH, VH (x, y – directed 
fluxes per unit width). Note that Equations (4) – (6) are equivalent 
as are Equations (7) - (9). the weighted residual method is applied 
to Equation (3) by multiplying each term by a weighting function 
∅𝑗𝑗 and integrating over the horizontal computational domain Ω . 

 

〈
𝜕𝜕2𝜁𝜁
𝜕𝜕𝜕𝜕2 ,∅𝑗𝑗〉 + 〈𝜏𝜏0

𝜕𝜕𝜁𝜁
𝜕𝜕𝜕𝜕 ,∅𝑗𝑗〉 + 〈

𝜕𝜕𝐽𝐽𝜕𝜕
𝜕𝜕𝜕𝜕 ,∅𝑗𝑗〉 + 〈

𝜕𝜕𝐽𝐽𝜕𝜕
𝜕𝜕𝜕𝜕 ,∅𝑗𝑗〉 

 
−  〈𝑈𝑈𝑈𝑈 𝜕𝜕𝜏𝜏0

𝜕𝜕𝜕𝜕
,∅𝑗𝑗〉 − 〈𝑉𝑉𝑈𝑈 𝜕𝜕𝜏𝜏0

𝜕𝜕𝜕𝜕
,∅𝑗𝑗〉 = 0      (10) 

 
where, the inner produce notation 〈  〉 is defined as 

 
〈𝛾𝛾,∅𝑗𝑗〉 =  ∫ 𝛾𝛾∅𝑗𝑗𝑑𝑑Ω

 
Ω                                (11) 

 
Integrating the terms involving 𝐽𝐽𝜕𝜕  and 𝐽𝐽𝜕𝜕  by parts, yields a 

weak form of this equation 
 

〈
𝜕𝜕2𝜁𝜁
𝜕𝜕𝜕𝜕2 ,∅𝑗𝑗〉 + 〈𝜏𝜏0

𝜕𝜕𝜁𝜁
𝜕𝜕𝜕𝜕 ,∅𝑗𝑗〉 − 〈𝐽𝐽𝜕𝜕,

𝜕𝜕𝜙𝜙𝑗𝑗
𝜕𝜕𝜕𝜕

〉 − 〈𝐽𝐽𝜕𝜕,
𝜕𝜕𝜙𝜙𝑗𝑗
𝜕𝜕𝜕𝜕

〉 

 
−  〈𝑈𝑈𝑈𝑈 𝜕𝜕𝜏𝜏0

𝜕𝜕𝜕𝜕
,∅𝑗𝑗〉 − 〈𝑉𝑉𝑈𝑈 𝜕𝜕𝜏𝜏0

𝜕𝜕𝜕𝜕
,∅𝑗𝑗〉 +  ∫ �𝜕𝜕𝑄𝑄𝑁𝑁

𝜕𝜕𝑡𝑡
+ 𝜏𝜏0𝑄𝑄𝑁𝑁�∅𝑗𝑗𝑑𝑑Γ

 
Γ = 0      

(12) 
 
The integration by parts introduces an integral along the 

boundary of the computational domain, Γ , involving the 
components of  𝐽𝐽𝜕𝜕  and  𝐽𝐽𝜕𝜕   normal to the boundary. Using 
Equations (5) and (8), this can be converted to the integral of the 
outward flux per unit width normal to the boundary, 𝑄𝑄𝑁𝑁 , 
contained in Equation (12). 

 
RESULTS  

ADCIRC is however possible to estimate the flood simplified 
procedure is somewhat complicated pretreatment as the 
applicable items materialized. In order to compensate for this, this 
study used GIS as the process to make it easier to estimate the 
flooding zone, as shown in Figure 1. In this numerical experiment, 
the rise of the tide caused by the storm surge of Typhoon Maemi 
passing through Masan Port in Korea (Figure 2) in September 
2003 was calculated and compared with actual observations, and 
the maximum flooding area was calculated by rising tide. 

Figure 3 shows the numerical value experiment model of 
Typhoon Maemi. Figure 4 shows KOMPSAT3 satellite imagery  
of the study area. It is an high-resolution Korean observation 
satellite and can provide sub-meter images with various imaging 
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models for resource management, environmental monitoring, 
intelligence and disaster monitoring. 

 
 

 
 

Figure 1. Flood analysis using GIS and ADCIRC. 
 

 
 

 

Figure 2. The pass of Typhoon Maemi.
 

 

 

         

(a) 2003.09.12. 00:00                         (b) 2003.09.12. 12:00 

         
(c) 2003.09.13. 00:00                        (d) 2003.09.13. 12:00 

Figure 3. The numerical value experiment model of Typhoon Maemi. 
 

 
 

 
 
Figure 4. KOMPSAT3 imagery of the study area. 

 
 
Figure 5 shows details of the finite element grid in the case 

study region of Masan Port and the results of simulating Typhoon 
Maemi using the ADCIRE model.  Figure 6 shows a comparative 
analysis of the tide analysis results. 
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(a)  Mesh creation                                           (b) Model simulation 

Figure 5. ADCIRC Simulation of Typhoon Maemi. 
 

 
 

 
 
Figure 6. The tide level analysis. 

 
 
The largest tide-level increase was more than 1m in the 

northern portion of Masan Bay, with the maximum value of 4.32 
m occurring at the Port of Masan. At first, inundation was found 
to Hae-un dong and to the south of the Masan Fish Market. By 
the 23rd hour, almost all of Masan Bay experienced extensive 
flooding, except for the tip of this region consisting of reclaimed 
land to the southern end of Muhak Mountain. Additionally, a 
significant surge drove into and was retained in the northern end 
of the Heaun-dong region in the ADCIRC model; the inundation 
depth in the southern portion of the port of Masan was larger than 
that in the north. 

Sea level rise has various causes. The elevation of sea level due 
to air pressure difference and wind velocity is defined as the 
synergistic effect by the meteorological bath. The study area is 
Gyeongnam, South Korea. It is known that a storm tsunami 
occurred due to strong winds and a pressure drop with s center 
pressure of about 954 hpa and maximum wind speed near the 
center of about 40 ms-1. The synergistic effect of the sea level due 
to the actual pressure difference was about 0.54 m in the 
observation data of the Masan area, and the effect of the wind 
speed was about 0.38 m. Therefore, the sea level rise by the 
meteorological vessel was calculated to be about 0.92 m. The 
typhoon started high tide 4 hours before landing, and a northeast 
wind blew continuously. As the wind direction coincided with the 
direction of distant algae, sea level rise occurred, and strong tidal 
currents were introduced from 1 hour before landing and the tidal 
wave of Masan Bay was strengthened. 

 

 

                  

(a)  Actual observations                                  (b) Calculation result value 

                              

(c)  Weather forecast value                                       (d) Average sea level  

Figure 7. Maximum flood area comparison of Typhoon Maemi. 
 

 
The maximum inundation depths calculated by the two models 

are shown in Figure 7a to d, respectively. The maximum 
inundation depth in the flood plain area found using the ADCIRC 
model, appeared at different place compared to that in the model 
and the inundated region was narrower. In the ADCIRC result, 
little inundation was found in the regions to the southern of  the 
Muhak mountain. 

 
DISCUSSION 

The GIS technique performed in this study and the linkage of 
ADCIRC for flood forecasting could be accessed from a spatial 
perspective in comparison with the complex multidimensional 
flood damage estimation and acquisition process in the flooded 
area. Future enhancements include the incorporation of 
alternative wind models, tides, background meteorology, and 
continuous (rather than event-based) operation. There are 
alternative estimates of hurricane winds from sources other than 
the the Korea Meteorological Administration (KMA) that have 
greater detail, but they are only available after some delay after 
the KMA consensus forecast is made available. Simulations could 
be performed between advisories using these alternative wind 
estimation systems. In addition, it is possible to spin up the tides 
before the first forecast, save a hotstart file, and then hotstart the 
hurricane winds on top of the tides. Furthermore, background 
meteorology could be used to fill out the wind field before the 
typhoon arrives to pick up any effect on local water bodies, e.g., 
wind-induced seiching. 
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CONCLUSIONS 
In this study, we performed a comprehensive simulation of the 

storm surge and inundation of the port of Masan in Korea using 
ADCIRC and 2D hydrostatic finite-element model. For coastal 
zone risk assessment and disaster management purposes within 
the context of future climate change, we used the maximum 
possible typhoon-induced storm surge according to hypothetical 
meteorological conditions based on the GIS. This was estimated 
using an atmosphere-ocean-wave couple model in which the 
highest resulting storm surge conditions in the port of Masan were 
accepted as the meteorological field for the ADCIRC model.  

The simulation results show that the maximum tide level may 
exceed 4 m on the southern side of Masan Port, and surge-induced 
floods may extend throughout most of the Heaun-dong region. 
Dimensional econometric analysis using multidimensional flood 
damage estimation (MD-FDA) was conducted, and the following 
conclusions were obtained.  The flooded area and depth of water 
were analyzed and evaluated using GIS, and it was suggested that 
economic efficiency analysis can be implemented to improve the 
efficiency of the application.  
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ABSTRACT 
 
Lee, H. and Kim, C., 2019. Topographic change monitoring on tidal flat of Suncheon bay using multi-temporal aerial 
images. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water Safety 
Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 386-390. Coconut Creek (Florida), ISSN 0749-
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Suncheon Bay in South Korea is one of the most ecological preserved areas in the world. Monitoring topographical 
changes of tidal flat and channel is, hence, significantly important in the coastal research community. The main goal 
of this research is quantitatively finding the volume and area changes in terms of sedimentation and erosion. The 
elevation changes of the tidal flat and channel are considered as well. Multi-temporal aerial images (years of 1989, 
2010, and 2017) are utilized for this research. EOPs (Exterior Orientation Parameters) of the aerial images are first 
derived using the given IOPs (Interior Orientation Parameters), the measured GCPs (Ground Control Points), 
collinearity equations, and automated matching technologies. Afterwards, the three DEMs (Digital Elevation Models) 
for the relevant years are produced using commercial software (i.e., Photoscan). Then, topographic change detection 
over Suncheon Bay in the period between 1989 and 2017 are carried out. More specifically, LHD (Least squares Height 
Difference) approach is applied to find out topographic changes between two DEMs for the adjacent years. LHD is 
selected and adopted in this research because it is more robust than other approaches when large deviations exist 
between the DEMs. Finally, chronological analysis of the topographic changes over Suncheon Bay is carried out. 
 
ADDITIONAL INDEX WORDS: Suncheon bay, tidal flat, sedimentation, erosion, aerial images, DEMs. 
 

 
INTRODUCTION 

The tidal flats are unusual landscapes that are submerged in 
seawater during high tide and are exposed like land during low 
tide twice a day. Suncheon Bay is the first coastal wetland in 
South Korea and one of the world's five major coastal wetlands 
(Suncheon Bay Wetland Reserve). It also has been recognized as 
a world-class ecological preserved area and was registered in the 
Ramsar Convention in January 2006. In order to recognize the 
topographical and environmental characteristics of Suncheon Bay 
and systematically manage the tidal flat, it is essential to acquire 
three-dimensional spatial information over the area. In particular, 
height information of the tidal flat is critically important for 
monitoring and forecasting the tidal-flat ecosystem changes 
caused by either the natural or artificial influences (Ryu et al., 
2000). Since Suncheon Bay is composed of tidal flats or unstable 
terrain, direct measurement through field survey is not easy. 
Hence, topographical data has not been acquired sufficiently and 
periodical survey has not been implemented. In the previous 
research, the aerial laser scanners and radar phase interferometry 
techniques have been applied to measure the tidal flat height 
information (Wimmer et al., 2000; Lee et al., 2008). However, it 
is difficult to measure the accurate height value because the 

remaining water on the tidal flat deteriorates the accuracy of the 
derived information (Won et al., 2003).  

Aerial photographs have been utilized commercially since 
2000 (Li et al., 2008) for the construction of 3D virtual cities and 
environmental monitoring, including the production of 
topographical maps.   However, there are few cases where aerial 
photographs were used for the purpose of producing DEMs over 
tidal flat areas. In this regard, the main purpose of this study is to 
obtain DEM variation data of Suncheon tidal flat through 
chronological analysis. The analysis of the DEM variations will 
provide the estimation of the sedimentation and erosion of the 
tidal flat.    
 

METHODS 
This study starts from the generation of DEMs over Suncheon 

tidal flat area using three different aerial images taken in 1989, 
2010, and 2017. Commercial software (i.e., Photoscan) is utilized 
to derive three different DEMs of the relevant years.  The given 
IOPs, the measured GCPs, collinearity equations, and automated 
matching technologies are utilized in this process. Afterwards, 
LHD DEM matching approach (Rosenholm and Torlegård, 1988; 
Ebner and Strunz, 1988) is applied for the accurate comparison of 
the two DEMs for the adjacent years and tried to evaluate its 
effectiveness. Finally, the amount of sedimentation and erosion 
are estimated. The overall workflow of the proposed 
methodology is shown in Figure 1.  

LHD matching (shown in Figure 2) is basically defined from 
the 3D similarity Equation that includes the relationship between 
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two different DEMs while solving translation, rotation, and scale 
parameters. The matching approach is basically utilizing the 
height difference at the same location between two DEMs. 
Importantly, the height difference (di) of any point (i) should not 
be excessively different with those of the surrounding eight points. 
 

 

 
 

Figure 1. Workflow of the proposed methodology. 

  
 

  
 

Figure 2. Conceptual explanation of LHD matching approach. 
 

 
RESULTS 

For the experiments, 1:10,000 analog aerial photographs taken 
on August 10, 1989 and 1:10,000 digital aerial photographs taken 
on June 03, 2010 were acquired from National Geographic 
Information Institute (NGII). Also, 1:10,000 digital aerial 
photographs with 25cm resolution were taken on April 09, 2017. 

Using the Photoscan software and the ground control points 
(see Figure 3) acquired from the GPS survey on July 09, 2010, we 
created a DEM data (see Figure 4) from the aerial photographs of 
2010. In addition, the remaining 1989 and 2017 aerial 

photographs produced DEMs (see Figures 5 and 6) with the same 
software using only the provided meta-information of the images 
without any ground control points. 

 
 

 
 

Figure 3. Locations of the ground control points utilized for 2010 DEM 
generation. 

  
 

 
 

Figure 4. 2010 DEM produced with 0.5m resolution. 
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Figure 5. 1989 DEM produced with 0.5m resolution. 

 
 

 

  
Figure 6. 2017 DEM produced with 0.5m resolution. 

  
In order to figure out the changes of sedimentation and erosion 

over time, we made three DEM subsets over the same tidal flat 
area (see Figure 7). Also, three ortho mosaic images of the three 
years were produced using the DEMs and aerial photographs as 
seen in Figure 8. Here, the quality of the 1989-DEM produced 
from the analogue aerial photographs is inferior to the qualities of 
the other two DEMs produced from the digital images. This is 
probably due to the height errors caused by bad matching results 
in 1989 aerial photographs. It might come from the noises during 
the scanning of film photographs and the remaining water on the 
tidal flat. 

Even if these three DEMs have the same coordinate system, the 
DEMs from 1989 and 2017 are produced without any ground 
control point. Hence, direct comparison of the height values at the 

same planimetric location is not appropriate. In other words, after 
minimizing the systematic height differences between two 
datasets, the local height differences were analyzed. To carry out 
this process, LHD method was applied to the DEMs of the 
adjacent years as seen in Figure 9. Table 1 also shows the RMSE 
values before and after applying the LHD approach. The RMSE 
value between 1988 and 2010 before applying the LHD method 
was 64.1 meters. Also, the value between 2010 and 2017 was 16.9 
meters. On the other hand, we can see the RMSE values after 
applying the LHD method were remarkably reduced to 0.8 and 
0.5 meters, respectively. 
 

 
 

 
 

 
 

 
 
Figure 7. 1989, 2010, and 2017 subset DEMs. 
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Figure 8. 1989, 2010, and 2017 ortho mosaic images produced using 
DEMs and aerial photographs. 

 

 

 
 

 

Figure 9. Before (left) and after (right) LHD DEM matching of the two 
DEMs. 

  

 Table 1. Height deviations before and after applying LHD method.  

Matching with 2010 DEM 
1989 DEM 2017 DEM 

RMSE (m) RMSE (m) 

Before 64.1 16.9 

After 0.8 0.5 

  

After applying LHD, height difference at the same location is 
analyzed and the sedimentation and erosion are estimated. As 
seen in Table 2, the cumulative sediment volume of 781,058 m3 
increased for 21 years after 1989 over the area of interest. Also, 
the sediment volume of 359,042 m3 increased for 7 years after 
2010. The sediment surface was also much wider than the erosion 
surface. It is considered that the cause of sedimentation is due to 
the elevation of the tidal flat area due to the reclamation. 
Moreover, the erosion is considered to be caused by the increase 
of the flow rate from the creeks, Dong-cheon and Isa-cheon of 
Suncheon City.   
 
Table 2. Changes of the tidal flat zone shown in the Figure 7.  

Between 1989 and 2010 (m3) Between 2010 and 2017 (m3) 

Sedimentation  Erosion  Sedimentation Erosion  

964,409 183,351 1,177,870 818,828 

Overall Sedimentation: 781,058 Overall Sedimentation: 359,042 
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CONCLUSIONS 
In this study, we produced different DEM dataset from the 

multi-temporal aerial photographs over the Suncheon Bay costal 
area. LHD matching approach is applied to the produced DEMs 
to remove the systematic biases between the datasets. The 
estimated height differences after applying LHD method are more 
reliable compared to the values before LHD method. Through the 
proposed workflow, the quantitative analysis of the sedimentation 
and erosion on Suncheon tidal flat among the years, 1989, 2010, 
and 2017, is precisely carried out.  

Based on the methodology proposed in this study, it would be 
possible to detect precise tidal-flat changes if digital aerial 
photographs can be acquired periodically. This information can 
also be used as an important reference material for environmental 
protection and ecosystem conservation measures in coastal areas. 
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ABSTRACT 
 
Kim, T.W.; Yun, H.S.; Kim, K.B., and Hong, S.B., 2019. Development of Real-time HABs Detection Technique 
Using Unmanned Aerial Vehicle (UAV). In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 391-395. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
If HABs flow into the seawater desalination plant by surprise, it can inflict some serious damages on the plant such 
as plant contamination. A monitoring system capable of detecting and tracking HABs based on UAV has been 
developed in order to solve this problem. The monitoring system is based on the HSV Color Detection Image 
Processing Algorithm, which demonstrates an excellent price/performance ratio for monitoring the HABs behavior, 
as well as excellent monitoring range and maneuverability. The HSV color detection algorithm, which has a superior 
detection range under sunlight, was able to continuously track the HABs, extracting the velocity and direction data. 
Finally, these results were compared with those obtained by conventional technologies to verify its effectiveness. 
 
ADDITIONAL INDEX WORDS: Harmful Algal Blooms (HABs), UAV, image processing, HSV.  
 

 
INTRODUCTION 

Research institutes around the world are busy working to 
secure water resources by desalinating seawater, in an effort to 
solve the shortage of fresh water, one of the most acute 
environmental disasters facing humanity. For instance, the 
NOAA Great Lakes Environment Research Laboratory (GLERL) 
in the United States has built a red alert system that provides 
real-time information on the inflowing red tides by incorporating 
satellite images in the current model (NOAA-GLERL, 2016). 
Next, the US ECOHABs (Ecology and Oceanography of Toxic 
Algal Blooms) team tracks the proliferation of Harmful Algae 
Blooms (HABs) in the waters using the Autonomous 
Underwater Vehicle (AUV) (Monterey Bay Aquarium Research, 
2013). 

HABs, referred to simply as red tides, have been occurring 
sporadically since 1995, mainly on the south coast, causing 
damages to seawater desalination plants. These HABs trigger 
bio-filming when they enter a seawater desalination plant that 
employs reverse osmosis seawater desalination process. It is 
difficult to predict the occurrence of bio-filming, however, as 
the direction of current is not constant, necessitating the 
adoption of real-time monitoring technology. 

Various studies have been carried out on HABs monitoring. 
Sur, Kim and Lee (2007) detected the HABs by edge detection 
and area detection technique after transforming the satellite 
images using texture feature information of Gray Level Co-
occurrence Matrix (GLCM). Oh (2017) examined the effect of 

oceanic and meteorological factors on the HABs occurrences 
and suggested a method to monitor the sea-level HABs using 
satellite images and unmanned aerial images. Although these 
methods have the advantage of being able to monitor a wide 
range of areas, it is necessary to develop a technology that can 
be applied in real time for an extended period in order to 
monitor HABs which are quite difficult to predict its occurrence. 

There are a variety of technologies that demonstrate superior 
real-time responsiveness compared to those relying on satellite 
and aerial images and can detect movement of HABs for an 
extended period. One of them is a technology to detect red tide 
with a network of wireless sensors. If a red tide is detected by 
red tide detection sensors that monitor water temperature and 
turbidity at sea, or if a looming red tide is forewarned by climate 
sensors, the collected data is then transmitted to a base station 
via wireless network for final determination whether there is 
indeed a looming red tide (Kim, Heo, and Yim, 2007). This 
method of using sensors has advantages in terms of detection 
accuracy. However, it is costly and can only be installed in fixed 
nodes where it is difficult to predict where it would occur, 
thereby limiting overall maneuverability and application range. 
To overcome these shortcomings, the authors considered an 
image processing method that relies on UAV capable of flying 
and shooting images for an extended period. 

The following are examples of the UAV usage to address the 
difficulty associated in monitoring coastal contamination. In the 
'Red tide Desalination Manual' by, it is important to detect the 
prosperity of HABs using a variety of equipment (Anderson, 
Boerlage, and Dixon, 2016). Kim et al. (2013) has reportedly 
established a detection system for HABs to monitor the influx of 
HABs into farm intakes by using aircrafts such as helicopters 
and drones. Since these aircrafts are unable to track the red tides 
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for an extended period, the need for a UAV-based air monitoring 
system has been highlighted in recent years. According to the 
Korea Agency for Infrastructure Technology Advancement staff 
(2012), there has been no case of monitoring and tracking HABs 
inflow into seawater desalination plants using UAV in South 
Korea. 

The method adopted in this paper based on the 
aforementioned trends is a technique that detects and tracks 
HABs by processing images acquired from a camera mounted 
on an unmanned airship with an algorithm which is basically 
used for color detection. The technology for detecting HABs by 
RGB data divides the waters and red tide bands by using 
spectral information of the images. Its detection rate is slightly 
lower, however, due to the environmental characteristics of 
sunlight. To improve upon this, this study use the HSV color 
detection algorithm which is easy to cluster HABs even under 
the sunlight. 

The ultimate goal of this study is to develop an image 
processing technology for real-time tracking of HABs in the 
images acquired from UAV monitoring the sea and to compare 
the detection rates, direction and velocity of HABs. The 
development of the image processing algorithm is based on the 
coastal images taken from a UAV around 12:00 pm on Sep. 13 
2016 in the waters off the coast of Seomyeon, Namhae. 
 

METHODS 
Image Shooting by Unmanned Aerial Vehicle (UAV) 

In this study, a UAV with a camera-mounted gimbal was 
connected to the ground by a rope to enable shooting of HABs. 
The camera can be controlled from the ground while the 
captured aerial images can be transmitted in real time to the 
ground, facilitating analysis of the occurrence, direction, and 
velocity of HABs. 

A UAV as shown in Figure 1 was flown for about 6 hours in 
2016 over the waters off the Gwangyang seawater desalination 
plant in Namhae in order to deploy an airborne monitoring 
system. Observations and photo-shooting were conducted over 
an area measuring 2 km in radius from 400m above the ground. 

 
 

Figure 1. Unmanned Aerial Vehicle (UAV). 

 

HABs Detection Algorithm 
The existing RGB-based color detection algorithms are based 

on the assumption that the red, green, and blue values of the 
same color are different due to the changing brightness of the 
target object, prompting us to conclude that the RGB color space 
would be inadequate for detecting HABs which demonstrate 
different brightness by area while floating on the ocean. To give 
you more details, even if the same HABs float in two different 
locations, its RGB values may change depending on the 
reflectance of sunlight. The RGB values of nearby HABs may 
be relatively different from the RGB values of neighboring 
HABs, making it difficult to perform clustering operation. As a 
result, HABs were detected using HSV-based color detection 
technology that can keep track of the same color even if the 
position and brightness of the object change. HSV stands for 
Hue, Saturation and Value. Hue is the color itself; saturation is 
the intensity of the color, while value represents the brightness 
only (Zhang et al., 2010).  

As the HABs float under the sunlight, RGB values are 
different even with the same color, making it difficult to perform 
clustering operation. In the case of HSV color space that 
compensates for this color bias, it is easy to detect and track the 
HABs consistently by fixing the value of the HSV color space. 
Using this algorithm, it is possible to detect the HABs in real 
time in the image. However, it is necessary to designate a 
specific area for applying the image processing algorithm in 
order to improve the detection efficiency and accuracy. So the 
system was designed to monitor only the sea but not the land 
using the region of interest (ROI) algorithm. 

