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Longreach Bay on Rottnest Island, Perth, Western Australia. Longreach Bay is a popular swimming location on 
Rottnest Island, Western Australia. Rottnest Island lies 18 kilometers west of the coastline of Perth, Western Australia, 
and is 4.5 km at its widest and 11 km long. Longreach Bay is located along the northwest coast of Rottnest Island and 
offers safe bathing for many novice swimmers. However, those more experienced bathers can feel the excitement of 
swimming in deep water by rounding the bends of the reefs and venturing out to the open great pools that lie beyond. 
This area is shielded and sharks cannot enter, so the main hazard to fear are Atlantic Portuguese man o' war (Physalia 
physalis), which are locally known as blue-bottles. Overall, the waters of Longreach Bay are an absolute delight to all 
swimmers, as it feels like the seas' best vintage was filtered through miles of reefs. (Photograph taken 28 January 2016 by 
Dr. Jooyong Jay Lee, Sungkyunkwan University [SKKU], Suwon, Republic of Korea). 
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ABSTRACT 
 
Yoon, I.J. and Hong, J.-W., 2017. Safety equipment for swimming beaches in Korea: Implications for management. 
In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. 
Journal of Coastal Research, Special Issue No. 79, pp. 1–5. Coconut Creek (Florida), ISSN 0749-0208. 
 
Since December 2014, the Act on the Use and Management of Swimming Beaches of Korea has imposed 
safety requirements on swimming beaches. Of 314 surveyed beaches in Korea, only 6% met current national 
lifeboat requirements, while 24% met rescue boat requirements, 61%, life belt; 69%, watch tower; 67%, 
swimming area buoy; and 84%, safety buoy or warning notice requirements. This study recommends a 
classification system for beaches based on congestion and administrative capabilities. Based on this system, 
safety equipment requirements were revised. Recommendations included exempting extra-small and small-
scale beaches from watch tower and rescue boat requirements and equipping medium-large beaches with an 
additional rescue boat. 
 
ADDITIONAL INDEX WORDS: Recreational swimming, beach classification, beach management, water safety. 
 

 
           INTRODUCTION 

Recent studies on beaches can be categorized according to 
several themes: beach profiling (Short, 2006); beach 
classification (Benedet, Finkl, and Klein, 2006) and evaluation 
(Micallef, Williams, and Gallego Fernandez, 2011), including 
eco-labeling (Boevers, 2008) and beach awards (McKenna, 
Williams, and Cooper, 2011); user perception and expectation 
(Lozoya, Sardá, and Jiménez, 2014; Quintela, Calado, and Silva, 
2009), preference and choice (Botero et al., 2013; Maguire et al., 
2011), beach hazards (Klein et al., 2003) and safety (McCool et 
al., 2009); beach capacity (Ribeiro, Ferreira, and Silva, 2011) 
and bathing rate (Dwight et al., 2007); and so on. In a broader 
approach, beach development and management (Ariza et al., 
2014) have also been considered, including through the use of 
video (Jiménez et al., 2007) and web (Turner and Anderson, 
2007) technologies. Within this research area, beach safety is 
one of the most sensitive topics, as it is directly connected to 
people’s lives; thus, this topic is tightly intertwined with beach 
management. 

 
Background and Goal 

Swimming at the beach is the most popular marine tourism 
activity in the Republic of Korea (R.O.K.). To help maintain 
beaches as safe and pleasant places for recreation and relaxation, 
the Korean government has enforced the Act on the Use and 
Management of Swimming Beaches since December 2014.  

The Act defines a swimming or bathing beach as “a bathing 
place, natural or artificial, consisting of the water and land areas, 

used for leisure activities such as swimming, sunbathing, 
sandbathing, and sports, etc., and designated and notified by 
Article 6 of the Act.” According to Article 6, local governments 
in charge of a beach should decide whether to designate it as a 
swimming beach based on status surveys every three years. 
Designation marks the beach as a place permitted for swimming, 
where a certain level of administrative services regarding water 
quality and safety are provided by the local governments.  