The HABs detection algorithm described above is shown in 
the following Figure 2. The algorithm is composed of a total of 
6 steps. First, the image is converted from RGB to HSV color 
system after specifying the region of interest. Then, input the 
RGB value of the HABs that you want to find to automatically 
convert it to HSV value. The image is then binarized based on 
the Hue value and the saturation value of the HABs, which are 
detected based on the binarization algorithm. When HABs are 
detected, its position is displayed on the screen so that the 
operator can easily judge its nature, while its coordinate 
information is also displayed as well on the screen, making it 
possible to calculate and determine the velocity and direction of 
the HABs. The velocity is calculated by Equation (8). The x and 
y in the equation are the coordinates of the HABs. 

 
 

Figure 2. HABs Detection Algorithm Flowchart. 
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Verification Method of Results 
The comparison targets for HABs detection rate in the HSV 

color space was the RGB color space HABs detection rate. In 
the RGB color space, a grouping method using the pixels 
constituting HABs are used to distinguish their color from the 
surrounding sea colors. The detection rate of HABs was low in 
these results due to the difference in RGB values, a phenomenon 
resulting from unbalanced reflection of sunlight from the HABs 
as described above. To improve upon this, HSV color space was 
used before its HABs detection rate was compared and analyzed 

In the case of the direction and velocity of the HABs, it was 
judged that the comparison with the official data was necessary. 
The comparison target is based on the ocean radar (HF-radar) 
data provided by the Korea Hydrographic and Oceanographic 
Agency (2016) shown in Figure 3. Currently, six HF-radars 
covering a coastal section from Yeosu to Gwangyang Bay are 
collecting seawater flow data. HF-radar observation information 
of NAHU and NAYP are used. The observation results on 
September 13, 2016 near the seawater desalination plant are 
shown in Figure 3. Sea water was moving southwestward of the 
north. The algorithm was compared and verified on the 
assumption that the flow of HABs are the same as that of sea 
water. 
 

 

Figure 3. HF-Radar observation results. 
 

 
RESULTS 

There are three key results of this study: detection result of 
HABs; velocity analysis; and direction analysis. The detection 
of the HABs is displayed on the original image based on the 
binary images and compared with the detection level in the RGB 
environment in discussion section. Velocity and direction of 
HABs were analyzed based on HABs detection results. 

 
HABs Detection Results 

The HABs detection results are shown in Figure 4. Figure 4a 
and 4b show a photograph of a binary HABs image and the 
HABs expressed on the binary image. So it can be accurately 
identified in the original image, and Figure 4c an image showing 
HABs tracking result. The detected HABs measured up more 
than 80% in size of the HABs detected by naked eyes, which is 
better performance than the detection using the RGB band. 

 

Figure 4. (a) Binarization image of HABs, (b) HABs detection results 
and (c) HABs tracking and monitoring. 

 
 
As shown in Figure 5, related information including the 

current coordinates of the HABs, the size of the HABs (the pixel 
size occupying the screen), the current minute, and the current 
second is being displayed as soon as the location of the HABs is 
tracked down. The HABs size was used as an index for the 
detection rate while minute and second were used for the 
velocity analysis. 

 
 

 
Figure 5. HABs tracking screen configuration. 

 

(b) 

(c) 

(a) 
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Velocity of HABs 
The velocity of the HABs was analyzed as shown in Figure 6. 

The HABs were directed from Figure 6b to Figure 6a, and the 
distance was 74 pixels on the x axis and 366 pixels on the y axis. 
As a result, we observed that the HABs were moving at about 
13.5 pixels/minute to southwest. After that, it is necessary to 
change the unit of pixels/minute to m/s. Since the provided 
image is a high-slope image, however, it needs to be converted 
to an ortho-image first. This subject will be included in the 
future research plan and discussed in detail in the discussion. 
 

 

Figure 6. HABs velocity analysis. 

 
 
Direction of HABs 

The coordinates were plotted and observed as shown in 
Figure 7 in order to predict the direction and general trend of 
HABs direction. As shown in Figure 7, the HABs were observed 
to be floating southwest of the geodetic north. 
 

 

Figure 7. HABs direction analysis. 
 

DISCUSSION 
The HABs detection results in the HSV color space were 

evaluated by comparing them with the HABs detection rates in 
the RGB color space, which is the existing method, before they 
were compared and analyzed based on Figure 8. The detection 
rate of HABs in the RGB color space, which is the existing 
method, was 40% or less. The detection rate of HABs based on 
the HSV color space was more than 80% on average, however, 
which was more than twice as high as the previous result. 

 

Figure 8. Comparison of HABs detection level between RGB and HSV. 
(a) HABs detection in RGB color space. (b) HABs detection in HSV 
color space. 

 
 
The direction of the HABs were compared with that of the HF 

radar as shown in Figure 9. The comparison target was the flow 
information of the sea water obtained from the HF-radar in 
Gwangyang Bay. The comparison of the flow information of 
HABs detected in this study shows that the HABs flew 
southwest of the true north in both cases where the intake is 
located. Figure 9a is the HF-radar data obtained by the Korea 
Hydrographic and Oceanographic Agency (2016). The HABs 
direction was assumed to follow the flow of seawater on the HF-
radar. The results were verified as the flow directions of the two 
results agreed with each other. 

 
 

Figure 9. Comparison of Sea flow and HABs direction. (a) Sea flow on 
the HAF. (b) HABs direction . 

 

(a) 

(b) 

(a) 

(b) 

(a) (b) 
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As seen in the results, the detection rate of HABs were more 
than 80% on average, and the velocity was 13.5 pixels/min 
while the flowing direction was southwest. These results can be 
used not only to detect HABs location but also to predict its 
future velocity and direction. It was judged, however, that the 
following two improvements are necessary in order to utilize 
them for forecasting its future movement. First, the units used in 
the velocity analysis of the HABs are 'pixels/minute', which 
indicates how many pixels the center point of the HABs have 
moved per minute. As this is not a commonly used unit, it needs 
to be modified. 

Second, the direction of the HABs coordinates can be visually 
determined to some extent but the trend is not consistent in some 
sections as shown in Figure 10. The accuracy of the direction 
analysis shall be improved by reducing the deviation between 
these coordinates as much as possible when pursuing related 
research in the future. 

 
 

Figure 10. Error in HABs coordinates detection. 
 

 
CONCLUSIONS 

Information on the water flowing into the seawater 
desalination plant in the event of HABs are considered very 
important. In this paper, the authors developed a monitoring 
technique to track down the HABs in the air for an extended 
period. As a result, the position, size, direction and velocity of 
the HABs were calculated by photographing an area some 2 km 
in radius from 400m above the ground. 

These results are as mentioned above. First, the unit of 
correction was required in the case of velocity. Since 
pixels/minute is not a commonly used unit, it is necessary to 
change it to a more general unit such as m/s. However, it is 
necessary to change the slope image to an ortho-image in order 
to determine the distance of one pixel from the actual 
environment. Second, the error between the HABs coordinates 
detected must be reduced to improve the accuracy of HABs 
direction analysis. As shown in the figure above, a large error 

occurred at some point between the coordinates on the graph. It 
was decided that the algorithm should be improved in the 
direction to reduce these errors in the future plans. 

Extraction efficiency of HABs were over 80% based on the 
results of this study, which is higher than that of the previous 
studies. When the above-mentioned parts are improved well, it 
is expected that the monitoring technology of this research will 
facilitate efficient monitoring of and prevention of HABs 
flowing into the seawater desalination plant that relies on the 
reverse osmosis seawater desalination process. 
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Kim, K.B.; Yun, H.S., and Kim, T. W., 2019. Height recomputation of the Korean vertical origin point using new mean 
sea level of Incheon Bay. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 91, pp. 396-400. Coconut Creek (Florida), 
ISSN 0749-0208. 
 
The mean sea level (MSL) of Incheon Bay using the long-term tidal observations more than 18.6 years (January 1, 
1999 ~ August 31, 2017) was determined by harmonic analysis. In comparison with the current MSL of Incheon Bay 
provided by Korea Hydrographic and Oceanographic Agency, the difference of the MSL is 0.035 m. The height of the 
current Korean vertical original point (KVOP) was reexamined by the newly computed MSL of Incheon Bay and height 
difference was computed between Tidal Gauge Bench Mark (TGBM) installed near Incheon Harbor and the KVOP. 
There is a difference of 2.27 cm in between the recalculated height and the current height of the KVOP. In order to 
check height error in the geodetic leveling network generated from single vertical origin point system based on the 
KVOP of Incheon, it would be necessary to consider the application of height deviation in multiple vertical origin point 
systems based on the local (Mokpo, Busan, and Mukho) MSLs. 
 
ADDITIONAL INDEX WORDS: Mean sea level, harmonic analysis, Korean vertical origin point, local vertical 
datum. 
 

 
INTRODUCTION 

The national vertical datum is a reference surface of height 
information including on various spatial information and is 
generally defined as mean sea level (MSL) of a particular point 
by long term tidal observations. The Korean vertical datum is 
defined as the MSL that is based on the average of the high and 
low water levels measured in Incheon Bay during about 2 years 
and 7 months from December, 1913 to June, 1916 by the Japanese 
Empire. The height (= 26.6871 m) of the current Korean vertical 
original point above the MSL of Incheon Bay was determined by 
precise measurements, which were obtained by precise leveling 
conducted in three sections between the geodetic vertical origin 
point of Incheon established by the former Land Survey Bureau 
in 1917 and the current Korean vertical origin point (KVOP) from 
February 28 to March 11, 1964 (NGII, 2017). 

The temporary Land Bureau of Investigation for the history of 
tide observation of Incheon Bay in 1913 have installed tidal 
station below sea level at 90 m west of the original bench mark at 
the end of the west coast road of the British Consulate of Incheon 
for the purpose of establishing the reference surface of height 
(Choi, 1994). Because the destruction of structures and frequent 
collision of vessels in the tidal station installed in Incheon Harbor, 
it has been planned to be relocated in 1927. Since then, tidal 
station has been installed on the land side of Sundo-Yangcheon 
bridge of the figure of eight in outer side of old dock, and replaced 
to 1/50 Ares tide gauge in 1943. TBM No. 1 installed in outer side 

of old dock was lost due to the development of Incheon Harbor 
between 1973 and 1974, and Old dock tidal station  moved to 
Wolmido tidal station. 

 
 

 
Figure 1. Location map of tidal station installed around Incheon Harbor 
since 1960.

 
Since 1999, tidal observations on Incheon Bay had been 

conducted currently by moving Incheon tidal station located on 
the coastal pier, as shown in Figure 1. 
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Figure 2. Mean sea level calculated by arithmetic mean of tidal station installed around Incheon harbor between 1960 and 2017. 

 
 

The MSL of Incheon Bay determined using tidal observation 
data during 9 years (1999~2007) obtained from Incheon tidal 
station was 4.613 m NGII (2010). In comparison with the MSL 
of 4.635 m above Datum Level (DL) provided by Korea 
Hydrographic and Oceanographic Agency (KHOA, 2017), the 
difference is 0.022 m (= 4.635 – 4.613). The results of the MSL 
by arithmetic mean of the tidal data for each year according to the 
change of location of the Old dock tidal station (1960~1973), 
Wolmido tidal station (1974~1998), and Incheon tidal station 
(1999~2017) were represented in Figure 2. 

 
Table 1. Mean sea level during 3 independent observation period of tide 
data of Incheon Bay. 

 
Location Observation period MSL 

Old dock tidal station 1960~1972 (13 years) 4.581 m 

Wolmido tidal station 1976~1989 (14 years) 4.538 m 

Incheon tidal station 1999~2017 (19 years) 4.625 m 
 
As shown in Figure 2, it can be seen that the tidal data of 

Incheon Bay varies greatly according to the location of tidal 
station, and it is analyzed that there is a part of the observation 
that the reliability is poor (blue dotted lines: 1973, 1974, 1975, 
and 1990~1998) due to the replacement of the tide gauge. The 
tidal data of Incheon Bay show different trends from the history 
by moving of the previous tidal station, and Old dock and 
Wolmido tidal stations have problems about the use period of the 

long tidal observations. These causes were related to the 
relocation of the tidal observation site, the replacement of the tide 
gauge, and the quality and the lack of tidal observation data. 

The mean sea level was calculated by dividing the Incheon Bay 
tide observation data into three independent observation periods 
that consider the continuity and connectivity of the tide 
observation data together with the history of tide data of using the 
tide observation data of Incheon Bay in Table 1. 

This study aims to determine the MSL of Incheon Bay using 
the long-term tide observations more than 18.6 years between 
January 1999 and August 2017 and to reexamine the height of the 
current Korean vertical original point based on the newly 
determined MSL of Incheon Bay. In addition, the external check 
is performed to analyze height difference of three local vertical 
datum in multiple vertical origin point systems instead of single 
vertical origin point system based on the KVOP determined from 
the local MSLs and precise leveling. 

 
METHODS 

Mean Sea Level Determination 
Tides are the rise and fall of sea levels caused by the integrated 

effects that are the gravitational forces exerted by the Moon and 
the Sun and the rotation of the Earth, and are composed of several 
tidal constituents. 
Most places in the ocean usually experience two high tides and 
two low tides each day (semi-diurnal tides), but some locations 
experience only one high and one low tide each day (diurnal tides). 
According to Dronkers (1964), the tide (h) at arbitrary time (t) can 
be expressed in terms of a sum of harmonic terms as Equation (1):



398 Kim, Yun, and Kim 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

 

 
Figure 3. Time series of 1 hour sea level of Incheon tidal station between January 1, 1999 and August 31, 2017. 

 
 
ℎ =  𝑆𝑆0 + ∑ 𝑓𝑓𝑛𝑛  ℎ𝑛𝑛 cos  [ 𝜔𝜔𝑛𝑛𝑡𝑡 + (𝑉𝑉𝑛𝑛 + 𝑢𝑢𝑛𝑛)  −  𝜅𝜅𝑛𝑛 ],𝑁𝑁

𝑛𝑛=1   (1) 
 
where 𝑆𝑆0 is the height of the mean water level above the datum 

used; 𝑓𝑓𝑛𝑛 is nodal factor of the constituent n; ℎ𝑛𝑛 is amplitude of the 
constituent derived from observed tidal data at a certain place 
during the 18.6 year period; 𝜔𝜔𝑛𝑛 is frequency (degrees per mean 
solar hour) of nth constituent; 𝑉𝑉𝑛𝑛 + 𝑢𝑢𝑛𝑛 is value of the equilibrium 
argument of the constituent n, when t=0, it is so-called 
astronomical argument; and 𝜅𝜅𝑛𝑛  is lag of the phase (epoch) of the 
tidal constituent. ℎ𝑛𝑛  and 𝜅𝜅𝑛𝑛  are harmonic constants of each 
constituent. The process of decomposing the tide into the 
amplitude and lag of the phase of each constituent is called 
harmonic analysis. 

Tidal Analysis Software Kit 2000 (TASK-2000) developed by 
Proudman Oceanographic Laboratory, U.K. was used for 
harmonic analysis in this study. The Rayleigh criterion was 
applied to determine the number of harmonic constituent that can 
be decomposed according to the tidal observation period. The 
MSL was computed as the amplitudes and phase-lag of only four 
major tidal constituents (M2, S2, K1, and O1) obtained by 
harmonic analysis. Table 2 represents four major tidal 
constituents. 

 

Table 2. Four major tidal constituents. 
 

Symbol Name of Constituent Angular velocity 
(◦/hr) 

Period 
(hrs) 

M2 
Principal lunar 

semidiurnal 28.98 12.42 

S2 Principal solar semidiurnal 30.00 12.00 
K1 Lunisolar diurnal 15.04 23.93 
O1 Principal lunar diurnal 13.94 25.82 

 
Figure 3 shows time series of 1 hour sea level observation of 

Incheon tidal station between January 1, 1999 and August 31, 
2017 (about 18.6 years). As shown in Figure 3, it was analyzed 
that the tidal observations of Incheon tidal station between 
January 1, 1999 and August 31, 2017 are relatively good because 
of there is no loss and interpolation of tidal observation in each 
year. 
 
Investigation of Multiple Vertical Origin Point System 

Height deviation of the KVOP caused by the newly determined 
MSL of Incheon Bay in the current single vertical origin point 
system is difficult to apply to the national reference point, such as 
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benchmarks (BMs) and unified control points (UCPs). In this 
study, the application of the deviation of height in multiple 
vertical origin point system by setting the local vertical origin 
point (LVOP) in Incheon, Mokpo, Busan, and Mukho is 
considered for height difference in BMs in the 1st leveling 
network of Korea. 

The local vertical datum (LVD) adopted by many countries 
around the world is based on observations of different epochs of 
tidal stations in different locations that are not the same geoid 
surface. It is affected by the sea surface topography, and there is 
a difference between the vertical reference surfaces. Figure 4 
shows that the relationship between the LVD and the geoid model 
in an arbitrary BM on the earth’s surface is expressed by 
ellipsoidal height, geoidal height, and orthometric height as a 
linearized form as Equation (2) (Kotsakis et al., 2012). 

 
ℎ𝑖𝑖 −  𝑁𝑁𝑖𝑖 −  𝐻𝐻𝑖𝑖 = (𝑊𝑊0 −  𝑊𝑊0

𝐿𝐿𝐿𝐿𝐿𝐿)/𝛾𝛾 𝑖𝑖     (2) 
 
where W0 and W0LVD are the equipotential surface expressed by 

geoid model and gravity potential of LVD reference surface, 
respectively. γi is normal gravity on the reference ellipsoid. 
 

 

 
Figure 4. LVD and geoid model (Kotsakis et al., 2012). 

 
 

The LVD adopted nationally and locally is determined based 
on the local MSL, and the exiting difference between the vertical 
reference surface and the geoid model in Figure 4 is about 1 to 2 
m from the geoid model (Hipkin et al., 2004). 

 
RESULTS AND DISCUSSIONS 

The MSL of Incheon Bay determined by harmonic analysis 
using tidal observations of 2 years between 1943 and 1944 is 
4.6350 m above Datum Level (DL) (KHOA, 2017). Long-term 
tidal observations more than 18.6 years between January 1, 1999 
and August 31, 2017 of Incheon tidal station provided by KHOA 
were used to determine the MSL of Incheon Bay using TASK-
2000 in this study. The MSL of Incheon Bay determined from 
harmonic analysis is 4.6700 m. In comparison with the MSL 
(4.6350 m) of Incheon Bay provided by KHOA, which was 
determined by harmonic analysis for tide observations for two 
years from 1943 to 1944, the difference of the MSL is 0.035 m. 

In order to reconsider the height of the KVOP, calculation of 
the MSL from long-term tidal observations more than 18.6 years 
at Incheon tidal station, height recalculation of Tidal Gauge 
Bench Mark (TGBM) near Incheon tidal station, and calculation 
of height difference between TGBM and the KVOP are required, 

as shown in Figure 5. The height of the MSL of Incheon Bay is 
0.0000 m that is the reference surface of vertical datum for 
observing all land heights. 

 
 

 
Figure 5. Height recalculation of the Korean vertical origin point. 

 
 

Table 3. Recalculated height of the KVOP with respect to the new MSL of 
Incheon Bay (unit: meter). 
 

 Height Height difference 
MSL of Incheon Bay 0.0000  

  6.6500 
TGBM  of Incheon Harbor 6.6500  

  18.3654 
Supplementary point (Na)  

of the KVOP 25.0154  

  1.6490 
KVOP 26.6644  

 
Current height of Incheon port TGBM, which is installed on 

Oct. 31, 2012 by KHOA, near Incheon tidal station is 6.6850 m 
above the MSL of Incheon Bay determined by harmonic analysis 
using 2 years tide observations between 1943 and 1944. However, 
in this study, because the MSL calculated from long-term tidal 
observations more than 18.6 years (January 1, 1999 ~ August 31, 
2017) of Incheon tidal station provided by KHOA is larger than 
3.5 cm that calculated from 2 years tide observations (1943 ~ 
1944), the new height of the Incheon Harbor TGBM is 6.6500 m. 
Table 3 summarizes height of Incheon Harbor TGBM, 
supplementary point (Na) of the KVOP, and the KVOP, and 
height difference between these points. 

Since the height of the KVOP cannot be directly calculated 
from the new height of Incheon Harbor TGBM, precise leveling 
is needed to compute the difference between Incheon Harbor 
TGBM and the KVOP. The KVOP is difficult to measure by 
precise leveling because it is installed in the red brick structure 
with a circular column. Precise leveling between the Incheon 
Harbor TGBM installed near the Incheon tidal station and 
supplementary point (Na) of the KVOP was carried out. Height 
difference between the Incheon Harbor TGBM and 
supplementary point (Na) of the KVOP is 18.3654 m, as shown 
in Table 3. 

In addition, total station (T/S) surveying was conducted to 
calculate the height difference (= 1.6490 m in Table 3) between 
supplementary point (Na) of the KVOP and the quartz plate (zero 
point), which indicates height of 26.6871 m on the KVOP 
established on the premises of Inha Technical College, located at 
253 Hahkik-dong, Nam-gu, Incheon, South Korea. 
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Recomputed height of the KVOP with respect to the MSL 
determined from long-term tidal observations more than 18.6 
years (January 1, 1999 ~ August 31, 2017) of the Incheon tidal 
station is 26.6644 m. Finally the difference between the current 
height (= 26.6871 m) of the KVOP and recalculated height (= 
26.6644 m) of the KVOP is 0.0227 m. The main reason of this 
difference in MSL may be partly caused to the rise in sea level 
due to global warming, but are due to multiple causes such as port 
development and subsidence. 

In this study, a check of height error in the geodetic leveling 
network using the local MSLs determined by long-term tidal 
observations was performed by investigating height of fixed 
points in leveling network adjustment in multiple vertical origin 
point systems. In order to examine the results of the height of BM 
selected as the LVOPs of Incheon, Mokpo, Busan, and Mukho, 
the MSLs of Mokpo, Busan, and Mukho were calculated at the 
same epoch in 2017. Precise leveling was also conducted to 
calculate height difference between TGBM installed near tidal 
station and BM selected as a LVOP. Finally, the difference 
between the height of the newly computed LVOP and the height 
of existing BM was calculated. 
 
Table 4. The height of the LVOP and height difference between LVOP and 
existing BM (unit: meter). 
 

 Incheon Mokpo Busan Mukho 

Existing BM KVOP Mokpo 
SP 09-00-00 20-26-00 

Reference surface MSL of 
Incheon 

MSL of 
Mokpo 

MSL of 
Busan 

MSL of 
Mukho 

MSL 4.6700 2.4500 0.6110 0.1750 

Height of TGBM 6.6500 31.1430 13.2730 4.8520 

Height difference 
(TGBM~BM) 20.0144 -28.3325 15.6303 46.6890 

Height of 
LVOP 26.6644 2.8105 28.9033 51.5410 

Height of 
existing BM 26.6871 2.8220 28.7059 51.3654 

Difference -0.0227 -0.0115 0.1974 0.1756 

 
As shown in Table 4, the KVOP, Mokpo Starting Point (SP), 

09-00-00, and 20-26-00 were selected as the LVOP of Incheon, 
Mokpo, Busan, and Mukho, respectively. In this study, long-term 
tidal observations were used to determine three (Mokpo, Busan, 
and Mukho) local MSLs in order to reflect the physical 
fluctuation and phenomenon of continuous vertical reference 
surface at the same reference epoch (Jan. 1, 1999 ~ Aug. 31, 
2017). 

The existing BMs are also same as LVOPs of Incheon, Mokpo, 
Busan, and Mukho. KVOP and LVOP in Table 4 indicate the 
KVOP and the LVOP, respectively. In Table 4, the height of the 
existing BMs as the LVOP for each region, and their height 
differences between LVOP and existing BM were calculated to 
investigate external check in 1st leveling networks. 

 

CONCLUSIONS 
Now, 100 years later, the MSL of the newly determined 

Incheon Bay is raising the need for re-examination of the Korean 
vertical datum. In this study, the national vertical reference 
surface using the long-term tidal observations more than 18.6 
years (Jan. 1, 1999 ~ Aug. 31, 2017) was determined by harmonic 
analysis, and the height of the KVOP was recomputed. In 
comparison with the height (= 26.6871 m) of the current KVOP, 
the newly computed height of the KVOP is 26.6644 m. The 
difference between the recalculated height and the current height 
of the KVOP is 2.27 cm.  

In order to check height error in the geodetic leveling network 
generated from single vertical origin point system based on the 
KVOP of Incheon, it would be necessary to consider the 
application of the height deviation in multiple vertical origin point 
systems. Therefore, the calculations of height of BM are 
important from a scientific point of view to examine the reliability 
of setting up the geodetic leveling network in Korea because large 
height errors can accumulate at long-distance and leveling in 
mountainous area. As further work, LVD from the local MSL 
determined by continuous tidal observations and calculation of 
height of LVOP for performing external check caused by height 
difference would be required. 
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Mean Sea Surface (MSS) provides the basic information of mean height of the water level above a reference surface 
over a year. These are used to understand the characters of the undersea topography and are widely used in geodesy, 
geophysics, oceanography (operational oceanography, modeling, ocean variability studies). MSS can be obtained from 
range of techniques such as LiDAR, altimetry, etc. Depending upon the data source and processing method the quality 
is varied. In the past decade, significant advances in global MSS modelling have been made with the release of the 
altimetry satellites. These data cover most of the oceans and are freely available, which benefits areas with poor 
geospatial infrastructure or inaccessible areas. Since, their applications depend on the accuracy of global MSS, their 
evaluation should be done as preliminary step. MSS models for specific regions can be analyzed based on comparison 
with the coastal Tidal Bench Marks (TBMs) observations. This paper aims to assess the accuracy of the recent global 
MSS models in comparison with TBM observation data around Korea. First data were collected, and necessary 
statistics were calculated. As the characteristics of the sea around Korea are different, there different cases of East, 
West and South seas were also calculated along with profile plots. Result shows WHU13 shows less difference with 
TBM while CNESCLS15 and DTU13 are more correlated. In case of Korean sea, combined used of TBM near coast 
and WHU13 far in sea can be used.  
 