The status survey components include the current status of 
water and land areas, along with adjacent buildings and 
appurtenances, and the level of utilization of facilities for 
convenience, safety, environment, and other services. As the 
survey items are comprehensive and multidisciplinary, this study 
narrowed its focus to safety equipment for swimming beaches. 
Safety management has been a particularly sensitive and critical 
issue since its principal agent shifted from the Korea Coast 
Guard (KCG) to local governments in the wake of the enactment 
of the Act. Now, local governments must maintain beach safety, 
including through equipment purchases, lifeguard recruitment, 
drowning risk assessments, and so on, under the guidance of the 
KCG. Therefore, this study aimed to review the current status of 
local governments’ safety equipment management and to make 
recommendations for future management, such as revised safety 
requirements. 

 
          METHODS 

In this study, a survey was used to determine the level of local 
governments’ preparation of safety equipment for swimming 
beaches. The survey began on May 7, 2015, and finished on 
January 23, 2016. A questionnaire was designed to find the 
amount and type of safety equipment possessed by local 
governments in accordance with the Act. Guidance calls were 
then placed to local government offices in charge of beach 
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management before the survey was mailed to them. Surveys 
were mailed out three times (in May, June, and July) to 
encourage completion. Up to eight additional guidance calls 
were also placed until officials gathered data and replied.  

The total number of swimming beaches ever opened in the 
R.O.K. is 340. In 2015, 254 of these beaches were designated as 
swimming beaches under the Act, leaving 86 beaches 
undesignated. Data were received for 60 of the 86 undesignated 
beaches, leaving 26 beaches without submitted data owing to 
changes in management authorities and the absence of relevant 
information. In total, data on 314 out of 340 total swimming 
beaches were received.  

According to the Act, swimming beaches should be equipped 

with watch towers (height ≥ 3 m) and lifebelts around them. 
There should be swimming area buoys indicating the boundaries 
of swimming areas and safety buoys or warning notices when 
dangers, such as a steep puddle or rock, are present. The 
required number of lifeboats and/or rescue boats differs based 
on the number of yearly visitors to the beach as described in the 
Table 1.  
 
Table 1. Numbers of the required lifeboats and rescue boats. 
 

Yearly Visitors                Lifeboats                Rescue Boats 
< 50,000                              -                                 1 

50,000 ~ 499,999                        1                                1 
500,000 ~ 1,000,000                     1                                3 

> 1,000,000                           2                                4 
 

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.  

 
Lifeboats and Rescue Boats 

According to the Act, a lifeboat refers to “a ship equipped 
with a necessary person and equipment such as an emergency 
medical technician and a respirator.” Thus, while rescue boats 
are used to pull people out of the water before they drown, 
lifeboats are equipped with tools to help those rescued regain 
consciousness. According to the Act, swimming beaches with 
more than 50,000 annual visitors should be equipped with a 
lifeboat, and those with more than one million should be 
equipped with two.   

As shown in Figure 1, of the 314 swimming beaches in the 
survey, only 6% met the lifeboat requirements of the Act. Of 
those remaining, 93% did not have a lifeboat at all, while within 
the remaining 1%, one beach did not have the required number 
of lifeboats, and for the other beach, officials did not provide a 
number of yearly visitors.  

Every swimming beach should be equipped with at least one 
rescue boat, according to the Act, and the required number 
beyond that increases with yearly visitors. According to Figure 1, 

however, only 20% of beaches met the rescue boat requirements, 
while 65% did not have a rescue boat at all. Additionally, 8% 
did not meet the requirements for the number of boats, and for 
7%, officials did not provide the number of yearly visitors.  
 

 

 
Figure 1. Swimming beaches meeting the requirements for lifeboats and 
rescue boats out of the 314 total beaches. 

 
 
Ratios differed greatly according to designation status. Figure 

2 shows that of the 254 designated beaches, 6 and 24% met the 
requirements for lifeboats and rescue boats, respectively. Figure 
3 shows that of the 60 undesignated beaches, 5 and 7% met 
requirements for lifeboats and rescue boats, respectively. The 
designated beaches were better equipped with lifeboats and, 
particularly, rescue boats. On the other hand, the undesignated 
ones especially tended to lack rescue boats. 
 