ADDITIONAL INDEX WORDS: Comparison, global mean sea surface, CLSCNES15, DTU15, WHU13, TBM. 
 

 
INTRODUCTION 

Mean Sea Surface (MSS) provides the basic information of 
mean height of the water level above a reference surface over a 
year. These are used to understand the characters of the undersea 
topography and are widely used in geodesy, geophysics, 
oceanography (operational oceanography, modeling, ocean 
variability studies). MSS can be obtained from range of 
techniques such as LiDAR and SAR altimetry (Acharya and Lee, 
2018). 

In the past decade, significant advances in global MSS 
modelling have been made with the release of the altimetry 
satellites such as Topex/Poseidon, Jason, ERS, ENVISAT and 
Cryosat-2 (Jin, Li, and Jiang, 2016). With these data, different 
MSS models were developed in past such as OSU91A, 
OSUMSS95, DNSC08, DTU10, DTU13, CNESCLS11, WHU13 
and son on. These MSS are derived from Ocean surface 
topography (OST) which is the height of the ocean surface 
relative to a level of no motion defined by the geoid, a surface of 
constant geopotential, and provides information on tides, 
circulation, and the distribution of heat and mass in the Earth’s 
global ocean. OST is measured using a satellite altimetry 
technique that combines precise orbit determination with accurate 

ranging by a microwave altimeter of the distance of ocean surface 
to the satellite to determine the ocean surface height relative to 
known reference surface or the center of the Earth. Precision orbit 
determination uses satellite tracking information and models of 
the forces (e.g., gravity, aerodynamic drag) that govern the 
satellite motion to produce accurate estimates of the satellite's 
orbital height.  The range from the satellite to the ocean surface is 
measured using an onboard altimeter that reflects microwave 
pulses off the ocean surface and measures the time it takes the 
pulses to return to the spacecraft. The highly accurate altimeter 
range measurements are subtracted from the satellite orbital 
height, resulting in ocean height measurements relative to well-
defined reference system. Ocean surface topography is estimated 
by referencing the sea surface height to the geoid. Other ancillary 
information on the ocean surface is also obtained from satellite 
altimetry including information on surface waves and roughness. 
The basic representation of satellite altimetry is shown in Figure 
1. 

Altimetry data helps to improve the knowledge of ocean tides 
and develop global tide models. It also is useful to monitor the 
variation of global mean sea level and its relationship to changes 
in ocean mass and heat content. These data cover most of the 
oceans and are freely available, which benefits areas with poor 
geospatial infrastructure or inaccessible areas. However, 
depending upon the data source and processing method the 
quality is varied. Since, their applications depend on the accuracy 
of global MSS, their evaluation should be done as preliminary 
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step. MSS models for specific regions can be analyzed based on 
comparison with the coastal Tidal Bench Marks (TBMs) 
observations. 

This paper aims to assess the accuracy of the recent global MSS 
models in comparison with TBM observation data around Korea. 
First data were collected, and necessary statistics were calculated. 
As the characteristics of the sea around Korea are different, there 
different cases of East, West and South seas were also evaluated. 

 
 

 
Figure 1. Representation of satellite altimetry.

 
 

STUDY AREA 
The Korean peninsula is enclosed by the Yellow Sea in west, 

the South Sea and the East Sea. The hydrographic properties and 
circulation characteristics of the Yellow Sea are strongly 
influenced by climatic conditions. The South Sea is connected to 
the East China Sea and the Tsushima current, a branch of 
Kuroshio, flows towards the East Sea through the South Sea. The 
East Sea is deeper than the Yellow Sea or the South Sea. And the 
eastern coastline is very simple and linear (Lee and Lee, 2003). 

The study area for this work covers the sea surface that is 
Korean Exclusive Economic Zones (EEZ) which covers most of 
the Korean Sea. Land surface from Global Self-consistent, 
Hierarchical, High-resolution Geography Database (Wessel and 
Smith, 1996) were erased from EEZ boundary area (Flanders 
Marine Institute, 2016) to created sea surface mask. 

Due to variation in the tidal range, Korean Sea is usually 
studied into three cases: West sea, South Sea and East Sea. The 
West Sea coast shows a heavily indented coast with maximum 
tidal range of about 10 m. The tidal range of East Sea is usually 
less than 0.3 m. The coastline of the South Sea varies in locations. 
Tidal ranges on the south coast vary from about 1.0 m in the east 
part of the coast to about 4.0 m in the west part (Lee and Lee, 
2003). As shown in Figure 2, three cases (white rectangles) were 

selected for further understanding the MSS characteristics and 
accuracy.  
 

 

 
Figure 2. Study area and cases for the comparative study around Korea.

 
 

MEAN SEA SURFACE 
In this study, three global recent MSS derived from satellites 

observation were used while they are compared with MSS created 
manually according to the measurement carried out at TBM 
around Korean peninsula. 

 
CNESCLS15 

The CNESCLS15 MSS has been computed using a 20-year 
period of altimetry data with a particular attention to the 
homogeneity of the ocean content, and specific processings were 
also carried out on data from geodetic missions such as, CryoSat-
2, Jason-1 GM, and ERS-1 GM data were corrected from oceanic 
variability using results of optimal analysis of sea level anomalies. 
The MSS has been determined using a local least square 
collocation technique which provides an estimation of calibrated 
error, which takes into account of altimetric noise, ocean 
variability noise and also along-track biases which are determined 
independently for each observation. Moreover, variable cross-
covariance models are fitted locally for a more precise 
determination of the shortest wavelengths lower than 50 km. To 
preserve better continuity of the MSS accuracy from the open 
ocean to the coasts, specific data processings were used near the 
coast. 
 
DTU15 MSS 

The DTU15MSS is the latest release of the global high 
resolution mean sea surface from DTU Space. The major new 
advance over previous DTU MSS is the use of an improved 4 
years Cryosat-2 LRM, SAR and SAR-In data record and the 
downweighting of ICESat data used previously in the Arctic 
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Ocean for DTU10MSS and DTU13MSS deficient areas 
(Anderson et al., 2016). 
 
WHU13 MSS 

WHU13 is a global MSS model with 2’ by 2’ spatial resolution 
between 80° S and 84° N based on 20-years of multi-satellite 
altimetry data. Upon comparison with CNES-CLS2011 and 
DTU13 MSS models, the standard derivation of the differences 
was about 5 cm between 80°S and 84°N, less than 3 cm between 
66° S and 66° N, and less than 4 cm in the China Sea and its 
adjacent sea (Jin, Li, and Jiang, 2016). 
 
TBM MSS 

TBM MSS was prepared from a total of 406 stations around 
the Korean coastal area. The measurements were done by KHOA 
which were mainland and islands i.e., non-water areas. The 
observations were done in different time and till 2017 were used 
in this study (Acharya and Lee, 2018). The interpolation of these 
points was used to drive the raster surface. 

Figure 3 shows the mean sea surfaces for above mentioned 
ones around the Korean peninsula within the EEZ. 
 

 

 
Figure 3. MSS used in this study around Korea within EEZ.

 
 

COMPARATIVE ASSESSMENT 
The comparative assessment for this study was performed in 

GIS. GIS platform a system designed to capture, store, manipulate, 
analyze, manage, and present all types of spatial or geographical 
data. It addresses geographic problems for better understanding 
and visualization using various techniques of cartography, 
statistics and database. It is widely used for comparative analysis 
in geospatial domain. (Acharya, Yang, and Lee, 2018; Lee and 
Acharya 2017). 

Korean sea around the peninsula is a vast area and shows 
varying nature. West Sea has high tide fluctuation per day 
whereas East Sea has almost constant. South sea shows median 

characteristics where there are many coastal islands of varying 
sizes.  Hence, for better understanding of the difference in MSS, 
first a full area statistic was derived and later three sections of 
each seas i.e., West, South and East were derived. The statistics 
used in this study are minimum, maximum, mean and standard 
deviation. 

In any dataset, the smallest value is minimum whereas the 
largest one is maximum. Mean is defined as the average and is 
computed as the sum of all the observed outcomes from the 
sample divided by the total number of events as follow: 

 
Mean (𝑥𝑥) = 1

𝑛𝑛
∑ 𝑥𝑥𝑛𝑛
𝑖𝑖−1      (1) 

 
Standard deviation is a measure that is used to quantify the 

amount of variation or dispersion of a set of data values. A low 
standard deviation indicates that the data points tend to be close 
to the mean (also called the expected value) of the set, while a 
high standard deviation indicates that the data points are spread 
out over a wider range of values. It is calculated as: 

 
Standard deviation (σ) = �∑ (𝑥𝑥𝑖𝑖 − 𝑥𝑥)2 𝑛𝑛⁄𝑛𝑛

𝑖𝑖=1    (3) 
 
where 𝑥𝑥𝑖𝑖 is an item and 𝑥𝑥 is the mean, and n is the total number 

of items in the dataset.  
 

RESULTS AND DISCUSSION 
After collecting all the latest versions of global MSS at the time 

of study, they were cropped for the full study area i.e., EEZ of 
Korea. The statistic of the MSS used in this study are shown in 
Table 1. 

 
Table 1. Statistics of MSS from TBM and 3 global models in Korea. 
 

Statistics Min. Max. Mean Std. Dev. 

TBM 17.572 31.403 25.035 2.639 

CNESCLS15 18.215 30.636 25.985 2.603 

DTU15 18.272 30.622 25.939 2.691 

WHU13 17.786 30.629 25.679 2.627 

 
According to the Table 1, the minimum and maximum values 

are shown by TBM derived MSS with 17.572 m and 31.403 m 
and its average MSS is 25 m. This is due to the limitation of data 
coverage which are closer to the coastal area whereas EEZ 
coverage are far from them. CNESCLS15 and DTU15 shows 
similar statistics which is due to the use of almost same ellipsoid 
and satellite data. The WHU13 resembles closes to the TBM MSS 
compared to the others. The difference could be due to the 
focused TBM measurements in East China Sea which are lacking 
in other global observations. The mean MSS for CNESCLS15 
and DTU15 is around 25.9 m whereas of WHU13 is slightly lower 
at 25.6 m. The standard deviation of all the surface were around 
2.6 m.  
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Figure 3. Difference between TBM MSS and global MSS around Korea within EEZ.

 
 

However, seeing the cases of each seas around Korea shows a 
different result. The statistics of case seas are shown in Table 2. 
According to the table, minimum for the west, south, east seas are 
around 20.5 m, 21.3 m and 24.9 m. From West Sea TBM agrees 
the global MSS more than South. The large difference is shown 
by the TBM MSS in East Sea, due to lack of data in the region of 
EEZ which is elongated in East Sea. Similarly, the standard 
deviation is also varying in South Sea compared to other two. This 
may be due to the large number of islands in the area which covers 
the study case. 

 
Table 2. Statistics of all MSS for three different seas around Korea. 
 

Statistics Min. Max. Mean Std. Dev. 

West 

TBM 20.463 24.853 22.450 1.007 

CNESCLS15 20.522 25.054 22.655 1.066 

DTU15 20.505 25.182 22.633 1.021 

WHU13 20.425 25.297 22.672 1.082 

South 

TBM 21.456 30.589 26.130 2.497 

CNESCLS15 21.294 30.039 26.187 2.648 

DTU15 21.310 30.110 26.207 2.664 

WHU13 21.307 30.157 26.180 2.665 

East 

TBM 26.194 30.535 29.053 1.037 

CNESCLS15 24.931 30.392 27.755 1.292 

DTU15 24.930 30.492 27.712 1.293 

WHU13 24.961 30.518 27.744 1.287 

 
For the final comparative analysis, the difference was derived 

for all three global MSS from TBM derived MSS. The results are 
shown in Figure 3 and their statistics in Table 3. According to the 
table, CNESCLS15 and DTU15 shows a stable difference of 
average -0.9 m compared to the -0.6 m for WHU13. Although the 
difference is lower of WHU13 which is good, but minimum, 
maximum and standard deviation shows a higher fluctuation in 
the surface. 

The overall results and difference shows a unique phenomenon 
in Korean Seas. The West Sea with high tides and more data 
points are more similar with TBM observations whereas the East 
Sea with stable tide has much difference. Such difference in MSS 
demands more careful comparison and validation of the MSS 
before using in any study area. 

 
Table 3. MSS differences between TBM and global models in Korea. 
 

Statistics Min. Max. Mean Std. Dev. 

TBM-CNESCLS15 -4.921 1.012 -0.950 0.369 

TBM-DTU15 -5.189 1.179 -0.904 0.372 

TBM-WHU13 -5.129 1.616 -0.644 0.505 

 
CONCLUSIONS 

Mean sea surface (MSS) model is a vital reference in marine 
geodesy for the study of charting datum and sea level change. 
Taking that in account for Korea, this study performed 
comparative assessment for the accuracy of the recent global 
MSS models in comparison with TBM observation data around 
Korean Seas that fall in EEZ. Four statistics: minimum. 
Maximum, mean and standard deviation were calculated for 
whole and cases East, West and South seas. 

As a result, comparison and differentiation between global 
MSS and TBM observations shows WHU13 to have less mean 
difference with TBM while CNLES15 and DTU15 to be much 
similar to each other. The results were based on the on the non-
water points installed in mainland and coastal islands which still 
does not cover the deep-sea area. Thus, for Korean Seas, 
combined used of TBM near coast and WHU13 far in sea can be 
used. Further analysis on derived raster surface are necessary to 
access the global MSS models for specific site-wise studies.  
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Advances in location-acquisition technology open up new areas of applications in maritime monitoring and security. 
Automatic identification system (AIS) data provide dynamic information on vessel movements. This research proposes 
a new method for detecting anomalous vessel dynamics using functional data analysis. Empirical investigations of this 
approach demonstrate the effective detection of outlier flows in terms of ship traffic volume. However, alternative 
methods such as the 3-sigma rule and the MAD-Median rule fail to detect anomalous vessel traffic. This investigation 
suggests that the method proposed can improve the safety and operation of ship-to-shore vessel traffic management. 
  
ADDITIONAL INDEX WORDS:  AIS, maritime safety, functional data analysis, outlier detection 
 

 
INTRODUCTION 

Maritime surveillance of ports and coastlines is highly 
important for maintaining the operational efficiency and safety. 
Traditional maritime surveillance is based on visual observations, 
radar, infrared and video cameras observations. However, such 
monitoring systems are manpower-consuming and obviously 
expensive (Zhang et al., 2017). Recent advances in geolocation 
technology have developed self-reporting maritime systems such 
as automatic identification system (AIS) for maritime safety. This 
study employes functional data analysis to detect anomalies in 
vessel traffic in port waters with AIS data. 

AIS equipment continuously and autonomously transmits 
information about the vessel (e.g., vessel heading course, speed, 
position, and maritime mobile satellite identity (MMSI) number).  
This information is used to provide search and rescue assistance 
and auxiliary means of maritime traffic control system in the 
event of a marine accident (Bošnjak et al., 2012). According to 
Chapter V, Regulation 19.2.4 of Safety of Life at Sea Convention 
(SOLAS), all vessels over 300 gross tons on international voyages, 
and all vessels over 500 gross tons not operating on international 
voyages, and all passenger’s vessels should properly install and 
operate AIS at all times when underway. In addition, all fishing 
boats over 10 gross tons are required to carry and operate AIS in 
Korea  (Kim et al., 2018).  

Therefore, this research proposes a new method to support the 
operation of vessel traffic services (VTS; i.e., ship-to-shore traffic 
management). Marine accidents have been significantly increased 
in Korea from 2014 (National Statistical Office, 2018). The 

method proposed could help provide various safety warnings and 
information on ports and coastlines.  

The remainder of this paper is organized as follows: the 
“Background” section provides an overview of how to use AIS 
based on the previous research. The method for detecting an 
anomaly in vessel traffic in port areas is presented in the “Method” 
section. The results and experimental data are discussed in the 
“Experiment” section. The “Discussion and Conclusions” section 
presents a summary and future work perspectives.  

 
BACKGROUND 

AIS provides opportunities to monitor marine traffic, including 
collision avoidance or fishing fleet monitoring and control. There 
are four basic approaches currently being adopted in the research 
on AIS.  

One approach is the pattern detection of ships in the marine 
environment. AIS data are used to unveil the trajectory of 
container ships for improving their navigation efficiency (Gao et 
al., 2016). Further, the anomaly detection and classification of 
vessel motion patterns are proposed based on AIS data 
(Mazzarella et al., 2017; Ristic Gao et al., 2008). 

Secondly, AIS data informs maritime spatial planning. AIS 
data can generate maritime traffic density, shipping lanes, 
navigation flows, and fishing zones, which provide adequate 
information for maritime spatial planning (da Luz Fernandes et 
al.,  2016; Le Tixerant et al., 2018). 

Thirdly, real-time and automatic tracking of emissions from 
vessels can help the environmental monitoring department to set 
pollution reduction measures and define policies. AIS data can 
provide refined vessel movement and improved emissions 
estimation (Han et al., 2016; Perez et al., 2009). 

Lastly, the analysis of vessel behavior is closely related to 
visual analytics. Visualizing vessel movements from raw AIS 

§Department of Civil Engineering 
Chosun University, 
Gwangju, Republic of Korea 

† Beijing University of Civil Engineering 
and Architecture 

School of Geomatics and Urban Spatial 
Information,  

Beijing,China 
 

‡ForceWave Co., Ltd. 
Gyeonggi, Republic of Korea  www.cerf-jcr.org 

www.JCRonline.org 

____________________ 
DOI:  10.2112/SI91-082.1  received 9 October 2018; accepted in 
revision 14 December 2018. 
*Corresponding author: mhjeong@chosun.ac.kr 
©Coastal Education and Research Foundation, Inc. 2019 
 
 



 Ocean Circulation and Sediment Transport Model on Pipeline Risk Assessment                                   407 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 91, 2019 

data is the fundamental essence of monitoring maritime 
situational awareness (Jiacai et al., 2012; Jin et al., 2018) 

In a similar vein, this study applies the functional data analysis 
based on data depth to understand the volume of vessel 
movements in ports and along coastlines.  

 
METHODS 

The aim of functional data analysis is to analyze information 
on curves and surfaces varying over a continuum. AIS data 
inherently vary over time. Thus, functional data analysis is an 
attractive tool to detect outlying curves (i.e., anomalies in vessel 
traffic) in AIS data. 

The method proposed is based on the notion of the modified 
band depth (López-Pintado and Romo, 2009). Data depth 
measures the centrality of a data point with regard to a given data 
set. The depth function arranges data by their degree of centrality. 
The feature of center-outward arrangement continues to make it a 
valuable tool in scientific research, such as clustering analysis 
(Jeong et al., 2016) and outlier detection (Jeong et al., 2018).  

The band depth arranges sample curves according to decreasing 
depth values. The graph of a function y(t) is the subset of the plane 
denoted by G(y) = {(t, y(t)): t ∈ Γ}. t represents the time for the 
function. The values y(t1) ,…,y(tp) are observed where t1 ≤ … ≤ tp.  
The band corresponding to the two curves (i.e., yi1 and yi2) is B(yi12, 
yi2 ) = {(t,x):t ∈ Γ, min(yi1(t), yi2(t)) ≤ x ≤ max(yi1(t), yi2(t))}. Thus, 
the band depth of y is the proportion of bands that contain y. If 
the proportion is relatively high, y is nested among all the curves 
in a relatively deep fashion. Sun and Genton (2009) extend this 
concept by proposing a functional boxplot. The band depth 
provides a measure to arrange a sample of curves from the center 
outward, which enables the definition of functional quantiles, 
centrality, and outlyingness.  

 

 
Fig. 1. Example of f a functional boxplot. 

 
 

For example, Figure 1 presents the functional boxplot of 50 
random curves with some covariance structure. The border of the 
50% central regions (dark magenta color) is regarded as the   
envelope, which is analogous to the inter-quartile range of the 
one-dimensional boxplot. The central 50% of the curves are 
located in this region. The blue curves indicate the maximum-

non-outlying envelope, which is analogous to the whiskers of the 
one-dimensional boxplot. The black curve represents the median 
curve, whereas the red curves are the outliers detected by 1.5 
times the range of the 50% central regions.  
 

EXPERIMENTS 
This section presents experimental data, work flow and the 

results of a case study. The proposed method was compared with 
rules based on means and variances (i.e., 3-sigma rule) and the 
MAD-Median rule (Wilcox, 2012). 

 
Data  

This research utilizes AIS data collected in 2014, from the 
Republic of Korea. The data were composed of 240 million ship 
trip records, which is approximately 130GB. A density map is 
represented using AIS data in Figure 2. In particular, Figure 3 
shows the experimental area around the Mokpo port. The reason 
behind this is that most marine accidents occurred around the 
Mokpo port in 2014 (i.e., 188 accidents). WGS84 bounds are 
125.860, 34.440, 126.309, and 35.169. 
 

 

 
Fig. 2. Density map based on AIS data from  2014. 

 
 

 

 
Fig. 3. Experimental area around Mokpo port. 
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For the data cleaning process, this study used Hadoop with Pig. 
A Pig script was developed to deal with the large data volume. 
Further, the R package fda (Ramsay et al., 2017) was used for 
functional data analysis. The computing environment was 
Amazon Web Service. Figure. 4 presents the system architecture 
used in this research.  
 

 

 
Figure 4. System architecture.  

 
 
Workflow 

AIS data around the Mokpo port were extracted. The data were 
grouped by month based on time (i.e., hour). It is possible to 
investigate the volume of maritime traffic by varying time.  

For benchmarking, the method proposed was compared with 
alternatives such as rules based on means and variances (i.e., 3-
sigma rule) and the MAD-Median rule.  

The 3-sigma rule declares Xi an outlier as follows: 
 

|𝑋𝑋𝑖𝑖 −  𝑋𝑋| 
𝑠𝑠 > 𝐾𝐾 

where 𝑋𝑋 indicates mean, s indicates standard deviation, and K 
is a constant (i.e., 3). Similarly, the MAD-median rule is 
described as below: 

|𝑋𝑋𝑖𝑖 −  𝑀𝑀| 
𝑀𝑀𝑀𝑀𝑀𝑀/0.6745 > 𝐾𝐾 

 
where, M indicates the median and K is approximately 2.24. 
 

Case Study: Mokpo Port 
The volume of ship traffic at the Mokpo port during 2014 is 

represented in Figure 5. There is usually a high volume of ship 
traffic between 10 a.m. and 3 p.m. 

Further, this study investigated the number of maritime 
accidents in 2014 at the Mokpo port. Fig. 6 presents the trend of 
maritime accidents in 2014 at the Mokpo port. A high number of 
maritime accidents occurred in July and August. Further, the 
relationship between the volume of vessel traffic and maritime 
accidents in 2014 was studied. The Pearson’s correlation 
coefficient was 0.74. This correlation was highly significantly 
different from zero, t(10) = 3.433, p = 0.003. Further, the 95% 
confidence ranged from 0.373 to 1.0, which does not cross zero. 
Thus, the volume of ship traffic and maritime accidents are 
positively related.  
 

 

 
Figure 5. Volume of ship traffic at the Mokpo port in 2014. Each line 
grouped by each month indicates the temporal variation in ship traffic per 
day. 

 
 

 

 
Figure 6. Line graph for the number of maritime accidents per month in 
2014 at the Mokpo port. 

 
 
The functional data analysis presents the centrality and 

outlyingness for the volume of ship traffic in 2014 at the Mokpo 
in Figure 7. Three curves were detected as outliers. The volume 
of vessel traffic in July and August are significantly higher, 
whereas the volume of ship traffic in January is significantly 
lower than the others.  

In addition, alternative methods (i.e., 3-sigma and MAD-
Median rule) revealed the variation in vessel traffic. The two 
methods are not applicable to the time-varying analysis. They 
compared the significant difference between months based on the 
total number of vessel traffic per month.  

Figure 8 presents the upper and lower boundaries for outlier 
detection based on the 3-sigma rule. Similarly, Figure 9 shows the 
upper and lower boundaries for outlier detection based on the 
MAD-Median rule. Both methods revealed that there are no 
outlier flows during 2014. The results of both methods opposed 
that of the proposed method in this study. 
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Figure 7. Functional boxplot of ship traffic in 2014 at the Mokpo port. 
The envelope with dark magenta denotes the 50% central region; blue 
curves indicate the maximum non-outlying envelope; the black curve 
indicates the median curve; and the red dashed curves are the outliers.  

 
 

 

 
Figure 8. Distribution of vessel traffic. Black lines indicate the upper and 
lower boundaries for outliers based on the 3-sigma rule.  

 
 

 

 
Figure. 9. Distribution of vessel traffic. Black lines indicate the upper and 
lower boundaries for outliers based on the MAD-Median rule.  

 
 

DISCUSSION AND CONCLUSIONS 
The results from this study demonstrate that the method 

effectively identified outliers in terms of the volume of vessel 
traffic based on the functional data analysis. A significantly high 
number of ship trips were observed in July and August 2014 at 
the Mokpo port. A significantly low number of ship trips were 

detected in January 2014 at the Mokpo port. Seasonal effect plays 
a role in this phenomenon because maritime activities usually 
increase during summer.  

However, the 3-sigma rule and the MAD-Median rule revealed 
no anomaly in terms of the volume of vessel traffic. The approach 
in this study considers the time and the volume of vessel traffic 
together, but the 3-sigma rule and the MAD-Median rule consider 
only the volume of ship traffic. This difference might lead to 
different results. In addition, the functional data analysis is good 
at identifying not only the magnitude but also the difference in the 
shape of curves.  

The proposed method based on functional data analysis can 
provide information for maritime situational awareness activities, 
which can be used as a VTS tool, such as ship-to-shore traffic 
management.  
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The shoreline is important as a baseline for national boundaries. Shoreline surveys are necessary to determine the 
length, area, and shape of a country and should be periodically investigated. Existing shoreline surveys were conducted 
based on surveying equipment such as the GNSS (Global Navigation Satellite System) and total stations and depth 
measurements. However, this method requires a lot of manpower and time. In this study, coastline survey was 
performed using high resolution image of UAV (Unmanned Aerial Vehicle). For the study, the west sea island was 
selected as the study area, and about 300 images were acquired and DSM (Digital Surface Model) and ortho image 
were obtained through data processing. The accuracy of the result was evaluated and the accuracy was confirmed to 
be less than 10 cm. In addition, DSM-based contour lines were created to provide basic data for determining shoreline. 
Shoreline surveying using UAV will greatly increase the efficiency of related work, and it will be possible to determine 
the shoreline by linking with tidal observations data. 

  
ADDITIONAL INDEX WORDS:  Accuracy Analysis, DSM, Ortho Image, Shoreline, UAV. 
 

 
INTRODUCTION 

The shoreline represents the boundary between land and sea on 
a digital map (Han et al., 2016; Kim et al., 2017; Splinter et al., 
2018). It is indicated by the boundary between land and sea 
surface when the sea surface reaches AHHW (Approximately 
Highest High Water). However, the shoreline in nautical charts 
shows when the sea surface reached ALLW (Approximately 
Lowest Low Water). And this shoreline is the baseline of the 
territorial sea of the country. The mud flat is exposed to the tides 
of the AHHW and ALLW, and is called low-tide elevation. 
Shorelines are distinguished by natural and artificial shorelines 
and should be marked on the nautical chart (Kang et al., 2016; 
Kim et al., 2016; Misra et al., 2015). It is also necessary to update 
the map through periodic surveys. Shoreline survey plays a very 
important role in defining the boundaries of the state and 
establishing the length, area and shape of the state (Robert et al., 
2018; Seom et al., 2017; Sichangi et al., 2017). Korea is 
conducting coastline surveys and DB construction projects (Yun 
et al., 2017). This project aims to carry out airborne laser 
surveying, digital imaging, depth survey and topographic survey 
for the coastal area and to construct various information such as 
resources, environment and ecology for the coastal area. The pilot 
project was conducted in 2001 to form the overall plan and major 
guidelines for the project, and the project has been carried out in 
stages since 2002. The coastline survey is conducted by the Korea 
Hydrographic and Oceanographic Agency, which aims to 
establish the basis for the establishment and promotion of 

maritime policy (http://www.khoa.go.kr/). 
Until now, mainly GNSS, total station and level have been used 

for shoreline survey (Kim et al., 2016; Park et al., 2016). 
Shoreline survey was used to obtain information about shoreal 
terrain, and tidal observations were used to determine the 
shoreline. However, these methods have disadvantage that much 
time is needed for the shoreline survey. The purpose of this study 
was to evaluate the utility of shoreline survey using UAV. Figure. 
1 shows study flow of this study. 

 
 

 

Figure 1. Study flow. 
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DATA ACQUISITION USING UAV 
In this study, Anmyeon island of west sea was selected as a 

study area for the experiment of shoreline survey using UAV. 
Anmyeon island is large difference of tide. Therefore, it was 

possible to obtain images of the tidal flat area at the time of low 
tide, so it was selected as the study area. Figure. 2 shows location 
of study area. 

 
 

 
Figure 2. Study area. 

 
 
Data was acquired using a fixed wing type UAV that can take 

a picture at a fast time for data acquisition at low tide. UAV data 
was acquired using UX5 model. The UX5 is capable of flying at 
80 km/h to quickly acquire data for the study area. The UX5 is 
equipped with a Sony A5100 camera with a resolution of 24 
million pixels. Figure 3 shows the UX5 and Figure 3 shows the 
Sony A5100 (https://www.trimble.com). 
 

 

 

Figure 3. UX5 and Sony A5100 
 

 
The target area is 1.8km long and 2km long, and 300 aerial 

images were taken. Images were taken at 80% redundancy for 
data processing and taken at low tide time to get data of tidal flat 
area. 

 
DATA PROCESSING AND RESULTS 

UAV images are processed by photogrammetric methods. 
Photogrammetry is the study of quantitative analysis and 
qualitative characterization of objects that are not in contact with 
photographed images by reflected or radiated electromagnetic 
waves. Photogrammetry using UAV is the same as using 

conventional manned aircraft. First, aerial triangulation is 
performed using images and EO (Exterior Orientation) of each 
photograph. aerial triangulation is a method of determining and 
calculating three-dimensional object coordinates by image, 
covering the same object using exposed photographs from 
different locations.  

The processing of UAV data uses automated software because 
of the large number of images. In this study, UAV data processing 
uses TBC (Trimble Business Center) software. The processing 
was performed in the order of tie point extraction, orientation, 
DSM generation, and ortho generation. Figure 4 shows data 
processing. 

 
 

 

Figure 4. Data processing. 
 

 
In the orientation process, GCP (Ground Control Point) 

measurement was performed to improve accuracy. Five points 
were used for GCP and VRS (Virture Reference Station) method 
was used to determine the exact position of GCP using GNSS 
receiver. DSM and orthoimage are generated through data 
processing. DSM was created with half resolution and ortho 
image was made with true ortho. Figure 5 shows DSM and Figure 
6 shows ortho image. 

 
 

 

Figure 5. DSM. 
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Figure 6. Ortho image 
 

 
UTILIZING UAV DATA FOR SHORELINE 

ESTIMATION 
In this study, the accuracy assessment was performed to 

evaluate the feasibility of UAV for estimation of shorelines. The 
accuracy evaluation compares the values obtained from the VRS 
observations and the DSM and ortho images, which are the results 
of the UAV for the five check points. Table 1 shows the accuracy 
evaluation results. 

 
Table 1. Accuracy Evaluation Results. 
 

                                           Reference(VRS) 
CP                  N(m)                           E(m)                         H(m) 

1 4643671.547 143404.241 221.274 
2 4643253.124 144019.247 214.457 
3 4642077.667 143579.547 208.687 
4 4642211.324 144969.475 207.247 
5 4643008.721 144430.694 204.300  

UAV Results 
CP                  N(m)                            E(m)                         H(m) 

1 4643671.526 143404.174 221.361 
2 4643253.179 144019.176 214.457 
3 4642077.600 143579.600 208.593 
4 4642211.277 144969.418 207.156 
5 4643008.795 144430.607 204.414 

 Deviation(Reference-UAV Results) 
CP                 dN(m)                        dE(m)                         dH(m) 

1      0.021     0.067   -0.087 
2    -0.055     0.071    0.096 
3     0.067    -0.053    0.094 
4     0.047     0.057    0.091 
5    -0.074     0.087   -0.076 

 
As shown in Table 1, the accuracy evaluation results were 

within 10cm in horizontal and height directions. These results 
indicate that UAV products can be used as basic data for 
estimation of shorelines. The most important geospatial 
information for estimation of shorelines is the contour line for the 
tidal flat area.  

KHOA (Korea Hydrographic and Oceanographic Agency)'s 
work regulation use airborne laser data to make the surface of the 
ground and estimate the shoreline by applying a constant height. 
As a result of the accuracy evaluation of UAV data, it can be used 
as a basic data for estimating shoreline by making contour lines 
using UAV data. The comparison of KHOA's regulation and 
shoreline estimation of UAV method is shown in Figure 7. 

 
 

 

Figure 7. Contour line 
 

 
To create contour lines, DEM (Digital Elevation Model) is 

required. DEM generated pure ground-level data that has 
removed features such as buildings and trees. The UAV result is 
a DSM that includes trees and buildings, but because there are no 
such features in the tidal flat, this data can be replaced by contour 
creation using the DSM. Therefore, in this study, contour lines of 
the study area were generated using UAV DSM. In addition, 
digitization using ortho image can generate digital map. Figure 8 
shows the contour.  

 
 

 

Figure 8. Contour line. 
 

 
In existing work regulation, surfaces created using aerial 

LiDAR data are created with contour lines of specific height and 
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compared with ortho images. In this study, the contour lines 
adjacent to the beach were extracted and overlapped with the 
ortho image. The ortho image and the overlapping contour lines 
are representative of the terrain adjacent to the coast. Figure 9 
shows the overlap between ortho image and contour line. 

 
 

 

Figure 9. Overlap between ortho image and contour line. 

 
 
Analysis of the coastal terrain was performed using the 

generated contour data. The sections were generated at intervals 
of 200m. The inclination angles for the coastal terrain were 
calculated by analyzing each section. Figure 10 shows cross 
section and the inclination angle of cross section are shown in 
Table 2. 

 
 

 

Figure 10. Generate cross section at intervals of 200m. 

 
 

As shown in Table 2, the coastal terrain has an angle of -1.14 

to -0.94 degrees. This terrain analysis can be used as a coastal 
survey data. And high-resolution images obtained using UAV can 
be used to generate contour lines and data generation is 
automatically performed, which can greatly improve work 
efficiency.  
 
Table 2. Cross Section’s Starting Point and the Inclination Angle of the 
Cross Section. 
 

Point               N(m)                         E(m)                  Angle(degree) 

NO. -200         144989.41               4642622.69               -0.94 
NO. 0              144546.93               4643131.26               -1.14 
NO. +200        144556.95               4642948.99               -1.12 
NO. +400        144530.89               4642771.09               -1.12 
NO. +600        144681.14               4642747.62               -1.14 
NO. +800        144852.31               4642745.52               -1.14 

Point               N(m)                         E(m)                  Angle(degree) 

NO. +1000      144172.52               4643792.64               -1.13 
NO. +1200      144241.64               4643624.26               -1.14 
NO. +1400      144287.87               4643445.76               -1.13 
NO. +1600      144164.32               4643301.83               -1.14 
NO. +1800      144306.97               4643281.30               -1.14 
NO. +2000      144497.15               4643286.74               -1.14 

 
Ortho image can be used for digitizing features such as roads 

and buildings, and digitizing using ortho image can more 
effectively construct geospatial information than existing GNSS 
or total station method. Figure 11 shows digitizing results. 

 
 

 

Figure 11. Digitizing results. 
 

 
The study area is large in tide, and it is a tourist spot that many 

people visit as a summer beach. A water depth map for safety was 
created using 3D point cloud data and ortho image. Figure 12 
shows a water depth map constructed using ortho image and 
contour lines. If UAV is used to periodically acquire images and 
create time-series water depth maps, it can be used to monitor the 
changes of coastal topography. 
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Figure 12. Water depth map constructed using ortho image and contour 
lines. 

 
 

CONCLUSIONS 
In this study, the utilization of UAV for shoreline estimation 

was evaluated. The conclusions were followings.  
Data acquisition and processing using the UAV was performed 

on the island of the west sea, and DSM and ortho image were 
generated. The production using high resolution UAV data can be 
used as a basic data for estimation of shoreline because it shows 
accuracy within 10cm in horizontal and vertical directions. The 
contour generation using DSM and the digitizing using ortho 
image will increase the efficiency of related work because it is 
possible to construct geospatial information more efficiently than 
the existing GNSS and total station method. In addition, digitizing 
using UAV data can be used to generate geospatial data for roads 
and buildings, and UAV data can be used in various ways such as 
water depth map production. Further studies are needed to suggest 
appropriate methods for acquiring UAV data such as 
GSD(Ground Sample Distance) and DSM density for Estimation 
of Shorelines.  
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ABSTRACT 
 

Gu, B.-H.; Woo, S.-B., and Kim, S.I., 2019. Improved estuaries salinity stratification at Gyeonggi Bay using data 
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Assimilating salinity data into coastal models is very important and salinity vertical change is an important component 
to coastal forecasting. The goal of this study is to represent the salinity stratification at Gyeonggi Bay (GGB) in South 
Korea and to improve the accuracy of the prediction in hydrodynamics via data assimilation. The GGB area is located 
in the Yellow Sea between Korea and China and is a semi-closed estuary that has a tidal range above 7 m with a tidal 
flat where salt water and fresh water is mixed. Salinity stratification appears at Yeomha channel in GGB because it has 
characteristics of high tide and strong river flow. To represent the tidal flat and creek in the GGB in this study, the 
unstructured grid numerical model called Finite Volume Coastal Ocean Model (FVCOM) is employed. The 
performance of the model results is validated against the measured tide, current, and salinity at the Yeomha channel. 
In order to improve the numerical results, the salinity observations from the surface and bottom Conductivity 
Temperature Depth (CTD) data in the Yeomha channel are assimilated into the model only for the 4-day middle period 
out of total simulation days of 15. The direct comparison results show the clear effect of data assimilation for salinity 
stratification along vertical salinity, and the improvement of salinity profile lasts for 1 day after the end of data 
assimilation. The salinity stratification in the coastal are also improved as the number of observations and/or data 
assimilation periods is increased. These results are expected to improve the coastal forecasting system over the GGB 
area when applied the data assimilation scheme in to the forecasting system.  
 
ADDITIONAL INDEX WORDS: FVCOM, data assimilation, salinity stratification, coastal estuary safety. 
 

 
INTRODUCTION 

Coastal disasters occur a lot of property damage and human 
casualties such as 'Hebei spirit' oil spill accident in Korea on 
December 2007. To prepare for this coastal ocean disaster, 
producing accurate prediction is important. In Europe, a BOOS 
Information System (InfoBOOS) provides online data delivery of 
both satellite and in-situ observations (Liu et al., 2009). Another 
system example is Korea Ocean Observing and Forecasting 
System (KOOFS) that is to provide real-time ocean observations 
and forecast for around Korea. However, this ocean operating 
system does not focus on the estuary and it does not even consider 
data assimilation. This is partly because of (1) difficulty of 
collecting real-time observation; (2) low-resolution satellite data 
on coastal water; (3) expensive computing resource for high-
resolution coastal models; and (4) localization of data 
assimilation in the coastal.  

Recent research assimilated used satellite at the coastal area 
(Scott et al., 2007). But the assimilation with satellite data for a 
coastal is not effective in the season when the stratification is 

strong (Ji et al., 2017). Therefore, assimilating the density flow 
due to the stratification is important to the prediction for a coastal. 
Also, forecast time with effectively computation resource cannot 
ignore. Although there are some methods such as Ensemble 
Kalman Filter (EnKF) and its kind which effort to solve 
inhomogeneous error covariance, it is still required high-
computational costs. 

Gyeonggi Bay (GGB) is located in the Yellow Sea of Korea, 
and it has macro-tidal characteristics (Figure 1). The tidal range 
of GGB larger than 7 m, and this estuary is included 3 major rivers 
(Woo and Yoo, 2011). This bay has been continuously developed 
by various coastal projects such as Sihwa tidal power plant and 
Incheon new harbor project. These coastal developments lead to 
change in the estuary circulation, Especially, flow characteristics 
near the Sihwa lake have been changed due to the operating Sihwa 
tidal power plant since 2012 (Kim and Woo, 2013). Therefore, 
accurate GGB prediction needs to find out the impact of these 
environmental changes for water safety. 

The goal of this study is to improve the GGB forecasting by 
assimilating data into the unstructured grid numerical ocean 
model that includes such that the observed Conductivity 
Temperature Depth (CTD) profiling data from a single location 
in the estuary are assimilated into the coastal model. (2) 
Improvement of the salinity stratification at GGB and accuracy of 
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the prediction in hydrodynamics via data assimilation. (3) The 
possibility of future research in the field of coastal ocean data 
assimilation is suggested.  

The paper is organized as follows: In Background, the 
characteristic of GGB is introduced and the preprocessing 
procedure for the salinity profile data is described. Section 
‘Method’ explained a basic concept of salinity stratification at the 
estuary. And, it shows the numerical ocean model with the model 
domain which includes research area. Model validation with 
observed data is also described. And then how the data 
assimilation is applied for the model and the concept for 
improving salinity stratification is introduced. The result of the 
data assimilation experiments is described in Section ‘Result’. 
Finally, the future research plans for the ocean data assimilation 
is suggested. 
 

 

 
Figure 1. Location of GGB and observation point (Red triangles mean 
tidal station, Blue dots means CTD mooring point and last Green stars 
mean ADCP location). 

 
 

METHODS 
Salinity stratification 

A partially-enclosed body of water which is either permanently 
or periodically open to the sea and within which there is a 
measurable variation of salinity due to the mixture of seawater 
with freshwater derived from land drainage (Day, 1981). Salinity 
stratification occurs in the estuary when partially mixed dense 
gradient looks like vertically. This stratification effect was 
apparent based on residual flux on tidal cycle in the estuary 
(Sylaios et al., 1998). 

The characteristic of enhancement on ebb is showed around the 
Yeomha channel in the GGB, because averaged flow which acts 
seaward such as long-term tidal current components due to non-
linear effect and freshwater which overcome the flood current 

(Woo and Yoo, 2013). Despite ebb tide effect has been enhanced 
in the GGB, it has other factors that salinity stratification appears 
in the channels. Salinity variability and water exchanges in tidal 
estuary demonstrating the large influence of the river on transport 
processes and estuary-shelf exchange (Wang et al. 2017). 
Therefore, salinity stratification in the GGB occurs during high 
discharge condition and tidal current. However, it is difficult to 
predict without data assimilation because stratification has a short 
change period on the channel. 

 
Numerical model - FVCOM 

To represent the tidal flat and creek in the GGB in this study, 
the unstructured grid numerical model called Finite Volume 
Coastal Ocean Model (FVCOM) is employed (Chen et al., 2003). 
FVCOM is to employ the unstructured grid system and the Finite 
Volume Method (FVM). Because the FVM is similar to the finite 
element method, so it could adopt the unstructured grid. Surface 
elevation, temperature, and salinity are calculated at the Node. On 
the other hand, the vertical velocity is calculated at the Element. 
So, FVCOM can be applied to the study area which has a complex 
and irregular coastline, estuaries, and intertidal flat. 

Figure 2 shows the complex, irregular geographic 
characteristics of the coastline of GGB. FVCOM is used for 
baroclinic simulation in the GGB. The model employed the 
unstructured grid and the 30-second grid water depth 
(KorBathy30s) of the seas near Korea provided by Korea Institute 
Ocean Science Technology (KIOST). Based on the existing 
results of the TOPEX/POSEIDON, the harmonic constant of the 
main 8 tidal components (M2, S2, K1, O1, K2, N2, P1, Q1) was 
given by the linear interpolation for the open boundary. River 
discharge conditions were entered into the Han river using 
observed data by the Han River Flood Control Office. Salinity 
boundary condition used by the National Institute of Fisheries 
Science (NIFS) database.  A total number of node and element is 
49244 and 93727. This study simulation time is from May 1 to 
May 20, 2009. Maximum resolution is 50 m. The vertical layer in 
the model Includes 40 sigma uniform layers. 
 

 

 
Figure 2. Study model domain at GGB with Google Earth. 
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Figure 3. Comparison tidal components amplitude (left panel) and phase 
(right panel) for each tide station by KHOA. 

 
 
Total 4 tidal constituents (M2, S2, K1, O1) are extracted by the 

tidal station from Korea Hydrographic and Oceanographic 
Agency (KHOA) for comparison with the simulated model result. 
Figure 3 shows the correlation between the observed data and the 
simulated results. Here, Root Mean Square Error of the 4-tidal 
constituent was about 3.4 cm and Absolute Relative Error was 
about 3.8 % on average. Murphy (1989) suggested skill scores 
based on Mean-Square Error to process term involving the 
coefficient of correlation between the forecast and observations. 
So, this simulation calculated skill scores each ADCP layer to 
validate velocity (Table 1). The maximum of skill scores is 0.971, 
and it means that model has a very high correlation with 
observation. 

 
Table 1. Velocity skill score in Yeomha-channel at GGB. 
 

Observation                   Surface                  Middle                 Bottoms 
ADCP 1                        0.767                     0.511                    0.603 
ADCP 2                        0.968                     0.971                    0.816 
ADCP 3                        0.866                     0.939                    0.734 
ADCP 4                        0.884                     0.932                    0.579 

 
Figure 4 shows the spatial distribution of salinity in the 

simulated result, indicating that mixing process between 
freshwater and saltwater is around tidal flats and islands. The 
observed CTD profiles which are not used in the assimilation but 
only for the validation (Figure 5). Also, these result shows a few 
differences with observation, but a similar pattern can be seen in 
Figure 4. 
 
Application of Data Assimilation 

The data assimilation in oceanography means producing initial 
states for coastal ocean predictions. Optimal Interpolation (OI), 
one of the statistical data assimilation methods, is to estimate the 
initial conditions by the weight function where the error 
covariance between model and observations becomes minimized 
using the least square method. OI is still a useful methodology in 
ocean modeling, because OI can be applied to any local region, 
and it requires relatively less computational cost compared to 
variational methods and ensemble-based methods. 

In this study, we assimilate the vertically distributed salinity 
data at Gyeonggi-bay into the model via OI technique. In order to 
improve the numerical results, the salinity observations from the 
surface and bottom CTD in the Yeomha channel are assimilated 
only for the 4-day of total simulation 15-days.  
 

 

 
Figure 4. Research area (GGB) and Yeomha channel (red line in right 
panel) in the model domain. Red star means Palmi island and this start 
point to Han river mouth. Horizontal (left panel) and vertical (lower panel) 
salinity contour of the simulated result with Yeomha channel. 

 
 

 

 
Figure 5. Timeseries of salinity at the mooring points. Solid lines is 
observation and dashed lines is model results. Blue color means the 
surface of observed location and red color means bottom.  

 
 

When applying the assimilation, the correlation length scale is 
150 m, and vertical sigma weight for the weight function is 
obtained by the interpolation from top to bottom sigma layer. This 
experiment consists of 2-type simulations, the first case using data 
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assimilation is called 'DA', second is called 'No DA' without 
assimilation. 
 

 

 
Figure 6. Salinity timeseries at the mooring point. Observed salinity are 
shown by blue dots, applying data assimilation (‘DA’ case) are shown by 
red solid lines, and ‘No DA’ case without assimilation are shown by gray 
dashed lines. Surface observation compared to simulated on first sigma 
layer (upper panel), Bottom observation with model at last sigma layer are 
shown by middle panel, and difference between surface and bottom is 
shown in lower panel. 

 
 

 

 
Figure 7. Along-channel snapshots of salinity difference between ‘DA’ 
and ‘No DA’ (upper panel). Comparison salinity profiles at the observed 
location. The observations are blue dots. Red solid line means ‘DA’ and 
gray dashed line denote ‘No DA’ (lower panel).  

 
 

RESULTS 
Before applying data assimilation, there does not exist the 

difference between 'DA' and 'No DA'. But during assimilation, 
only the 'DA' results showed a trend to follow observations even 
at the surface and bottom (Figure 6). After the assimilation, 'DA' 
and 'NO DA' do not differ much from each other on the surface 
and bottom, but only 'DA' similarly follows the difference 
between the observations. In more detail, the salinity stratification 
has a similar tendency to observation for about one day after 
assimilation.  

At the location of observation, the salinity profile of the ‘DA’ 
result show induced stratification on 17 hours after assimilation 
(Figure 7). In addition, according to the vertical distribution of 
salinity difference between ‘DA’ and ‘No DA’ at this, the results 
show that the effect of data assimilation is propagated around 
observation even after assimilation.  

Figure 8 shows the maximum assimilation impact that means 
salinity difference between data assimilation and without data in 
the ebb/flood tide. During flood tide, saltwater enters the mouth 
of the river due to strong tidal currents with salinity data 
assimilation. On the other hand, when changing to ebb tide, the 
effects of data assimilation and river discharge makes that the 
freshwater moves along the Yeomha channel. In the study, 
maximum effects appear to be within about 0.5 PSU and the 
vertical effects up to 2.0 PSU was shown, which was tiny 
transmitted up to 40 km from the observation point. 

 
 

 
Figure 8. Maps of maximum salinity data assimilation effect near 
observed point at GGB. Maximum effect during ebb tide (left panel) and 
flood tide (right panel).  

 
 

DISCUSSION 
Coastal ocean observation is very rare because it takes a lot of 

time and cost. The data assimilation effect extensively influences 
estuary where strong freshwater and tide are mixed even at a 
single point. In this sense, the importance of field measurement 
data at the estuary, located the furthest stationary observational 
point from the coast, is so clear. 

In another study, we saw that at each vertical observation point, 
it requires the optimized value for each parameter for the best 
assimilation results. The fact that the larger value of scaling factor 
and correlation length is required tells that the model needs to 
depend more on the observation data than the model prediction 
itself. The results of the salinity stratification in coastal are also 
improved as the number of observations and/or data assimilation 
periods is increased. 
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CONCLUSIONS 
This paper introduces a case study to improve the accuracy of 

prediction in coastal via data assimilation. Characteristic of GGB 
on the tidal flat has both high tide and river flow which makes 
salinity stratification. Before applying the assimilation, the 
baroclinic GGB model is optimized based on FVCOM. When 
comparing effects of data assimilation using salinity profile, 
forecasting effects of salinity stratification has been improved 
after assimilating for about one day. This effect appears in a 
radius larger than the correlation length due to the high tide and 
river flow, even though its scale is up to 2.0 PSU. 

Coastal ocean data assimilation research is needed for accurate 
prediction for preventing coastal accident and water safety. 
Although the study of data assimilation requires a lot of 
information, such as the analysis of field measurement data and 
technical skill for model simulation, it will become more 
important in a near future. The knowledge of data assimilation 
can be also used to find out the best cost-effective measurement 
point in the field. Based on the current study, we expect that the 
various application of data assimilation technique could be 
possible for coastal ocean modeling. 
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This study aims to analyze service area of shelter in order to plan the evacuation route using a pedestrian-level network 
in coastal cities. We proposed the process of shelter service area demarcation, which is applied various scenarios for 
flood inundation risk map, considers the characteristics of refugees such as the general public and the elderly. To solve 
the problem, the coastal flood maps were constructed to take into account the rise in sea level due to climate change. 
By using the GIS(Geographic Information System), we calculated the slop of the road by adding elevation to the link 
of pedestrian-level network, applied differently the walking time according to the slope. A case study was conducted 
to demonstrate the application of the service area for flood emergency shelters of coastal cities in Republic of Korea. 
The service area of the study, which reflects the elevation, the condition of evacuees, the accessibility and the flood 
map, was able to arrive at the shelter in a short time avoiding the high risk of flooding. 

  
ADDITIONAL INDEX WORDS:  Emergency facilities, coastal flood hazard map, service area analysis, GIS. 
 

 
INTRODUCTION 

Human activities contribute to climate change by causing 
changes in Earth's atmosphere, lead an increase in the frequency 
and intensity of many natural disasters such as hurricanes, 
flooding, heavy rainfall, landslides, and debris flows (Hu et al., 
2017). Climate change, rapid urbanization, and subsiding land are 
putting the world's coastal cities at increasing risk of dangerous 
and costly flooding, a new study calculating future urban losses 
from flooding shows. Most coastal cities' current defenses against 
storm surges and flooding are designed to withstand only current 
conditions. They aren't prepared for the rising sea levels 
accompanying climate change that will make future floods more 
devastating. Protecting these cities in the future will take 
substantial investment in structural defenses, as well as better 
planning (Hallegatte et al., 2013; Murdukhayeva et al., 2013; 
Wang et al., 2014). Coastal cities are highly vulnerable to natural 
disasters because of their large population and infrastructure. In 
order to ensure the safety, it is important to build emergency 
shelters to reduce casualties during disasters. At present, many 
countries and regions have planned locations for shelters (Ashar, 
Amaratunga, and Haigh, 2014). 

One of the major goals of the disaster recovery projects is to 
ensure that affected people are relocated to areas at a safe distance 
from threat zones and may have easy access to other essential 
service facilities (Trivedi and Singh, 2017). When a disaster 
occurs, most people will choose the closet familiar evacuation 
route to the designated shelters. 

Shelters are a type of emergency facilities and play an 
important role in disaster response. The shelter is the destination 
of post-disaster evacuation route, and the scientific service area 
demarcation can have a great positive impact on evacuation route 
planning. Shelter site selection, service area analysis, and 
evacuation route planning are the most crucial issues related to 
shelter planning. In recent decades, numerous studies have been 
done on emergency shelter location models and evacuation route 
planning as described in the Table 1. 

Existing studies on shelter location models have suggested an 
approach to find location of shelters for the type of disaster such 
as tsunami, earthquake, etc.  

 
Table 1. Researches on emergency shelters. 
 

Criteria Reference 
Shelter location 

model 
Liu, Ruan, and Shi (2011), Chen, Chen, and 
Li (2013), Kılcı, Kara, and Bozkaya (2015), 
Li et al. (2017), and Trivedi and Singh 
(2017) 

Service area 
analysis 

Li, Claramunt, and Kung (2008), Tai, Lee, 
and Lin (2010), Dou, Zhan, and Li (2012), 
Park and Kim (2012), Ashar, 
Amaratunga, and Haigh (2014), Xu et al. 
(2016), and Hu et al. (2017) 

Evacuation route 
planning 

Stepanov and Smith (2009), Dimakis, 
Filippoupolitis, and Gelenbe (2010), 
Kulshrestha, Wu, and Lou (2011), Gelenbe 
and Wu (2012), Li, Nozick, and Xu (2012), 
Sadri et al. (2014), Akinwande, Bi, and 
Gelenbe (2015), Pourrahmani, Delavar, and 
Pahlavani (2015), Hu, Wang, and Leeson 
(2016), and Sun et al. (2017) 
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As can be seen in studies of service area models, effective 
evacuation route planning can also validate and support the 
service area analysis of shelter. To balance the relationship 
between refuge demand and supply, various researchers have 
combined a location model with a service area analysis. However, 
very few studies consider flood risk in the shelter service area 
analysis for evacuation route planning. Also, from the perspective 
of accessibility, there have been few studies on the impact of 
changes of walking speed and distance according to the physical 
condition of evacuees such as, for example, generally healthy 
adults and elderly people. 

We aim to propose a procedure of service area analysis 
applying various scenarios for flood risk in coastal cities and 
consider the characteristics of evacuees. This study focuses on 
temporary shelters (namely emergency shelters) that provide 
immediate accommodation, medical care and food to affected 
people. The rest of the paper is organized as follows. The second 
section presents an overview of adopted methodology. The third 
highlights the applicability of model through two case studies of 
Korean coastal cities. The fourth summarizes the study along with 
future research directions. 

 
METHODS 

Figure 1 shows the flow chart used to create the service area of 
this study. There are three key points in the proposed process. 
First, the map of coastal inundation based on complex causes is 
applied to set the service area. Second, the walking speed 
according to the type of evacuees, elevation, and depth of flood 
are considered. Finally, we create service areas based on the 
pedestrian network. 

 
 

 
Figure 1. Flow chart for service area analysis. 

 

Flood Mapping  
The Coastal Inundation Map is designed to predict potential 

flooding regions and depth of flooding by considering flood 
marks reached in the cases of typhoon, heavy rainfall, and surge, 
as well as hydrological factors including demolition of dams, 
reservoirs, and dikes, overflow, and predicted flood level. The 
map is subdivided into the Flood Inundation Risk Map and 
Coastal Inundation Prediction Map. The data used in this study 
are sourced from flood mapping based on complex causes by 
climate change in coastal cities (Figure 2). As shown in Figure 3, 
existing coastal flooding maps are based on analysis of past tidal 
and flood damage. In addition, flood damage, seawater 
immersion, river inundation, and inland flooding have been 
linked to the development of inundation area technology for 
comprehensive causes (Ministry of Public Safety and Security, 
2017). 

 
 

 
Figure 2. Examples of inundation maps. (a) Existing map. (b) Map based 
on complex causes. 

 
 

 

 
Figure 3. Process of flood mapping for complex causes in coastal cities. 

 
 

Walking Speed 
The walking speed at the time of evacuation was assumed to be 

1.3m/s for adults, 2 m/s for fast walkers, and 1m/s for elderly 
people and children (Park and Kim, 2012). The evacuation time 
was assumed to be a minimum of 5 minutes to a maximum of 25 
minutes, based on the guideline that the evacuation should finish 
within 25 minutes after the evacuation begins within 5 minutes 
after the alert is issued. Based on these assumptions, the standard 
values of distance according to evacuation time and pedestrian 
type are calculated as shown in Table 2. Therefore, when 
calculating the service area, an area that can be reached within the 
next distance reference value is calculated.  
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Table 2. Distance based on evacuation time by type of evacuee. 
 

Evacuation 
time Fast walking Adult Elderly and 

children 
5 minutes 600m 390m 300m 

15 minutes 1800m 1170m 900m 
25 minutes 3000m 1950m 1500m 

 
The final walking time can be calculated by considering the 

elevation and the depth of water. Naismith’s Rule is widely 
known for predicting walking time according to slope. The rule 
was devised by Naismith, a Scottish mountaineer, in 1892. The 
basic rule is as follows: Allow 1 hour for every 3 miles (5 km) 
forward, plus 1 hour for every 2000 feet (600 meters) of ascent. 
When walking in groups, calculate for the speed of the slowest 
person. Therefore, the walking time (t) of some road sections can 
be approximately calculated in Table 3.  
 
Table 3. Estimation of walking time according to slope. 
 

Slope (˚) Equation of time(t) 

Uphill 𝑡𝑡 =  
𝐿𝐿
𝑉𝑉𝐵𝐵

+
∆𝐸𝐸

600 (𝑚𝑚/ℎ)
 

Downhill (0~-5) 𝑡𝑡 =  
𝐿𝐿
𝑉𝑉𝐵𝐵

 

Downhill (-5~-12) 𝑡𝑡 =  
𝐿𝐿
𝑉𝑉𝐵𝐵
−

∆𝐸𝐸
1800 (𝑚𝑚/ℎ)

 

Downhill (-12~) 𝑡𝑡 =  
𝐿𝐿
𝑉𝑉𝐵𝐵

+
∆𝐸𝐸

1800 (𝑚𝑚/ℎ)
 

 
Here, L is the length of the road section, VB is the reference 

speed (normal walk: 1.3 m/s, elderly: 1 m/s), and ∆E is the height 
difference between the end point and the starting point. 

 
Network Service Area Analysis 

A network service area is a region that encompasses all 
accessible streets (that is, streets that are within a specified 
impedance). For instance, the 5-minute service area for a point on 
a network includes all the streets that can be reached within five 
minutes from that point. Service areas also help evaluate 
accessibility. Concentric service areas show how accessibility 
varies with time or distance. Once service areas are created, they 
can be used to identify how much land, how many people, or how 
much of anything else is within the neighborhood or region. 

 
CASE STUDY 

A real-world case study was conducted in Incheon and Jeju to 
apply the proposed approach. Inchon Metropolitan City is a city 
located in northwestern South Korea, bordering Seoul to the east. 
Jeju Island is the largest island off the coast of South Korea. In 
this study, service area analysis was performed using the ArcGIS 
10.5 environment with Network Analyst Extension. 

 

Data Preparation 
The main data used in this study are shown in Figure 4. We 

created a pedestrian network with detailed routes including 
sidewalks, crosswalks, underground walkways, and pedestrian-
only roads. The pedestrian road network was converted into a 
network dataset of nodes-links for use as a background for service 
area analysis. The shelter data include information from a total of 
491 shelters from the two study sites. DEM data of 90m × 90m 
resolution were provided through the Korean National Spatial 
Data Infrastructure portal (http://market.nsdi. go.kr). In addition, 
we used inland flooding maps and river flooding maps. The 
former considered the impact of drainage on the end of the sewer 
pipe due to sea level rise. The latter considerd the effect of 
drainage downstream of the river due to sea level rise. We have 
simulated five conditions of starting water level by drainage about 
highest peak, 10 years, 30 years, 50 years, and 100 years 
frequency. In the analysis of the service area, it is possible input 
a barrier to set a portion that is impassable or restricted in the 
passage of the network data. In this study, we considered the area 
where flooding is expected when calculating the service area of 
each shelter by inputting the flooding degree as the restricted area. 

 
 

 
Figure 4. Types of input data. 

 
 

Analysis of Results 
Among the network analysis extension functions, it is possible 

to create a service area layer in the service area analysis tool. The 
service area layer consists of a facility layer for analysis, a barrier 
layer, and a sublayer such as a line or polygon layer that 
represents the analysis result. 

Because there are many shelters in the island area of Incheon 
city, the shelter service area was created to include as much of the 
island area as possible (Figure 5a). In the case of Jeju Island, the 
service area was constructed using shelter information centered 
on the coastal area. The shelter service area was also created in 
coastal areas with high population and Udo on the east coast 
(Figure 5b). 
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Figure 5. The result of service areas for (a) Incheon city and (b) Jeju island. 

 
 

 

 
Figure 6. Results of shelter service area and evacuation route considering 
inundation map. 

 
 

In areas expected to flood, the shortest route to each shelter may 
be different from when the inundation area is not considered. 
Therefore, the evacuation route to the shelter that can be reached 
most quickly is also different from the existing evacuation route. 

Based on the service area generated in this study, the evacuation 
route was calculated from the source and the results were 
compared with the existing evacuation route. 

Figure 6a shows the evacuation route based on the shelter 
service area considering the inundation area according to inland 
flooding maps. Compared with the existing evacuation route (on 
the left in Figure 6a), the overall evacuation route was similar, but 
the new evacuation route used a pedestrian network and therefore 
produced a shorter route. Figure 6b shows the evacuation route 
based on the shelter service area according to river flooding maps. 
Compared with the right side of Figure 6b, the route changes to 
avoid flood areas and aim for other shelters instead. In a situation 
where flooding is imminent, the service area considering flood 
areas should contribute to more effective evacuation because it 
should be possible to arrive at the shelter a little faster while 
avoiding the high risk of flooding. 

 
CONCLUSION 

In the current situation, where there are no quantitative criteria 
on the location and size of shelter, an empirical study was 
conducted to analyze the shelter service area considering 
accessibility. In this study, a calculation method of walking 
distance considering the moving load of the ramp was devised and 
considered in setting the service area. Considering the flood 
forecasting area, the shelter service area narrows where flooding 
is expected, so that time required to reach the shelter is relatively 
long. In areas where flooding is expected, the distance traveled 
within the same evacuation time is shorter than areas where it is 
not, which narrows the service area for the same evacuation time. 
Therefore, the time required to reach each shelter and the shelter 
that can be reached most quickly also change. Using the 
pedestrian network, we were able to find the shortest route based 
on the pedestrian reference distance. Based on this study, further 
research could use a network-analysis-based location allocation 
model considering population density as the base data to conduct 
optimal location analysis for new shelters or provision of 
temporary shelters. 
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This study presents a new approach based on fully convolutional networks (FCN) to detect changes in surface water. 
The proposed method can be divided into three steps: (1) training the FCN using color-infrared (CIR) images from the 
Coastwide Reference Monitoring System (CRMS) dataset with two classes, such as water and land; (2) passing the 
multitemporal images respectively through the pre-trained FCN and generating a difference image (DI) from score 
maps of the last prediction layers; and (3) determining optimal threshold values using fuzzy entropy and discriminating 
between changed and unchanged pixels in the DI. This method has the advantage of effectively learning the spatial and 
spectral characteristics of water bodies from large remote-sensing datasets, and it would be helpful to analyze and 
monitor changes in newly obtained images without ground truth. The experimental results obtained using the 
multitemporal CRMS data demonstrated the effectiveness of this deep-learning approach for detecting changes in 
remote-sensing images, as compared other traditional methods for change detection. 

 
ADDITIONAL INDEX WORDS: Deep learning, surface water, change detection, fully convolutional network, 
CRMS dataset.   
 

 
INTRODUCTION 

Surface water includes oceans, rivers, lakes, and wetlands. 
Analysis of the spatial distribution of surface water and the 
assessment of any changes in surface water are crucial for 
watershed analysis, flood and drought mapping, and 
environmental monitoring (Rokni et al., 2015). Because remote-
sensing data have various spatial, spectral, and temporal 
resolutions and can be obtained from various sensors, such as 
satellites, unmanned aerial vehicles, and piloted airborne 
platforms, they have been widely used in recent years for surface 
change detection (Rokni et al., 2015; Xu, Lin, and Meng, 2017). 

Change detection is an important technique for many remote-
sensing applications, and a large number of methodologies for the 
change detection using remote-sensing images have been 
developed. In general, there are two major categories for change 
detection. The first one is a post-classification method that 
separately classifies different-time-phase images and compares 
the classification results to discriminate between changed and 
unchanged pixels. Although this method has the advantage of 
avoiding radiation effects, it is highly dependent on the accuracy 
of classification. The second one is a comparative analysis in 
which a difference image (DI) is constructed between target 
images, and then the changes are detected. In this case, the DI 
quality is very important to acquiring accurate change-detection 
results. The comparative analysis has been considered as the 

mainstream change-detection method, which has shown good 
performances in many studies (Gong et al., 2016). 

Regarding surface water change detection, post-classification 
methods have been generally used to detect changes in water 
bodies (Rokni et al., 2015). However, in many remote-sensing 
fields, it is hard to gain the prior knowledge that is required for 
supervised classification methods. On the other hand, the methods 
of comparative analysis, various water indices (Li et al., 2018; 
Rokni et al., 2015) and change vector analysis (CVA) (Sarp and 
Ozcelik, 2017) have been successfully applied to the detection of 
changes in surface water. However, because those methods are 
based on the spectral information of multiple bands, it is difficult 
to consider the spatial structure of surface water. 

Deep learning is the fastest growing trend in big data analysis 
and has extensively advanced the area of image segmentation. 
With the development of various sensors, remote-sensing data 
have been explosively collected, and data-based approaches are 
needed to effectively manage the large amounts of data, without 
prior knowledge. However, deep learning algorithms are rarely 
considered in surface water change detection. In many 
applications, renowned large datasets that consist of everyday 
pictures—such as ImageNet and PASCAL VOC2012—have 
been successfully used for the classification of remote-sensing 
data (Audebert, Le, and Lefèvre, 2016). However, there are some 
differences between the everyday pictures and remote-sensing 
data. First, everyday pictures only have red, green, and blue 
spectral information, whereas many remote-sensing data 
generally contain near-infrared (NIR) spectral information as well 
as red, green, and blue spectral information. In particular, the NIR 
region is useful to discriminate water bodies from other areas 
because water has the characteristics of high absorption in this 
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region. Second, each pixel of remote-sensing data has semantic 
meaning, whereas datasets containing general digital photos have 
meaningless backgrounds with a few foreground objects of 
interest (Long, Shelhamer, and Darrell, 2015). Therefore, weights 
are trained with a remote-sensing dataset instead of everyday 
pictures, in order to effectively classify surface water in remote-
sensing data with fully convolutional network (FCN). 

In this paper, a new approach based on FCN is introduced for 
the detection of surface water changes in multitemporal remote-
sensing images. FCN is state of the art in semantic segmentation, 
and they accept arbitrary sizes as input and retain spatial 
information by replacing the fully connected layers with 
convolutional layers. 

The proposed method can be divided into three steps: (1) 
training parameters of the proposed FCN using color-infrared 
(CIR) images of the Coastwide Reference Monitoring System 
(CRMS) dataset; (2) generating a DI from the score map by 
passing the target images through the pre-trained FCN; and (3) 
calculating the optimal threshold using fuzzy entropy and 
detecting changed areas. To demonstrate the effectiveness of the 
proposed method, we conducted the quantitative analysis of 
change detection using various evaluation criteria—such as post-
classification comparison (PCC) and the Kappa coefficient—with 
traditional change-detection methods. 

 
THEORETICAL BACKGROUND  

FCN Aarchitecture and Mechanism 
FCN assigns a label to every pixel by replacing the fully 

connected layer of convolutional neural networks with 
convolutional layers containing kernels that cover the entire input 
region. As a result, FCN can accept arbitrary sizes as input (fully 
connected layers require fixed sizes) and a classification network 
can output a heat map (Isikdogan, Bovik, and Passalacqua, 2017). 

The architecture of the FCN discussed in this paper is 
demonstrated in Figure 1. The proposed FCN has an encoder–
decoder structure that downsamples inputs and then upsamples 
them again, and it is mainly composed of three components: a 
convolution layer, a max-pooling layer, and a deconvolution layer. 

 
 

 
Figure 1. Overall architecture of the FCN. The blue line represents the 
process of prediction, and the red line represents the process of 
upsampling.

 
 
𝑟𝑟 × 𝑐𝑐 × 𝑠𝑠 represents the size of the feature map. 𝑟𝑟𝑙𝑙 and 𝑐𝑐𝑙𝑙 are 

the row and column, and 𝑠𝑠𝑙𝑙 is the number of feature maps in the 
layer 𝑙𝑙. 𝑥𝑥𝑖𝑖𝑙𝑙 ∈ ℝ𝑟𝑟𝑙𝑙×𝑐𝑐𝑙𝑙 is the 𝑖𝑖th feature map in layer 𝑙𝑙, so 𝑥𝑥𝑖𝑖𝑙𝑙+1 can 
be calculated through Equation (1) (Li et al., 2018): 

 

 𝑥𝑥𝑖𝑖𝑙𝑙+1 = 𝜃𝜃(∑ 𝑥𝑥𝑖𝑖𝑙𝑙 ∗ 𝑤𝑤𝑙𝑙+1 + 𝑏𝑏𝑙𝑙+1𝑖𝑖∈𝑠𝑠𝑙𝑙 )   (1) 
 
where ∗  is the convolution operation and 𝜃𝜃(∙)  denotes the 

activation function. In this paper, rectified linear units (ReLu) are 
used as the nonlinear activation function. 𝑤𝑤𝑙𝑙+1 and 𝑏𝑏𝑙𝑙+1 are the 
convolution kernels and bias of the layer 𝑙𝑙 + 1, respectively. The 
convolution layers extract multiscale features. First, a few layers 
extract general features that are not specific to a particular dataset; 
then, the high layers extract more abstract and complex features 
(Huang et al., 2016). 

The deconvolution layers enlarge the feature maps to generate 
dense feature maps that are the same size with input. 
Deconvolution is executed with bilinear interpolation or learned 
from the network as follows: 

 
𝑥𝑥𝑖𝑖𝑙𝑙+1 = 𝜃𝜃(∑ 𝑥𝑥𝑖𝑖𝑙𝑙 ∗ 𝑑𝑑𝑤𝑤𝑙𝑙+1 + 𝑑𝑑𝑏𝑏𝑙𝑙+1𝑖𝑖∈𝑠𝑠𝑙𝑙 )  (2) 

 
where 𝑑𝑑𝑤𝑤𝑙𝑙+1 and 𝑑𝑑𝑏𝑏𝑙𝑙+1 are the deconvolution kernel and bias 

of the layer 𝑙𝑙 + 1, respectively. 
Because the input image passes several convolution and 

pooling layers, the spatial information of feature maps is 
significantly reduced. Typically, the FCN uses skip connection, 
which integrates low- and high-layer prediction to obtain finer 
multiscale spatial features (Isikdogan, Bovik, and Passalacqua, 
2017). The FCN makes it possible to retain high-level semantic 
information through combining prediction by the low and high 
layers. The output number of the last convolution layer (also 
called the prediction layer) is equal to the number of classes to be 
discriminated. The feature maps of the prediction layer represent 
heat maps for all classes, and the pixel in feature map is the score 
of the corresponding class. In this paper, prediction layers were 
added after pool1 and conv9. The conv9 prediction was 
upsampled using the deconvolution layer with pixel stride of 2. 
Then conv9 upsampling and pool1 prediction were fused. The 
score map was generated by adding a deconvolution layer after 
the fusion feature. This process provides local information at a 
finer scale. 

In order to predict class distribution, the softmax function is 
performed on the score map and gives a distribution for each class. 
Then, the optimal 𝑤𝑤𝑙𝑙 , 𝑏𝑏𝑙𝑙 are determined through the minimization 
of the cross entropy loss: 

 
Loss = −1

𝑁𝑁
∑ ∑ [𝑦𝑦𝑖𝑖𝑖𝑖𝐾𝐾

𝑖𝑖=1
𝑁𝑁
𝑖𝑖=1 log𝑦𝑦�𝑖𝑖𝑖𝑖 + (1 − 𝑦𝑦𝑖𝑖𝑖𝑖)log (1 − 𝑦𝑦�𝑖𝑖𝑖𝑖)] (3) 

 
where N is the number of pixels in a patch, and K is the number 

of classes. 𝑦𝑦𝑖𝑖𝑖𝑖  denotes its label and 𝑦𝑦�𝑖𝑖𝑖𝑖  denotes the predicted 
label. 

The network parameters W = {𝑤𝑤𝑙𝑙 , 𝑏𝑏𝑙𝑙|𝑙𝑙 ∈ (1,2,⋯ , 𝐿𝐿)}  are 
updated using the stochastic gradient descent with momentum. L 
is the number of layers. In the 𝑡𝑡 th iteration, the network 
parameters are updated as follows (Fu et al., 2017): 

 
𝑊𝑊𝑡𝑡+1 = 𝑊𝑊𝑡𝑡 − ∆𝑊𝑊𝑡𝑡+1   (4) 

 
∆𝑊𝑊𝑡𝑡+1 = 𝜂𝜂 ∙ �𝑑𝑑𝑤𝑤 ∙ 𝑊𝑊𝑡𝑡 + 𝜕𝜕𝜕𝜕𝜕𝜕𝑠𝑠𝑠𝑠

𝜕𝜕𝑊𝑊𝑡𝑡
� + 𝑚𝑚 ∙ ∆𝑊𝑊𝑡𝑡  (5) 

 
where 𝜂𝜂  is the learning rate, and 𝑑𝑑𝑤𝑤  and 𝑚𝑚  are the weight 
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decay and momentum, respectively. 
 

METHODS 
Proposed Method for Change Detection 

In general, image registration between multitemporal images 
should be implemented before change detection because slight 
offsets could result significant errors. The procedure of the 
surface water change-detection method for remote-sensing data is 
shown in Figure 2. In the first step, the parameters in the FCN 
were trained on the CRMS dataset to distinguish water bodies 
from land surface. 

 
 

 
Figure 2. Change detection framework based on the proposed method.

 
 
For a wetland restoration effort, CMRS has taken CIR aerial 

photos at a resolution of 1 m and provided ground-truth maps for 
about 390 observation sites in Louisianan, USA. The CIR images 
were obtained from digital orthophoto quarter quadrangles 
produced by the United States Geological Survey every 3 years. 
The ground-truth map contained two classes: water and land. In 
the second step, multitemporal images passed through the pre-
trained FCN to generate the DI. Figure 3 shows the process of 
generating DIs from target images. Each image produced score 
maps, which were stacked heat maps, for water and land classes 
because the pre-trained network was classifying two classes. The 
value of pixels along the channel axis in the score maps represents 
the score of the corresponding class (Fu et al., 2017). For example, 
the water score map was equal to the quantity of the water class. 
Then, the DIs were generated by subtracting each score map. 

If the target images were different from those in the CRMS 
dataset and require new classes (beyond water and land), the pre-
trained FCN should be fine-tuned on these target images. Fine-
tuning is the process in which parameters of an already trained 
network are adapted for the new task. 

Finally, appropriate threshold values that distinguish the 
changed and unchanged pixels were determined using multi-level 
fuzzy entropy (Sarker et al., 2014), and the final output was a 
binary change map. 

 

 
Figure 3. Change-detection architecture of the proposed method. 

 
 

Quality Assessments of Change Detection 
There are various methods for evaluating change-detection 

accuracy. In this paper, the false-negative (FN) ratio, false-
positive (FP) ratio, overall error (OE), overall accuracy (OA), and 
Kappa coefficient were calculated. FNs refer to undetected 
changed pixels, and FPs are unchanged pixels that are wrongly 
detected as changed pixels. The OE and OA are given in the 
following equations: 

 
𝑂𝑂𝑂𝑂 = 𝐹𝐹𝐹𝐹 + 𝐹𝐹𝐹𝐹     (6) 

 
𝑂𝑂𝑂𝑂 = (𝑇𝑇𝑇𝑇+𝑇𝑇𝑁𝑁)

(𝑇𝑇𝑇𝑇+𝐹𝐹𝑇𝑇+𝑇𝑇𝑁𝑁+𝐹𝐹𝑁𝑁)
    (7) 

 
where 𝑇𝑇𝐹𝐹 stands for true positive, and the true-positive ratio is 

the number of pixels with detected changed regions in both input 
and ground-truth images. 𝑇𝑇𝐹𝐹 stands for true negative, and the 
true-negative is the number of pixels with detected unchanged 
regions in both input and ground-truth images. For effective 
change detection, the 𝐹𝐹𝐹𝐹:𝐹𝐹𝐹𝐹 ratio should be close to 0% and the 
𝑂𝑂𝑂𝑂  should be 100%. The Kappa coefficient is a measure of 
classification accuracy based on the difference between the error 
matrix and chance agreement. Kappa is a metric that compares an 
observed accuracy with an expected accuracy. 

 
Materials 

A total of 356 1000 × 1000-pixel CIR images from the CRMS 
dataset were used for training. Among them, 284 images were 
used as training sets and 72 images were used as validation sets. 
The input images and the corresponding ground-truth images 
were subset into smaller patches with 300 × 300 pixels in order 
to consider graphics processing unit (GPU) memory limitations. 

The basic parameters for the training network are batch size = 
1, base learning rate = 10−8 , 𝑚𝑚 = 0.99, 𝑑𝑑𝑤𝑤  = 0.0005, and the 
policy of the learning rate adjustment was selected to be “fixed.” 
The proposed method is implemented on the basis of the Caffe 
library, which is a representative deep learning framework, and is 
performed on a CentOS Linux operating system with an NVIDIA 
GeForce GTX 1080 GPU installed. 

 
RESULTS 

Multitemporal images of the CRMS dataset, which show the 
changes in sites 1 and 2 from 2005 to 2008, were not included in 
the training and validation sets. 

The experimental results for the proposed method were 
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compared with those of traditional change-detection methods—
such as CVA, principal component analysis (PCA), normalized 
difference water index (NDWI), and the FCN-PCC. Figures 4 and 
5 show multitemporal CIR images of sites 1 and 2 in 2005 and 
2008 and their score maps. Because vegetation generally has high 
reflectance in the NIR region, it appears red in CIR images, while 
water relatively black. The multitemporal images passed through 
the pre-trained network, and the score maps were produced 
(Figure4 and 5c–f). The score maps of water showed relatively 
higher pixel intensities on river areas than on land areas. On the 
other hand, the score maps of land have high pixel intensities in 
areas with bare soil and vegetation. The DI images were 
generated by subtracting the score maps generated in 2008 and 
2005.  

 
 

    
(a)                 (b)                 (c)                 (d) 

     
(e)                  (f)                   (g)                (h) 

 
Figure 4. The results of site 1. The CRMS multitemporal CIR images were 
acquired in (a) 2005 and (b) 2008. The score maps represent (c) water in 
2005, (d) land in 2008, (e) water in 2008, and (f) land in 2008. Relatively 
higher pixel intensities, which is close to white on the score maps. By 
subtracting each score map, the DIs of the (g) water class and (h) land 
class were generated. 

 
 

 

     
(a)                 (b)                 (c)                 (d) 

    
(e)                  (f)                   (g)                (h) 

 
Figure 5. The results of site 2. The CRMS multitemporal CIR images were 
acquired in (a) 2005 and (b) 2008. The score maps represent (c) water in 
2005, (d) land in 2008, (e) water in 2008, and (f) land in 2008. Relatively 
higher pixel intensities, which is close to white on the score maps. By 
subtracting each score map, the DIs of the (g) water class and (h) land 
class were generated. 

 

In each score map, the value indicating the corresponding 
component has a high positive value, and the opposite component 
has a high negative value. Therefore, the unchanged pixels have 
close to zero±σ  and close to grey on the DI images . On the 
order hand, the changed pixels have relatively extreme positive or 
negative values and close to white and black. For example, in the 
DI of water (Figure 4g), the pixels with high negative values were 
water in 2005 and land in 2008. On the other hand, the pixels with 
high positive values represent changes from land to water from 
2005 to 2008. 

The change-detection results were generated by the proposed 
method, and four comparative methods are presented in Figure 6 
and 7. The changed areas were determined on the basis of 
thresholds determined through fuzzy entropy. Although the CVA 
generally detected changed areas, there are many spot noises. 
This noise occurs because CVA and PCA directly calculate the 
reflectance of multispectral bands; thus, land areas containing 
other materials with dark reflectance, which are similar to that of 
water, could be misclassified as water. On the contrary, NDWI 
and FCN-PCC detected changed areas without spot noise. 
However, in general, misdetections occurred in the edges of the 
shoreline. 

The proposed method shows optimal results, as compared with 
traditional methods. This method could detect changed areas 
clearly, and spot noise is rarely presented. Through training on 
CIR images, the proposed method has the advantage of being able 
to learn the spatial structures of surface water, and it can consider 
spectral information at the NIR region, which is significant for 
water bodies. A quantitative comparison of the five methods is 
shown in Tables 1 and 2. In both cases, the proposed method 
shows the best results, with low FN and FP rates and low OE, and 
high OA and Kappa coefficients. 

 
 

    
(a)                  (b)                  (c)                  (d) 

  
(e)                  (f)  

 
Figure 6. Changes in site 1 from 2005 to 2008, generated using the 
methods of (a) ground truth, (b) CVA, (c) PCA, (d) NDWI, (e) FCN-PCC, 
and (f) the proposed method. 

 
 

CONCLUSIONS 
Not only spectral values but also spatial structures are crucial 

information for surface water change detection. This paper has 
presented a novel method for surface water change detection 
based on an FCN. The FCN was trained on the CRMS dataset and 
classified water bodies, distinguishing them from the background. 
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Then, the multitemporal images passed through the pre-trained 
FCN, and the score maps and DIs were generated. The 
experiments on the two sites demonstrated the effectiveness of the 
proposed method. Compared with traditional methods, the 
proposed method exhibits better performance. In conclusion, the 
proposed method has proven the effectiveness of detecting 
changes in surface water based on remote sensing images, which 
were collected from different area of test sites, by considering 
both the spectral values and spatial structures. Accordingly, the 
method may be useful in the management of big data and the 
monitoring of surface waters in other sites around the world. 
 

 

    
   (a)                  (b)                  (c)                  (d) 

  
(e)                   (f)  

Figure 7. Changes in site 2 from 2005 to 2008, generated using the 
methods of (a) ground truth, (b) CVA, (c) PCA, (d) NDWI, (e) FCN-PCC, 
and (f) the proposed method. 

 
 
Table 1. Change-detection results on site 1. 
 

Method 
(%) CVA PCA NDWI FCN-

PCC 
Proposed 
method 

FP 0.127  0.680  0.410  0.428  0.266  
FN 0.012  0.045  0.024  0.018  0.006  
OE  0.139  0.724  0.434  0.447  0.272  
OA 98.51  94.16  96.78  97.28  98.81  

Kappa 70.94  16.78  42.88  46.17  72.13  
 
Table 2. Change-detection results on site 2. 
 

Method 
(%) CVA PCA NDWI FCN-

PCC 
Proposed 
method 

FP 0.413  0.586  0.239  0.079  0.227  
FN 0.001  0.029  0.019  0.028  0.008  
OE  0.414  0.615  0.258  0.107  0.235  
OA 98.57  95.30  97.36  97.06  98.53  

Kappa 72.13  34.10  63.92  65.66  76.56  
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ABSTRACT 
 
Choi, J.; Park, H.; Seo, D., and Han, Y., 2018. Performance analysis of pansharpening algorithms based on guided 
filtering applied to KOMPSAT-3/3A satellite imagery in coastal areas. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, 
M., and Lee, J. (eds.), The 3rd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 
91, pp. 431-435. Coconut Creek (Florida), ISSN 0749-0208. 
 
Image fusion algorithms, also known as pansharpening algorithms, can improve the spatial resolution of multispectral 
images using high-resolution original panchromatic images. Pansharpening algorithms are used in preprocessing steps 
for image classification, change detection, and image interpretation, and they have been used in various marine 
applications. In this study, we applied various guided filtering (GF)-based pansharpening techniques to multispectral 
images with high spatial resolutions in coastal areas and evaluated the quality of the resulting pansharpened images. 
Specifically, we analyzed the results of GF-based pansharpening techniques according to the characteristics of the 
guidance and filtering input images used in GF. The experimental results show that the spatial and spectral qualities of 
GF-based pansharpened images in the studied coastal areas are determined by the characteristics of the filtering input 
image. Additionally, the results of GF-based pansharpening display spectral distortion and spatial clarity characteristics 
similar to those of component substitution (CS) and multiresolution analysis (MRA)-based techniques. The obtained 
GF-based pansharpening results can be used in various coastal applications. 
 
ADDITIONAL INDEX WORDS: Coastal areas, guided filtering, image fusion, pansharpening. 
 

 
INTRODUCTION 

Generally, very high-resolution optical satellite sensors 
provide multispectral images with low spatial resolution and 
panchromatic images with high spatial resolution. Many users 
require an ideal multispectral image with high spatial resolution; 
however, such an image cannot be physically acquired. In the 
field of remote sensing, this problem is solved using an image 
fusion technique (Zhang, 2004). An image fusion algorithm, 
known as pansharpening, can improve the spatial resolution of a 
multispectral image based on an original panchromatic image 
with high spatial resolution (Alparone et al., 2007). The 
pansharpening algorithm is a preprocessing technique for image 
classification, change detection, and image interpretation. It is 
also used in marine applications. 

Many pansharpening algorithms have been proposed in remote 
sensing fields since the fast intensity-hue-saturation (FIHS) 
image fusion algorithm was developed by Tu et al. (2004). Dou 
et al. (2007) found that various pansharpening algorithms can be 
transformed into simple linear equations. In addition, Vivone et 
al. (2015) showed that various pansharpening algorithms can be 
classified into component substitution (CS) and multiresolution 
analysis (MRA)-based algorithms according to their 

characteristics, and the performance of 19 representative 
algorithms was evaluated. In these studies, pansharpened images 
generated by pansharpening techniques also caused spectral 
distortion and spatial declination in some cases, and it is most 
important to minimize these negative effects (Vivone et al., 2015). 
 

Therefore, recent studies have been conducted to solve these 
problems. An improved adaptive intensity-hue-saturation (IAIHS) 
fusion algorithm was proposed using guided filtering (GF) to 
compute the optimal weight of the pansharpening framework 
(Jameel et al., 2016). In addition, GF was applied to an adaptive 
model to define the local spectral relationship between 
panchromatic and multispectral images and properly inject spatial 
details to GaoFen-2 imagery (Zheng et al., 2017). Zhong et al. 
(2017) proposed a novel generalized band-dependent spatial 
detail (BDSD) algorithm that combines the CS and MRA 
frameworks. The locally linear detail injection (LLDI) algorithm, 
which is based on the local linear relationships among the spatial 
details in panchromatic and multispectral images, was also 
developed (Liu et al., 2017). To generate optimal pansharpened 
images and reduce computational costs, local injection gains 
based on the normalized difference vegetation index (NDVI) 
were proposed (Choi et al., 2017). In addition, various deep 
learning-based pansharpening algorithms have been developed 
(Huang et al., 2015; Masi et al., 2016). 

However, most techniques still have difficulty maintaining 
spatial clarity and minimizing spectral distortion in pansharpened 
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images. In particular, there are many cases in which spectral 
distortion exists in various areas, such as near water bodies, in 
complex urban areas and in areas of vegetation. Therefore, it is 
necessary to generate fusion images of marine areas with high 
spectral resolutions and low spectral distortion. In this manuscript, 
we applied various GF-based pansharpening techniques to 
multispectral images of coastal areas with high spatial resolutions 
and evaluated the quality of the pansharpened images to derive an 
optimal GF-based algorithm that can be applied in coastal areas. 
In addition, we analyzed the results of the GF-based 
pansharpening algorithms according to the characteristics of the 
guidance image and filtering input image used in the GF process. 

 
THEORETICAL BACKGROUND 

General pansharpening framework 
In several studies, a general pansharpening framework was 

defined based on equation (1) (Choi et al., 2017; Vivone et al., 
2015). 

 
MS�𝑘𝑘 = MS�𝑘𝑘 + 𝑔𝑔𝑘𝑘(P − I𝐿𝐿), 𝑘𝑘 = 1, … ,𝑁𝑁            (1) 

 
where P is an original panchromatic image with a high spatial 

resolution, MS�𝑘𝑘 is a pansharpened image of the kth spectral band, 
MS�𝑘𝑘 is a resized multispectral image at the scale of P,𝑔𝑔𝑘𝑘 is the 
injection gain of the kth spectral band, I𝐿𝐿 is a synthetic image with 
a low spatial resolution, and 𝑁𝑁  is the number of bands in the 
multispectral image (Choi et al., 2017). Generally, the original 
multispectral image is interpolated to the same pixel size as the 
panchromatic image using a polynomial interpolator with 23 
coefficients (Aiazzi et al., 2002). As mentioned in the 
introduction section, pansharpening algorithms can be classified 
as CS- and MRA-based methods. Depending on how I𝐿𝐿  is 
determined, CS- and MRA-based methods can be selected. In the 
case of MRA-based algorithms, I𝐿𝐿 is generated via the down- and 
up-sampling of filtered panchromatic images, which are the 
spatially degraded versions of the original panchromatic image. 
However, CS-based algorithms generate I𝐿𝐿 through the spectral 
transformation of resized multispectral image, and this process 
often involves linear combination, empirical formulas and linear 
regression between the panchromatic and multispectral images. 
Many researchers have found that pansharpened images based on 
CS-based algorithms provide better spatial clarity, whereas the 
MRA-based algorithm can minimize the spectral distortion of 
pansharpened images (Choi et al., 2011; Choi et al., 2017). 
Moreover, 𝑔𝑔𝑘𝑘 is also important in determining the level of spatial 
detail in multispectral images. 𝑔𝑔𝑘𝑘  is independent of the 
characteristics of CS- and MRA-based pansharpening algorithms. 
In most studies, injection gains are determined by various 
statistical models, mathematical formulas and optimization 
models. 

 
Guided Filtering-Based Pansharpening 

In recent years, various studies on image fusion techniques 
using GF have been conducted. GF assumes that the output image 
of GF follows a local linear model between the filter output image 
𝑄𝑄 and guidance image 𝐼𝐼 in a local window 𝜔𝜔𝑘𝑘 (He et al., 2013). 

 
𝑄𝑄𝑛𝑛 = 𝑎𝑎𝑘𝑘𝐼𝐼𝑛𝑛 + 𝑏𝑏𝑘𝑘 ,𝑛𝑛 ∈ 𝜔𝜔𝑘𝑘                              (1) 

 
To determine the coefficients 𝑎𝑎𝑛𝑛��� and 𝑏𝑏𝑛𝑛���, the output image 𝑄𝑄 is 

modeled as the input image 𝑝𝑝 by removing unwanted noise or 
texture information. Therefore, the linear coefficients 𝑎𝑎  and 𝑏𝑏 
used to generate the filter output image are determined by the 
linear ridge regression of the filter input image 𝑝𝑝 according to 
equations (2) and (3). 

 

𝑎𝑎𝑘𝑘 =
1

|𝜔𝜔|∑ 𝐼𝐼𝑛𝑛𝑝𝑝𝑛𝑛−𝜇𝜇𝑘𝑘𝑝𝑝𝑘𝑘����𝑛𝑛∈𝑤𝑤𝑘𝑘

𝜎𝜎𝑘𝑘
2+𝜖𝜖

                                (2) 
 

𝑏𝑏𝑘𝑘 = 𝑝𝑝𝑘𝑘��� − 𝑎𝑎𝑘𝑘𝜇𝜇𝑘𝑘, 𝑝𝑝𝑘𝑘��� = 1
|𝜔𝜔|
∑ 𝑝𝑝𝑖𝑖𝑖𝑖∈𝜔𝜔𝑘𝑘                   (3) 

 
where 𝜇𝜇𝑘𝑘 and 𝜎𝜎𝑘𝑘2 are the mean and the variance of 𝐼𝐼 in the local 

window 𝜔𝜔𝑘𝑘 , 𝑝𝑝𝑘𝑘��� is the mean of 𝑝𝑝 in 𝜔𝜔𝑘𝑘, and ε is a regularization 
parameter used in GF (He et al., 2013). After determining the 
coefficients of GF using equations (2) and (3), the filtering output 
image can be obtained by equation (4) 

 
𝑄𝑄𝑛𝑛 = 1

|𝜔𝜔|
∑ (𝑎𝑎𝑘𝑘𝐼𝐼𝑖𝑖 + 𝑏𝑏𝑘𝑘)𝑘𝑘:𝑛𝑛∈𝜔𝜔𝑘𝑘 = 𝑎𝑎𝑛𝑛���𝐼𝐼𝑛𝑛 + 𝑏𝑏𝑛𝑛���             (4) 

 
where 𝑎𝑎𝑛𝑛��� = 1

|𝜔𝜔|
∑ 𝑎𝑎𝑘𝑘𝑘𝑘∈𝜔𝜔𝑛𝑛 , 𝑏𝑏𝑛𝑛��� = 1

|𝜔𝜔|
∑ 𝑏𝑏𝑘𝑘𝑘𝑘∈𝜔𝜔𝑛𝑛 , and |𝜔𝜔|  is the 

number of pixels in the local window. In the pansharpening 
process, the spatial details are determined by the difference 
between histogram-matched panchromatic image 𝑃𝑃′  and filter 
output image 𝑄𝑄 . Therefore, pansharpened image MS�𝑘𝑘  can be 
determined using equation (5) based on (1). 

 
MS�𝑘𝑘 = MS�𝑘𝑘 + 𝑔𝑔𝑘𝑘(P − Q𝑘𝑘), 𝑘𝑘 = 1, … ,𝑁𝑁            (4) 

 
where Q𝑘𝑘 is the output filter image of the kth band using GF. 
 

METHODS 
As mentioned in the theoretical background, the filter output 

image for GF-based pansharpening is determined by the filter 
input and guidance image. In pansharpening algorithms based on 
GF, various guidance images can be applied. Therefore, because 
the filter output image 𝑄𝑄 of GF is determined by the filter input 
and guidance image, we analyze the spectral and spatial 
characteristics of the pansharpened image according to various 
input and guidance images, as shown in Table 1. Five GF-based 
pansharpening algorithms were applied, and the detailed 
description of these algorithms is as follows. The injection gains 
of the GS algorithm were applied in the pansharpening process. 

 
Table 1. Pansharpening algorithms according to various filter input and 
guidance images based on GF. 

Algorithm Filter input image Guidance image 
GFCS MS𝑘𝑘 P𝑘𝑘ℎ 
GFCSL MS𝑘𝑘 P𝑘𝑘𝑙𝑙 
GFPAN I PIℎ 

GFPAN-L I PI𝑙𝑙 
GFI MS𝑘𝑘 I𝑘𝑘 
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1) GFCS: In the GF-based component substitution (GFCS) 
method, panchromatic image P𝑘𝑘ℎ with histogram matching based 
on each multispectral band MS𝑘𝑘  is used as a guidance image. 
Then, a guided filter is applied to each MS𝑘𝑘, which is used as a 
filter input image (Liu and Liang, 2016). GFCS has two versions, 
which are referred to as GFCS with band dependence (GFCS-B) 
and GFCS with multispectral dependence (GFCS-M). In this 
study, we used GFCS-B. Because P𝑘𝑘ℎ is generated for each band, 
independent spatial details can be injected into each band based 
on GFCS. 

2) GFCSL: To estimate how the spatial resolution and clarity of 
a guidance image affects the quality of the output filter and 
pansharpened images, P𝑘𝑘𝑙𝑙  is used as a guidance image. Therefore, 
the only difference between GFCS and GFCSL is the spatial 
resolution of the guidance image. 

3) GFPAN: In GFPAN, a panchromatic image is used as the 
guidance image, similar to GFCS. However, a synthetic intensity 
image I  is applied to the filter input image. Generally, I  is 
calculated by multiple linear regression based on the 
panchromatic and multispectral images. After determining I, PIℎ 
is generated via the histogram matching of the panchromatic 
image based on I . Thus, unlike GFCS, I  has spectral 
characteristics similar to those of the panchromatic image, and 
spatial details are injected into each multispectral band during the 
pansharpening process. 

4) GFPAN-L: GFPAN-L is similar to GFCSL; however, a spatially 
degraded version of PIℎ is used as a guidance image. 

5) GFI: In this algorithm, histogram-matched I𝑘𝑘  images for 
each multispectral band are used as guidance images. The overall 
characteristics of the algorithm are similar to those of GFCSL; 
however, the spectral characteristics of the guidance image are 
different. 

 
STUDY AREA 

Experiments were performed using KOMPSAT-3/3A images 
acquired over coastal areas on 2016/07/12 and 2018/02/16. The 
details of the test data and the characteristics of the satellite 
sensors are described in Figure 1 and Table 2. 

 
 

 
(a)KOMPSAT-3                             (b) KOMPSAT-3A  

(2016/07/12, Rokkasho, Japan)    (2018/02/16, North America) 
 

Figure 1. True color composite of the test data from coastal areas: 
KOMPSAT-3 (a) and KOMPSAT-3A (b). 

 
 

Table 2. Specifications of the sensors and data sets used in this study. 

Sensor KOMPSAT-3 KOMPSAT-3A 
Spatial 

resolution 
Multispectral 2.8 m 2.2 m 
Panchromatic 0.7 m 0.55 m 

Image size Multispectral 6015 × 5351 6015 × 6000 
Panchromatic 24060 × 21404 24060 × 24000 

Spectral 
wavelength 

Panchromatic 450-900㎚ 
Blue 450-520㎚ 

Green 520-600㎚ 
Red 630-690㎚ 
NIR 760-900㎚ 

 
RESULTS 

The quality of the pansharpened images produced by five GF-
based algorithms (CFCS, CFCSL, GFPAN, GFPAN-L, and GFI) was 
analyzed based on the erreur relative globale adimensionnelle de 
synthèse (ERGAS), spectral angle mapper (SAM) result, 
correlation coefficient (CC), spatial CC (sCC) and average 
gradient (AG) (Choi et al., 2017; Vivone et al., 2015). Tables 3 
and 4 present the quantitative results and quality indices of the 
pansharpening image analysis for each algorithm. 

 
Table 3. Comparative GF-based pansharpening results according to 
KOMPSAT-3 imagery. 

 ERGAS SAM CC sCC AG 
GFCS 0.583 0.768 0.997 0.892 57.110 
GFCSL 0.498 0.806 0.998 0.915 65.250 
GFPAN 0.579 0.749 0.997 0.889 57.038 

GFPAN-L 0.491 0.795 0.998 0.913 65.185 
GFI 0.882 1.090 0.996 0.921 64.562 

 
Table 4. Comparative GF-based pansharpening results according to 
KOMPSAT-3A imagery. 

 ERGAS SAM CC sCC AG 

GFCS 1.130 0.871 0.997 0.964 60.342 

GFCSL 1.066 0.925 0.997 0.968 63.071 

GFPAN 1.123 0.842 0.997 0.962 60.120 

GFPAN-L 1.049 0.902 0.997 0.967 62.924 

GFI 1.803 1.446 0.994 0.970 62.786 
 
The experimental results show that using a guidance image 

based on a panchromatic image increases the spectral quality of 
the pansharpened image, as reflected by the ERGAS, SAM and 
CC values, compared with using an intensity image. However, 
GFI yields higher sCC and AG values than do GFCS and GFPAN. 
In addition, using a guidance image with a low spatial resolution, 
such as in GFCSL and GFPAN-L, results in higher spectral and 
spatial index values than does using a guidance image with the 
original spatial resolution. Therefore, the results confirm that the 
use of a guidance image affects the quality of the fusion image. 
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DISCUSSION 
Figures 2 and 3 show the detailed results for each algorithm. 

Based on visual analysis, the pansharpening frameworks that use 
a guidance image based on a panchromatic image (GFCS, GFCSL, 
GFPAN and GFPAN-L) display similar results. 
 

 
 

  
             (a) panchromatic image                (b) multispectral image 
 

  
(c) result of GFCS                      (d) result of GFCSL 

 

  
(e) result of GFPAN                         (f) result of GFPAN-L 

 

 
(c) result of GFI 

 
Figure 2. GF-based pansharpening results for KOMPSAT-3. 

 
 

 
 

  
              (a) panchromatic image                (b) multispectral image 
 

  
(c) result of GFCS                    (d) result of GFCSL 

 

  
(e) result of GFPAN                     (f) result of GFPAN-L 

 

 
(c) result of GFI 

 
Figure 3. GF-based pansharpening results for KOMPSAT-3A. 

 
 

Notably, these results are similar to those produced by MRA-
based algorithms. The pansharpening framework that uses a 
guidance image based on an intensity image as the multispectral 
image (GFI) yields a pansharpening result similar to that produced 
by CS-based algorithms. The pansharpened image produced by 
GFI contains the greatest spectral distortion, whereas the spatial 
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clarity of the pansharpened image of GFI displays the best quality. 
These trends are very similar to those of general pansharpening 
techniques. However, the spectral information is considered more 
valuable in these cases because there are few objects with spatial 
details in the images, such as buildings in the coastal area. 
Therefore, pansharpening using a guidance image as the 
panchromatic image is more effective for pansharpening in 
coastal areas. Thus, the GFCSL or GFPAN-L technique could be 
applied because these methods have characteristics similar to 
those of MRA-based algorithms and yield low spectral distortion. 
 

CONCLUSIONS 
In this study, we analyze the results of GF-based pansharpening 

techniques according to the characteristics of the guidance image and 
filtering input image used in GF. The spatial and spectral qualities 
of GF-based pansharpened images in coastal areas are determined 
according to the filter input and guidance images. The results of 
GF-based pansharpening display spectral distortion and spatial 
clarity characteristics similar to those of CS- and MRA-based 
techniques. GFI, which is a framework similar to CS-based 
algorithms, produced the best spatial clarity based on qualitative 
evaluation, whereas GFPAN-L and GFCSL yielded the lowest level 
of spectral distortion. The GF-based pansharpening results could 
be used in various coastal applications. In particular, GFPAN-L and 
GFCSL can be applied as preprocessing techniques in coastal 
engineering based on remotely sensed satellite imagery. 
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ABSTRACT 
 
Jeong, S.-H.; Kwon, J.H., and Kim J. H., 2019. A study on the applicability of unmanned aerial vehicle to the sounding 
survey of tideland. In: Lee, J.L.; Yoon, J.-S.; Cho, W.C.; Muin, M., and Lee, J. (eds.), The 3rd International Water 
Safety Symposium. Journal of Coastal Research, Special Issue, No. 91, pp. 436-440. Coconut Creek (Florida), ISSN 
0749-0208. 
 
The southwestern coast of Korea is characterized as a complex ria coast with a wide tideland. In this area, information 
on the minimum low water level is important for ship safety. While using aerial photographs and satellite images to 
measure the water depth of a tideland is expensive for smaller areas, using echo sound does not guarantee a precise 
measurement because it is difficult for ships to reach such areas. This study aims to verify the applicability of unmanned 
aerial vehicles (UAVs) to the sounding survey of a tideland by comparing the results of a UAV survey with those of a 
single beam survey. The study was conducted in and around Seohong-ri, Haenam-gun, and Jeollanam-do by using an 
unmanned fixed-wing aerial vehicle with a 24.36-megapixel camera to take pictures at an overlap rate of 60 % ~ 80 % 
from an altitude of 110 m ~ 150 m. Ground control points (GCPs) were installed at intervals of 500 m with three 
checkpoints. The GCP locations were determined using Network-RTK. In the photographs, GCPs and checkpoints 
were matched to create DSM and orthophotos. The root mean square error in the GCP of an orthophoto was X = 0.0085 
m, Y = 0.0091 m, and Z = 0.0027 m. On comparing the overlapped parts, the water depth error was found to be 0 m ~ 
0.1 m on average, satisfying the special grade criterion of tolerance by waterway survey depth and confirming the 
applicability of unmanned aerial vehicles to the sounding survey of tidelands. It was possible to draw the coastline by 
correcting the tide to the orthophoto and depth values. Using GSD 5 cm images obtained from the unmanned aerial 
vehicle, it was possible to precisely describe the coastline and confirm changes in the coastline. 
 
ADDITIONAL INDEX WORDS: Unmanned aerial vehicle, Tideland area, ship safety, orthophoto. 
 

 
INTRODUCTION 

The impact of changes in the natural environment on the 
topography of the complex ria shoreline of Korea is substantially 
higher (Boak and Tunner, 2005) than that faced by straight-line 
or fluently curved shorelines (Norcross et al., 2002).   

Models of coastal and offshore shorelines and water depths, 
that are utilized for marine traffic safety, coastal development, 
marine monitoring, and disaster prevention provide reference data 
for marine policy making (Jeong, 2015).   

Currently available sounding methods in hydrographic 
surveying include the ship-based Multi Beam Echo Sounder 
(MBES), aircraft-based Airborne LiDAR Bathymetry (ALB) 
(Kwon O, Kwon J and Lee, 2009), and manual measurement. 
However, UAVs are increasingly being adopted as a cost-
effective and easy-to-operate option for photogrammetric surveys 
(Park and Jung, 2017). UAVs are widely used for gathering 
spatial data due to simple preparation and setup, faster data 
collection and analysis, and scalability with sensors collecting 
diverse data (Park and Lee, 2016).  

In this study, the applicability of UAVs for surveying less 
accessible shorelines and tidelands, that are unfavorable for data 

gathering with existing topographic surveying or single or multi 
beam echo sounding methods, was explored by using a UAV for 
surveying a tideland, analyzing the gathered data, and 
determining its accuracy. 

 
Background 

Surveying a wide tideland with UAV-based sounding 
generates a large amount of data as compared to existing ALB, 
which requires intensive analysis (Christopher et al., 2015). Still, 
UAV-based sounding is conducive to gathering high-quality data 
in shallow water areas, shore cliffs, and tidelands, where ships or 
aircrafts cannot gain access easily. In this study, a UAV was used 
to take aerial photos for sounding over a selected target site (the 
shore region of Haenam-gun Jeollanam-do). Characterized by a 
wide tideland and shallow water, the target site is difficult to 
approach with traditional survey technologies. In order to 
compare the sounding performance, a DSM was built and water 
depth data gathered using an existing sounding method was 
compared with the measurements obtained from the UAV for the 
same spot. Also, the target site’s tidal information and the four 
constituents of tides were applied to an ADCIRC (ADvanced 
CIRCulation) model to extract the shoreline. The extracted 
shoreline image was superimposed on the established one to 
detect any change in the shoreline. Ultimately, the purpose of this 
study was to verify the applicability of the UAV to sounding, 
shoreline extraction, and shoreline change detection. 
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METHODS 

The shore region of Haenam-gun Jeollanam-do, where a 
tideland was well formed, was selected as the target site. Located 
at 126° 36′ East longitude and 34° 21′ North latitude, lying to the 
west of Wando, and measuring 0.84 km2 (1.2 km × 0.7 km), the 
site features a ria shoreline with multiple indented coastal inlets. 
 

 

 
Figure 1. Location of research area.

 
 

Aerial shots were captured using a UAV at 11:20 on August 
20th 2018 in Wando, when the weather was clear and the tidal 
range was large with high and low tides at 04:39 (245) and 11:42 
(150), respectively. The UAV was flown during the low tide to 
get wide aerial shots over the tideland. When filming aerial shots, 
weather factors have a substantial impact on the safety of UAVs, 
sounding, shooting performance, and quality. A sunny weather 
and constant temperature without fog, mist, and wind is most 
ideal for shooting. The wind speed was 5 m/sec ~ 8 m/sec when 
the UAV was capturing aerial shots. 

The following steps of sounding and shoreline extraction over 
the tideland in the target site were taken. 

 
Table 1. Process of sounding survey of tideland and shoreline extraction. 
 

Steps Description 

Planning 
1. Select area 
2. Set itinerary 
3. Collect Data 

UAV 
1. Establish GCP 
2. Take photo 
3. Verify Data Check overlap 

Data 
Processing 

1. Construct 
2. Ortho-photo 
3. Construct DSM 

Shoreline 
Extraction 

1. Construct mean sea model 
2. Extract shoreline using tide info and DSM 

Result 
Analysis 

1. Depth comparison 
2. Detect shoreline change 

 
Planning 

For flight planning, the location of ground control points 
(GCPs), topography, weather condition, altitude, trajectories, and 
overlapping ratio of the photos were taken into account in order 
to get accurate results over the target tideland. Weather condition, 
surroundings, and UAV flight time are overarching factors that 
should be considered during flight planning. The UAV used here 
was designed to fly for 100 ~ 120 min, which was allowed for during 

preparation of the flight plan. While drawing the planned trajectories, 
lines connecting the way points, route, and area were used to set the 
altitude, speed, and overlap and sidelap using a photogrammetry tool 
in a program, prior to capturing the aerial shots.  
Using the Mission Planner based on Google Maps, the map of the 

target location was saved beforehand for offline use. 
 

 

 
Figure 2. Flight path design software (Mission Planner). 

 
 
UAV Filming 

Table 2 outlines the specifications of the UAV used to survey the 
target site. 
 

 

 
Figure 3. The UAV used in the study. 

  
Since the overlap and sidelap are essential elements for the 

orientation of aerial photos, these were set to more than 60% ~ 
80% during filming the shoreline, as per ‘Regulations on 
Shoreline Research and Data Processing’ set forth by Korea 
Hydrographic & Oceanographic Agency (KHOA, 2016).  

Also, considering that while filming, the UAV might fly faster 
than the pre-set speed if the wind blew from behind, and thus fail 
to achieve the desired interval and overlap, a minimum 60% 
overlap was deemed necessary for the orientation of photos, 
following which 350 shots were captured at a flying height of 120 
m. UAV photogrammetry is classified into regular and Post 
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Processing Kinematic (PPK) approaches, depending on the 
GNSS installed on UAVs. PPK refers to correcting the location 
information of photos taken by UAVs with the information 
gained by simultaneously observing known GCPs. Therefore, 
with more accurate location information of photos, PPK ensures 
more precise mapping compared to regular photogrammetry. In 
regular photogrammetry, it is possible to ensure PPK-level 
accuracy by correcting the locations via the GCPs. In this study, 
PPK was used along with GCP-based location correction. 
 
Table 2. UAV Specification. 
 

Size 2,130×850×150 (mm) 

Weight 3.9 kg (8.6lb) 

Flight Time 2 hr 

Camera 24 MP – APS-C CMOS sensor 

Speed 54 km/h (crusing) 

Control Manual: 2.4G RC Controller 
Auto: Laptop Programming 

 
Establishing GCPs 

We established GCPs using GNSS at given (known) points to 
simultaneously get static sounding performance while the UAV 
was flying, and post-processed them using a RINEX file extracted 
from the UAV’s log data and the survey data at the GCPs.  

 
 

 
Figure 4. Establishing GCPs. 

 
 

Post Processing Kinematic 
Two receivers (base/reference and rover/moving receivers) 

must receive data from an artificial satellite at the same time. 
Once the rover receiver completes data gathering, the reference 
receiver stops working, and the data collected by the two 
receivers is downloaded to the computer. As the downloaded data 
formats vary across receiver manufacturers, they are converted 
into the RINEX (Receiver Independent Exchange) standard 
format, which can be used regardless of distinct manufacturers’ 
formats, before transmission. Post processing is required to get 
the DGNSS location. 
 
GCP and Check-Point Installation 

Eight GCPs and check-points in the form of signs for aerial 
surveys (60 cm × 60 cm), spaced about 200 m ~ 500 m apart 
within the entire survey area, were established before shooting. 

Also, Network-RTK was used to determine the performance at 
planes and heights in 3 sets with 1 point rated as equivalent to 10 
epochs. 
 
Data Processing 

A range of software programs that use multiple images to 
create flight routes and orthophotos are available. Here, 
considering safety, efficiency, and convenience, PIX 4D’s 
Mapper Pro was used to process data, as described below. 

 

 

 
 
Figure 5. Data processing flow.  

 
 

Image Alignment & Photo-Merge 
Photos were aligned line by line and each photo’s information 

such as its filming location, azimuth or meridian angle, and altitude 
was matched for image alignment. From the Initial Processing 
options, the option Full (default) was selected for the 'Key Points 
Image Scale' and images were merged. The GCP inputs were also 
used to carry out the matching process (Figure 6). 

 
 

 
Figure 6. Image merging. 
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Creating point Cloud 
From the point cloud and mesh options, the Image Scale of the 

‘Point Cloud Densification' was set to 1 (Original image size, 
Slow), the Point Density to Optimal, and the Minimum Number 
of Matches to 2 in order to generate the Point Cloud and Mesh  
 

 

 
Figure 7. Creating point cloud and mesh image. 

 
 
Creating Orthophotos and DSM 

Orthometric correction requires a log file that records filming 
information and the data about accurate location and altitude. To 
reduce the brightness gap between photos resulting from the 
varying exposure levels to sunlight during long-hour shooting, the 
brightness of photos was adjusted as needed. An XYZ file was 
extracted by selecting XYZ, LAS for ‘Grid DSM' and setting the 
grid spacing to 1 m.  

 
 

 
Figure 8. Orthographic and DSM Creation.  

 
 
The accuracy of UAV photogrammetry was verified with the 

performance of GCPs applied to correct locations and altitudes 
when creating orthophotos and DSM. The Point Cloud was 
created using Pix 4D, and modelling was conducted by placing 
the accurate locations of GCPs captured in each photo. The GCP 
errors were checked in the QC report for verification.  

 
Table 2. GCP Error. 
 

POINT X (m) Y (m) Z (m) Projection 
Error(Pixel) 

CP1 -0.010 0.007 -0.001 0.550 
CP2 0.011 0.015 -0.001 0.480 
CP3 -0.001 -0.001 0.005 0.610 
CP4 -0.006 -0.002 0.000 0.539 
CP5 0.012 -0.017 0.002 0.882 
CP6 0.007 -0.002 -0.000 0.351 
CP7 -0.011 0.006 -0.004 0.501 
CP8 0.000 -0.007 0.004 0.717 

RMS Error (m) 0.008537 0.009193 0.002744  

 

The root mean square error (RMSE) of the registered 
orthophoto at the GCP was: X = 0.0085 m, Y = 0.0091 m, and Z 
= 0.0027 m. In addition to verifying the accuracy of the processed 
results, the orthophoto and DSM performance was compared with 
the topographic survey data in terms of the characteristic 
locations and heights of artificial structures to verify the quality 
of image registration.  

 
Shoreline Extraction  

For shoreline extraction, the Advanced Circulation Model of 
Oceanic, Coastal and Estuarine Water (ADCIRC) was used. 
Utilizing the Finite Element Method (FEM) to construct 
unstructured grids, the ADCIRC can extract shorelines similar to 
real topography.  

Based on the tidal information and ellipsoid height of the target 
site, an equation for the summation of the semirange of four major 
tidal constituents was applied and the varying water depths were 
modelled with the ellipsoid height to extract the shoreline 
following the process described below. 

 
Table 3. Process of shoreline extraction. 
 

Shoreline Extraction 
1. Construct Mean Sea Surface 
2. Construct Highest High Water Level Using Tidal Info 
3. Overlap with DSM from UAV 
4. Draw Shoreline 

 
 

 
Figure 8. Shoreline Extraction from Orthographic Image and DSM.  

 
 

RESULTS 
Sounding Survey 

As for the water depth of the tideland, the performance of the 
UAV in extracting depth of the 1 m grid was compared with the 
single-beam sounding performance. A mean 0 m ~ 0.1 m error 
was found in depth, which met the criteria for the allowable 
error per depth in the special order hydrographic surveys. 
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Figure 9. Depth comparison.  

 
 
Shoreline Change Detection 

The length of the shoreline of the target site was 2,265 m. A 
76-m difference between the extracted and existing shoreline 
lengths was detected. The difference is attributable to the newly 
built and buried seawall and lighters wharf (+59 m), which were 
not included in the old shoreline length, and the increase in length 
(+17 m) due to the precise expression of the shoreline. The table 
below shows the difference between the old shoreline length and the 
result of the UAV-based survey at the target site. 
 

Table 4. Shoreline change detection. 
 

Shoreline (Before) Shoreline from UAV 
Diff 
(m) Natural 

(m) 
Artificial 

(m) 
Total 
(m) 

Natural 
(m) 

Artificial 
(m) 

Total 
(m) 

1,718 547 2,265  1,735 606 2,341  76 
 

Orthophoto 
Point clouds were generated for artificial and natural shorelines 

and the DSM was built and evenly distributed in alignment with 
the GCPs to minimize the bias in horizontal and vertical errors. 
Also, the GCP performance in the registration process was 
verified to eliminate the joint errors with the errors in overlapped 
areas and build the DSM Grid performance (XYZ, LAS) to 
extract the shoreline. To easily see the time-series geometry and 
change of the shoreline, orthophotos of GSD 4 cm were created 
(Geo TIFF). 
 

 

 
Figure 8. Orthophoto (GSD 4 cm). 

 
 

CONCLUSIONS 
The sounding performance of the UAV and the single beam 

surveys was compared at the overlapped areas of the target site, 

and mean errors of 0 m ~ 0.1 m were detected. This met the 
criteria for the allowable errors per depth in the special order 
hydrographic surveys. This finding substantiates the applicability 
of UAV-based depth sounding to inaccessible tideland sections.  

Also, the shoreline was drawn by correcting the tidal values in 
the UAV-based orthophoto and depth, and the extracted shoreline 
was compared with the old shoreline to detect the change in 
shoreline. Thus, a 76-m increase was determined in the 2,265-m 
shoreline, which was then precisely depicted using the orthophoto 
of GSD less than 4 cm.  

A range of sounding survey methods are available by virtue of 
technological advancement. Combined with inexpensive sensors 
and image processing software, UAVs can achieve cost-effective 
high-quality performance in the short term, ensuring nearly 
unlimited accessibility during sounding surveys. UAVs tackle the 
challenges of surveying the places that would otherwise be 
inaccessible and, with evolving compatible software and the 
development of relevant sensor and navigation technologies, are 
projected to be utilized in a wider range of fields. 
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ABSTRACT 
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Over several decades, the Global Navigation Satellite System (GNSS) has been the most important navigation 
equipment for vessels. Although the C/A code based absolute positioning is sufficient for most cases, a precisely guided 
coastal navigation is necessary for the entry and the departure of large vessels at a port. More accurate positioning and 
navigation can be achieved by applying the real-time kinematic (RTK) technique, which uses the carrier phases of the 
GNSS signals. However, the error is generally proportional to the baseline lengths between the references and the 
rovers due to the decorrelation of the signals. In this study, the error behavior of a single-baseline RTK (SRTK) was 
analyzed based on a Continuously Operating Reference Station (CORS) network in Korea. In addition, the network-
based RTK (NRTK) correction was used to better estimate the position of large vessels for coastal navigation. Finally, 
the UP component of the vessel was constrained to the geoid to characterize coastal navigation uniquely. 
 
ADDITIONAL INDEX WORDS: Global navigation satellite system, real-time kinematic, navigation. 
 

 
INTRODUCTION 

Due to the decorrelation between the reference and the rover 
stations for long baselines, the error rapidly grew as the distance 
to the reference station increased (Kim and Bae, 2015; Wubbena 
et al., 2001; Zou et al., 2013). Therefore, an effective single-
baseline real-time kinematic (SRTK) is limited to short baselines, 
usually up to about 10 km. For increased accuracy and stability of 
the Global Navigation Satellite System (GNSS) positioning, the 
network-based RTK (NRTK) was introduced over a decade ago 
to overcome the weakness of the SRTK (Hu et al., 2003; Janssen, 
2009; Takac and Zelzer, 2008; Tang et al., 2013). It has proven 
its performance with many applications, mainly with favorable 
environments in terms of satellite visibility. The NRTK was 
predominantly used for precision surveying purposes on land. 
However, it is generally impossible to apply it to the coastal 
navigation of large vessels, because there is no reference network 
configuration outside the land, which results in either an absolute 
positioning based on the C/A code measurements or a differential 
Global Positioning System (DGPS) at best.  

For the safety of large vessels navigating near the coast, a 
precise guidance is necessary when entering and departing a 
harbor, thus the introduction of the NRTK is vitally important. 
The applicability of the NRTK was analyzed under the 
circumstance of extrapolated corrections with respect to the 
baseline lengths, which was compared with the SRTK solutions. 
Furthermore, since the vessels navigate on the surface of the sea, 
namely the geoid, the characteristics of the vessel navigation 

provides additional constraints for the solution. Therefore, the 
Gauss-Markov model with fixed constraints was applied to the 
estimated solution. 

 
METHODS 

For the comparison of the precision, we collected the GNSS 
data from an antenna installed on the rooftop of a building, along 
with all the Continuously Operating Reference Station (CORS) 
networks that are being operated by the National Geographic 
Information Institute (NGII) of Korea. The baseline processing 
was completed using the open source software RTKLIB (Takasu 
and Yasuda, 2009). 

 
Data Collection 

Other than the RINEX files for the SRTK, we conducted the 
NRTK positioning using the Virtual Reference Station (VRS) 
technique (Vollath et al., 2000). Sixty CORS were involved in 
this study, and the usual distance between the reference stations 
was approximately 50 to 60 km. Figure 1 shows the network of 
the NGII CORS of Korea with the rover position at Sejong 
University in Seoul. One of the CORS, whose station name is 
CNJU, was temporarily assumed to be a rover for the redundancy 
of the experiment. The GNSS measurements were simultaneously 
obtained each session for the consistency of the experiment. The 
1 second interval GNSS observations were downloaded from the 
NGII server. The correction information from the NRTK was 
transferred through the Networked Transport of the RTCM via 
Internet Protocol (NTRIP) stream (Kim, 2015), and then logged 
on the computer for post-processing.  
 
RTK Processing 

The SRTK and the NRTK processing were conducted for 
various baseline lengths using the post-processing module of the 
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RTKLIB. It is a package with several GNSS positioning modes, 
which supports the real-time and the post-processing of a multi-
GNSS with many standard formats and communication protocols 
(Takasu and Yasuda, 2009). 

 
 

 
Figure 1. The NGII CORS network along with the rover position used in 
this study. 

 
 

 

 
Figure 2. The system architecture of a network-based RTK. 

 
 

Figure 2 shows the system architecture of a NRTK system. All 
GNSS measurements transferred to the server are converted into 
RINEX files, and the data quality is instantly evaluated. Once the 
rover sends its approximate coordinates in an NMEA message, 
the server generates the virtual reference near the rover position. 
The correction message in an RTCM format or an equivalent 
proprietary message, such as CMR/CMR+, includes all 
information for the RTK positioning at the rover (Talbot et al., 
2001). The messages are transmitted back and forth through the 
internet using cellular communication (3G/4G).  

As summarized in Table 1, all the GNSS data was recorded at 
1 Hz for both the rover and the reference stations on May 28, 2018. 
Only the GPS data was used for the SRTK/NRTK positioning 
with a forward and a backward filter in kinematic mode. The 
elevation cutoff angle was set to 15 degrees, and a nominal model 
was adopted for a better representation of the tropospheric delay. 
The broadcasting navigation message was applied to calculate the 
ephemeris of the satellites. The NRTK correction information 
was generated near the actual location of the NGII CORS, which 
was also transmitted via the NTRIP stream to be logged for 
simultaneous post-processing. 
 
Table 1. The specifications of the data used in this study. 
 

       Rover                      NGII CORS 
Receiver                   Trimble 5700              Geodetic grade 
GNSS                               GPS                         GPS+GLO 
Frequency                                       L1+L2 
Interval                                          1 second 
Duration                                          1 hour 
Software                                   RTKPOST 2.4.3 
Processing mode                          Kinematic 
Solution                           Forward/backward filtering 
Elevation mask                               15 deg 

 
Gauss-Markov Model with Fixed Constraints 

Since the vessels move on the surface of the sea, which is 
assumed to be the equipotential (the geoid), the vertical variation 
of the vessels can be constrained to this surface. Therefore, the 
NRTK solutions were reconstructed using the Gauss-Markov 
model with fixed constraints, and the height information was 
constrained to be zero as given by the following equation (Snow, 
2002): 

 
2 1

1 1 1 0

0

~ (0, )

,

n n m m n

l m

T T

y A e e P
K

rkK l rk A K m

ξ σ
κ ξ

−
× × × ×

×

= + Σ =
=

 = = 

                    (1) 

 
where P and 𝜎𝜎02 correspond to the weight matrix and the unit-

less variance component, respectively. The residual observation 
vector y represents the difference between the actual observation 
and the calculated one. Design matrix A can be obtained by 
differentiating the observation with respect to the unknowns. The 
unknown parameter 𝜉𝜉  is common to both the observation 
equation (top) and the fixed constraints (bottom) in Equation (1). 
The vector 𝜅𝜅0 should be zero to fix the vertical component to the 
geoid, or equivalently the mean sea level, in this case. The final 
normal equation for the least-squares solution (LESS) with fixed 
constraints can be represented by: 
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where 𝝀𝝀 is the Lagrangian multiplier, and [𝑁𝑁  𝑐𝑐] = 𝐴𝐴𝑇𝑇𝑃𝑃[𝐴𝐴  𝑦𝑦]. 

All calculations were processed in a local frame, which was 
north-east-up (NEU), and the normal matrix was should also be 
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transformed into the local plane by multiplying an appropriate 
rotation matrix. 

 
RESULTS 

The experiments were conducted for two RTKs, which are 
SRTK and NRTK. The baseline lengths are relatively long for a 
usual SRTK, but the effectiveness of the RTK can be seen with 
the results. 

 
SRTK vs NRTK 

Figure 3 shows the output of SRTK and NRTK positioning as 
well as the corresponding reference station. The VRS generated 
from the server is plotted on the left, and the horizontal errors 
from both RTKs are plotted together on the right figure. As can 
be seen in the figure, the VRS locations are biased to a 
northeastern direction and can be classified into two groups. 

 
 

 
Figure 3. Error ellipses of RTK solutions. 

 
 
The average offsets of the VRS are 76 cm and 45 cm for the 

north and east component, respectively. One thing that can be 
noticed is that the error behavior for the NRTK as well as the 
SRTK solutions are very close to the VRS locations. The 
accuracy performance of the two RTKs are almost comparable in 
this experiment. This attributes to the fact that most of the RTK 
processing was conducted for baselines longer than 50 km. The 
statistics of the SRTK and NRTK solutions are summarized in 
Table 2. The Root Mean Squared Error (RMSE) of the NRTK 
seems slightly worse than that of the SRTK. 
 
Table 2. The overall statistics of single-baseline RTK and the Network-
based RTK. 
 

Single-baseline                  Network-based 
N       E       U                   N        E        U 

Mean [m]                0.7     0.1     1.9                 1.0     -0.1     1.8 
Std. Dev. [m]          0.8     0.3     1.2                 0.8      0.2     1.4 
RMSE [m]              1.1     0.3     2.3                 1.3      0.2     2.3 

 

Figure 4 shows the horizontal errors of the rover position with 
respect to the baseline lengths, which were averaged for each bin 
of baselines. As previously mentioned, the baselines were 
generated for all NGII CORS from the rover. For the redundancy 
of the analysis, we assumed one of the CORS to be a rover in 
order to increase the number of baselines that were processed. 
The duration of both RTKs was 1 hour, and it was analyzed for 
the solutions with fixed ambiguities only. 

The experimental conditions for two cases are basically the 
same, because the NRTK is based on the extrapolated solution for 
the coastal navigation of the vessels. The errors increased almost 
linearly with the baseline lengths, which can be seen in the figure. 
The fitted lines show the behavior of the RTK errors, and the east 
component was more precise in this study. The north component 
rapidly deteriorated for baselines over 150 km.  

 
 

 
Figure 4. The horizontal errors of the SRTK/NRTK with respect to the 
baseline lengths. 

 
 

 

 
Figure 5. The improvement of the mean error (3D norm) with the 
constraints for each bin of baseline lengths. 
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Constraining the NRTK for Large Vessels 

For constraining the vessel navigation on the sea surface, the 
estimated coordinates can be used to reconstruct the normal 
equation along with the covariance matrix given in the local 
(NEU) frame. The estimated coordinates should be transformed 
into the local frame before constraining the UP component to the 
priori value. Although the vertical component may not be 
constant because of the waves, the fluctuation can be filtered out 
by applying the Kalman filter. Figure 5 shows the improvement 
of the mean errors in a 3-dimensional norm with and without the 
constraints. The statistics showed an almost 30% improvement 
overall, whereas more improvement was observed for longer 
baselines. 

 
 

 
Figure 6. The rates of ambiguity resolution for two RTK solutions. 

 
 
Figure 6 represents the ratio of ambiguity resolution for two 

RTK solutions, which is the key success factor. The NRTK shows 
an improvement in ambiguity resolution, which was about 1.5 
times on average, although some of the stations showed a similar 
or slightly worse performance. Therefore, the NRTK has an 
equivalent or better performance in the ambiguity resolution 
under the same experimental conditions.  

As can be seen in the figure, most of the baselines are longer 
than 100 km since the rover is located at upper left corner of the 
Korean peninsula. The ambiguities are sufficiently resolved for 
short baselines. However, the success rate rapidly decreases for 
longer baselines of 50 km. Furthermore, it was almost impossible 
to resolve the ambiguities over 100 km, except one exceptional 
station near 100 km. For stations with baselines shorter than 50 
km, the NRTK had better performances with resolving the 
ambiguities. 

 
DISCUSSION 

The experiment was conducted to precisely determine the 
dependency of the baseline lengths of the RTKs. The performance 
of the SRTK as well as the NRTK generally degraded as the 
baseline got longer. The NRTK showed a better performance in 
terms of the success rate of the ambiguity resolution. Especially, 
the ambiguities are reasonably resolved up to 50 km baselines, 
while they sharply decline down to the marginal state over 100 
km. 

The horizontal errors of the RTK solution showed that the slope 
of the north component was larger than that of the east component, 
which is possibly due to the geometric configuration of the RTK 
processing. The actual VRS is generated within about 2 m from 
each CORS, and the amount of horizontal error corresponds to the 
bias of the VRS locations. 

The NRTK positioning assumes the rover is located within the 
reference network in this study. Therefore, it needs to be 
investigated further in order to apply the NRTK corrections 
inferred from the extrapolated cases. 

 
CONCLUSIONS 

Rather than applying absolute positioning or the DGPS, the 
accuracy and the performance of the SRTK as well as the NRTK 
were analyzed to assess whether it was applicable for the coastal 
navigation of large vessels. Since there aren’t any reference 
stations near the coastlines for the navigation of the vessels, the 
automated entry and departure depends only on the extrapolated 
NRTK corrections.  

The performance of the SRTK degrades according to the 
baseline lengths. It has had a moderate success rate of ambiguity 
resolution up to 20 km, but it drops sharply beyond 50 km. On the 
contrary, the extrapolated NRTK correction provides a better 
performance, especially for the longer baseline lengths. Although 
the linear dependency of the horizontal component is similar for 
both RTKs in this study, the ambiguity success rates of the NRTK 
is almost 1.5 times better than the SRTK. 

The vertical component of the vessels can be constrained to a 
constant value. The Gauss-Markov model with fixed constraints 
was applied based on the estimated coordinates and the variance-
covariance information of the parameters. Once the vertical 
component was fixed, the stability and the accuracy improved up 
to 30% compared with the SRTK solutions in a 3-dimensional 
norm. Therefore, it can be concluded that the extrapolated NRTK 
is sufficient to use for the coastal navigation of large vessels, 
especially with the entry and/or the departure of a port. 
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The impacts of global warming and climate change are becoming increasingly severe worldwide and associated coastal 
flooding is damaging infrastructure and causing human casualties. In this study, we simulated the impacts of sea level 
rise and storm surge obtained from geographic and past typhoon data (obtained from the National Geographic 
Information Institute and the Meteorological Administration and National Oceanographic Research Institute) to predict 
flooding in Yeosu, Korea. Digital surface models were generated from airborne laser scanning to accurately simulate 
the effect of flooding, and we identified areas and infrastructure at high risk from future flood damage using the 
predicted significant wave height rise and a region-growing algorithm. Finally, the need to develop a regional disaster 
plan in response to climate change is proposed. 

  
ADDITIONAL INDEX WORDS:  Yeosu, storm waves, sear level rise, typhoon, inundation. 
 

 
INTRODUCTION 

Global warming and the associated response to climate change 
are some of the most important challenges for mankind in the 21st 
century. In 2014, the Intergovernmental Panel on Climate Change 
(IPCC) (the United Nations’ agency) published its 5th Assessment 
Report (IPCC, 2014). The contribution of Working Group I to this 
5th Assessment presented globally averaged combined land and 
ocean surface temperature data calculated using a linear trend, 
which showed a warming of 0.85 [0.65 to 1.06] °C, over the 
period 1880 to 2012. Some risks are considerable even at 1 °C 
global mean temperature increase above pre-industrial levels 
(IPCC, 2014). 

The world is already experiencing severe climate change 
impacts. For example, Tuvalu, an island nation near Australia, has 
decided to abandon its territory of 26 km2 comprising land and 
atolls, as it cannot cope with the loss of land due to rising sea 
levels associated with global warming (Brown, 2001). 
Observations and research results in the report of the National 
Institute of Environmental Research (NIER) suggest that South 
Korea is not safe from the effects of global warming, and it is 
estimated that without a national response, the country will suffer 
from a temperature increase, sea level rise, floods and droughts 
caused by frequent changes in precipitation patterns, floods 
caused by typhoons, flooding of coastal regions, and changes in 
agricultural productivity (NIER, 2000).  

The changing climate presents future global risks of storm 
surge, sea level rise, and coastal flooding. Coastal systems and 

low-lying areas will become increasingly flooded and eventually 
submerged throughout the 21st century and beyond, due to sea 
level rise (IPCC, 2014). For example, sea level rise in New York 
City is projected to exceed the global average, due to land 
subsidence and changes in ocean circulation, which increases the 
hazards posed to New York metropolitan region’s coastal 
population, infrastructure, and other built and natural assets 
(Horton et al., 2015). A statistical analysis of sea level rise and 
storm surge around the southeastern coast of Korea showed that 
41% – 58% of annual maximum surge heights occur during a 
typhoon event (Kim et al., 2017). In addition, surge heights 
(extreme sea levels) on the southeastern coast of Korea are likely 
to be affected by geographical or regional atmospheric 
adjustments in accordance with global climate change. To 
respond to climate change challenges, Nicholls et al. (2011) 
proposed a multi-track approach that (1) monitors sea levels to 
detect any significant accelerations in the rate of rise, (2) 
improves our understanding of climate-induced processes, and (3) 
advises that responses need to be carefully considered via a 
combination of climate mitigation to reduce the rise and 
adaptation to the residual rise in sea level. In addition, to reduce 
the damage of natural disasters, the importance of real-time 
monitoring has also been mentioned (Alfieri et al., 2012). 

Therefore, it is necessary to conduct sea level rise impact 
assessments based on sea level change scenarios relating to tides, 
typhoons, and tsunamis. Storm surge is caused by the combined 
effects of pressure, wind, submarine friction, wave breaking, 
weather disturbances, earth rotation, topography, and tidal and 
river effects on tropical cyclones and tropical cyclones (Choi, 
Eum, and Ko, 2002). There are open coastal areas in the south and 
west of Korea where tsunamis frequently occur at relatively low 
water depths, resulting in loss of life and property every year. A 
few research calculating the sea level rise relating to tsunamis has 
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been conducted using a numerical modeling method (Choi, Eum, 
and Ko, 2002) and an empirical method (Mimura and Harasawa, 
2000). 

With the successful end of Yeosu Expo in 2012, Yeosu is 
becoming a tourist city. It is also an economically important city 
that has the largest petrochemical industrial complex in Korea. 
The population and assets that are projected to be exposed to 
coastal risks and human pressures on coastal ecosystems will 
increase in the coming decades, due to population growth, 
development, and urbanization (IPCC, 2014). Establishing 
adaptation countermeasures for climate change in Yeosu Council 
has been conducted by predicting the areas of impact that are 
likely to be directly affected by climate change, such as the 
natural disaster prevention field. As part of such efforts, this study 
assesses which areas of coastal infrastructure are at risk from 
natural disasters caused by sea level rise or an increase in typhoon 
and tsunami disasters. The overall process used to implement 
natural disaster adaptation policies with respect to climate change 
are divided into four stages (Figure 1), and this study presents 
analyses conducted from the first to third steps. 

 
 

 
Figure 1. Research process. 

 
 

MATERIALS 
The study area is the southern coast of Yeosu, Jeollanam-do, 

South Korea (Figure 2). The coasts and surrounding areas of 
Yeosu have been affected by typhoons, such as Thelma in July 
1987, Rusa in August 2002, Maememi in September 2003, and 
Sanba in September 2012, and by flood damage caused by sea 
level rise due to global warming. 

 
Geospatial Data 

The digital surface model (DSM) is designed to record height 
values of points distributed at regular intervals on the surface of 
the earth. Generating a DSM requires data acquisition and 
processing, and in this study we used airborne laser scanning data 
(referred to as point clouds) and three-dimensional positional data 
of the terrain and ground features. Gridded data with a spatial 
resolution of 1 m were generated through interpolation by 
considering the point density of laser scan data. By using the high 
precision laser scanning data, it was possible to accurately model 
the flooded area. 

To make an accurate vulnerability assessment of sea-level rise, 

it is necessary to use the most recent map data together with a 
1:5,000 nautical chart to provide the most accurate delineation of 
coastline and coastal structures. IKONOS satellite orthoimages 
with a scale of 1:5,000 were obtained from the National 
Geographic Information Institute (NGII) and used as an image 
map to identify local features in hazardous area. IKONOS is the 
world's first commercial satellite capable of providing 1 m spatial 
resolution images, which are used to update maps (up to 1:5,000) 
(Holland, Boyd, and Marshall, 2006). In addition, to estimate the 
damaged area relating to sea level rise, nautical chart depth data 
on a scale of 1:25,000 were used. Historical data of the shoreline 
show that coastal erosion and shoreline deformation due to 
reclamation projects, estuaries, and coastal structures can easily 
occur.  

 
 

 

Figure 2. Study area, Yeosu. 
 

 
Layer Construction 

The infrastructure layer, such as roads, buildings, and bridges, 
was extracted from the topographic map. Each layer value was 
edited using open software provided by NGII. Figure 3 shows the 
overlay of the orthoimage and the extracted map layer, and Table 
1 lists the objects of each facility. 

 
Table 1. Map layer of facilities of interest. 

Facility Layer 

Roads Provincial roads, highways, national 
routes, island roads, and city roads 

Offshore structures Breakwaters, concrete embankments, 
dirt embankments, and piers 

Building Commercial and residential 
Bridges Concrete and wooden bridges 
Rivers Rivers, lakes, reservoirs 
Beaches Beaches 
Yeosu Industrial Complex Factories 
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Figure 3. Overlay of orthoimages on map layer. 

 
 

METHODS 
To conduct a vulnerability assessment with the aim of 

establishing an adaptation strategy for Yeosu city, a scenario was 
prepared that assumed a sea level rise of 50 cm, as this is 
equivalent to the midpoint of the global averages of general 
circulation models. 

 
Sea-level Rise, Storm Surge, High Tide 

A storm surge is a phenomenon in which the sea level is raised 
due to swelling of the sea’s surface to maintain the stationary 
balance in high-pressure areas such as typhoons. In fact, the effect 
of the storm surge is more pronounced at high tide. Basic 
information about strong typhoons that have struck Yeosu were 
provided by the National Oceanographic Research Institute and 
the Korea Meteorological Administration (KMA) (Figure 4 and 
Table 2). In this study, the area of Yeosu was further divided to 
conduct data analyses, and this enabled identification of flood 
damaged areas and the ability to establish disaster prevention 
measures. Table 2 shows data comparing storm surge heights for 
each of the locations in the Yeosu area. Tide data are provided by 
the Korea Hydrographic and Oceanographic Agency (KHOA, 
2018), and high tide is used in sea surface impact assessment 
scenarios. 
 
Vulnerability Assessment 

The uncertainty of climate change means that current forecasts 
may be either underestimated or overestimated, and it is thus 
necessary to conduct climate change impact assessments 
periodically and often, particularly when new scientific 
information is divulged. This is particularly relevant for Yeosu, 
where many citizens and facilities are located in coastal areas, and 
forecasting based on long-term observations is required. 

This study focuses on the area of impact assessment that relates 
to how sea level rise will affect the human living zone. We 

evaluated floods caused by sea level rise, tide, and typhoon, 
which are the primary effects of sea level rise. The assessment 
focuses on the Kwangyang Bay area, which includes the Yeosu 
industrial complex and Yeosu city area, and the target period for 
the impact assessment is the year 2100. 
 
Table 2. The height of storm surge at 16 sites selected in Yeosu during 
the past major typhoon. 
 

Point Calculated site 
Storm Surge Height (cm) 

THELMA 
(8705) 

RUSA 
(0215) 

MAEMI 
(0314) 

No.1 Anpo-ri 124 132 102 
No.2 Najin-ri 

 

128 134 93 
No.3 Hodu-ri 

 

126 130 90 
No.4 The Ocean Resort 127 129 81 
No.5 Soho Yacht Stadium 128 130 80 
No.6 Yeosu City Hall 130 131 72 
No.7 Wolho-dong 121 120 74 
No.8 Kukdong 121 120 73 
No.9 South of Daqing 117 113 74 
No.10 Woljeonpo 107 133 147 
No.11 Dolsan City Hall 119 115 70 
No.12 Jungang-dong 115 134 128 
No.13 Yeosu Port 111 138 150 
No.14 Odongdo Island 110 136 148 
No.15 Manseongri Beach 114 142 147 
No.16 Mosageum Beach 115 142 142 
 

 

 
Figure 4. Selected locations of strong storm waves affecting Yeosu. 

 
 

RESULTS 
In this study, coastline is defined as the boundary between the 

present depth data and land elevation data. Using coastal depth, 
elevation, and coastline data, flooded lowland areas were 
calculated using a region-growing algorithm according to the sea 
level rise scenario. As the area in which the flooded area was 
estimated was extensive, we divided it into seven areas, (A, B, C, 
D, E, F, G), as shown in Figure 5. 
 

 

https://www.google.co.kr/search?biw=1123&bih=919&q=najin-ri&stick=H4sIAAAAAAAAAONgecSYyS3w8sc9YamESWtOXmOM4uIKzsgvd80rySypFPLhYoOyFLj4pbj10_UNSzLKyk3KDDUYpHi5kAWkFJS4eHNOrRMRjZIR8NES4pQ_8Tay7HmuqSD7Dm3Rzrhsfh4AJWKYum4AAAA&sa=X&ved=0ahUKEwjG--a7qpvbAhUJwbwKHUFWCjIQ6RMIcTAP
https://www.google.co.kr/search?biw=1123&bih=919&q=najin-ri&stick=H4sIAAAAAAAAAONgecSYyS3w8sc9YamESWtOXmOM4uIKzsgvd80rySypFPLhYoOyFLj4pbj10_UNSzLKyk3KDDUYpHi5kAWkFJS4eHNOrRMRjZIR8NES4pQ_8Tay7HmuqSD7Dm3Rzrhsfh4AJWKYum4AAAA&sa=X&ved=0ahUKEwjG--a7qpvbAhUJwbwKHUFWCjIQ6RMIcTAP
https://www.google.co.kr/search?biw=1123&bih=919&q=hodu-ri&stick=H4sIAAAAAAAAAONgecSYyS3w8sc9YamESWtOXmOM4uIKzsgvd80rySypFPLhYoOyFLj4pbj10_UNS9JTTFJy8zQYpHi5kAWkFJS4eCudz4qI7svk8NES4ryafO_XU-48U8Eypa-7TOx6bHkA3bGLB24AAAA&sa=X&ved=0ahUKEwj50NPgqpvbAhULXLwKHffKCyYQ6RMIcDAP
https://www.google.co.kr/search?biw=1123&bih=919&q=hodu-ri&stick=H4sIAAAAAAAAAONgecSYyS3w8sc9YamESWtOXmOM4uIKzsgvd80rySypFPLhYoOyFLj4pbj10_UNS9JTTFJy8zQYpHi5kAWkFJS4eCudz4qI7svk8NES4ryafO_XU-48U8Eypa-7TOx6bHkA3bGLB24AAAA&sa=X&ved=0ahUKEwj50NPgqpvbAhULXLwKHffKCyYQ6RMIcDAP
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Figure 5. Classification of Yeosu area. 

 
 

 
Figure 6. Estimated area of inundation damage in area A. 

 
 

 

 
Figure 7. Estimated inundation damage in Area B. 

 
 

 

 
Figure 8. Estimated inundation damage in Area C. 

 
 

 

 
Figure 9. Estimated inundation damage in Area D. 

 
 

 

 

 

 
Figure 10. Estimated inundation damage in Areas E, F, and G from top. 

 
 
Figure 6 shows the area of Yongjuri, Hwangyang-myeon (Area 

A), which is predicted to flood. Ssangbong-dong and Seijeong-
dong are also predicted to flood, but the risk is not as high as in 
Yongjuri. The school is located in the downtown area of 
Yeocheon; although it is predicted that this area will be flooded, 



450 Han et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 91, 2019 

the drainage is good and therefore the impact will not be 
catastrophic. Yong Ho-dong is considered to be generally safe 
because it is an area with high mountains. 

The dredged areas of Kukdong and Daegyo-dong are exposed 
in Area B (Figure 7). Although there is a breakwater at the pier, 
there is concern about flooding damage to the port facility at the 
marina area. 

Area C (Figure 8) is associated with various rivers and is 
located between Jungang-dong and Daegyo-dong; it was flooded 
by typhoon Maemi. 

Yeosu Port (Area D) is located in Hanryeo-dong (Figure 9) and 
was previously damaged by typhoons. It is thus a high-risk area, 
where damage to port facilities and flood damage are expected. 

Area E (Figure 10) is a high risk area where flood damage is a 
concern because the terrain of Manseokgyo and Moseongkyo is 
white sand; Area F (Figure 10) represents the Yeosu Dolsan area 
where flooding is predicted to occur in the lower areas of the 
Dolsan Government Complex. 

Floodwaters between Yulchon Station and Yulchon 1 industrial 
complex in Area G (Figure 10) are expected to damage 
agricultural land. It is expected that the farmland will be damaged 
between the Oejin and the Chwijeok train bridge but that no 
damage will occur to the seawall. Yeosu’s Yulchon 2 industrial 
complex was a previously flooded area, and seawalls and 
breakwater facilities should be provided when the reclamation 
project is completed. 

 
CONCLUSIONS 

There is a global focus on preparing adaptations to the effects 
of climate changeDue to the global warming phenomenon, 
attention to the preparation of adaptations against climate change 
is being paid not only to the world but also in South Korea. In thi. 
In this study we assessed an area of inundation area to develop a 
strategy and adaptation model to cope with climate change in 
Yeosu. We classified Yeosu into seven areas and focused on each 
in detail where were checked in detail. 

As a result of the analysis using the simulation model was used 
to applyapplied storm surge due to climate changes (such as 
typhoons and tsunamis), and the analysis of results showed that it 
is considered that the some regions of Yeosu are at risk of 
associated flood damage due to climate change at Yeosu will be 
dangerous in some regions. There have been a prevention 
measures implemented for areas that are prone to flooding 
following damage from a typhoon between the Jungang-dong and 
Daegyo-dong in Aarea C, but it is still under flooding. In the event 
of a disaster, there will be a considerable number of casualties and 
propertiesy will be damageds in the commercial areas and in 
Yeosu Industrial Complex. As a countermeasure, it is necessary 
not only to improve the coastal structures, such as breakwaters 
and groins, but also to improve the coastal urban adaptation 

models in relation to due to sea level rise to enable and the 
adaptation model of ccoastal cities to prepare for and adapt to 
natural disasters. 
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