 

 
Figure 2. Swimming beaches meeting the requirements for lifeboats and 
rescue boats out of the 254 designated beaches. 

 
 

 

 
Figure 3. Swimming beaches meeting the requirements for lifeboats and 
rescue boats out of the 60 undesignated beaches. 
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Life Belts and Watch Towers  
According to the Act, there should be life belts in every watch 

tower whose height exceeds 3 m. However, collecting 
information on watch towers’ heights and the locations of life 
belts proved difficult. Thus, the possession of life belts and 
existence of watch towers were used as substitute indicators of 
beach safety in this study.  

As shown in Figure 4, among the 314 swimming beaches,    
61% were equipped with life belts and 69% with watch towers. 
Figure 5 shows that of the 254 designated beaches, 63% were 
equipped with life belts and 75% with watch towers. According 
to Figure 6, of the 60 undesignated beaches, 52% were equipped 
with life belts and 43% with watch towers. The designated 
beaches were better equipped with life belts and, particularly, 
watch towers. On the other hand, the undesignated ones 
especially tended to lack watch towers. 

 

 

 
Figure 4. Swimming beaches meeting the requirements for life belts and 
watch towers out of the 314 total beaches. 

 
 

 
 

 
Figure 5. Swimming beaches meeting the requirements for life belts and 
watch towers out of the 254 designated beaches. 

 
 
 
 
 
 
 
 
 
 

 

 
Figure 6. Swimming beaches meeting the requirements for life belts and 
watch towers out of the 60 undesignated beaches. 

 
 
Swimming Area Notices 

According to the Act, swimming area buoys should be 
employed. In a dangerous area, safety buoys or warning notices 
should also be used. Figure 7 shows that of the 314 swimming 
beaches, 67% were equipped with swimming area buoys and 84% 
with safety buoys or warning notices. According to Figure 8, of 
the 254 designated beaches, 78% were equipped with swimming 
area buoys and 90% with safety buoys or warning notices. As 
shown in Figure 9, of the 60 undesignated beaches, 18% were 
equipped with swimming area buoys and 62% with safety buoys. 
The designated beaches were better equipped with swimming 
area buoys and, particularly, safety buoys or warning notices. 
On the other hand, the undesignated ones especially tended to 
lack swimming area buoys. 
 

 

 
Figure 7. Swimming beaches meeting the requirements for swimming 
area notices out of the 314 total beaches.

 
 

 
Figure 8. Swimming beaches meeting the requirements for swimming 
area notices out of the 254 designated beaches. 
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Figure 9. Swimming beaches meeting the requirements for swimming 
area notices out of the 60 undesignated beaches. 

 
 

DISCUSSION 
The results indicate that the current status of safety equipment 

depends on the designation status of swimming beaches. While 
designated beaches were better equipped to meet all the 
requirements, undesignated beaches especially lacked rescue 
boats, watch towers and swimming area buoys. Undesignated 
beaches tended to have Jet Skis instead of rescue boats. Because 
watch towers are accompanied by hired lifeguards, entailing 
payroll costs, the undesignated beaches tended not to have a 
watch tower. As people do not visit undesignated beaches often, 
there tended to be only warning signs rather than signs clearly 
outlining the boundaries of safe swimming areas.  

Safety equipment requirements such as lifeboats and rescue 
boats should consider not only the administrative capabilities of 
the managing office but also the number of daily visitors and 
level of congestion at the beach. Although the Act currently 
bases the required numbers of lifeboats and rescue boats on 
yearly visitors, the number of daily visitors is a more appropriate 
criterion. As swimming beaches’ open periods range from 22 to 
102 days, the number of yearly visitors does not accurately 
reflect daily congestion levels. Thus, the status of beach safety 
equipment should be assessed, referring to the number of daily 
visitors to the respective beach. This step will elucidate the 
administrative capability thresholds for managing the required 
safety equipment. 

As the results of such considerations, the classification system 
was applied to the 295 swimming beaches open in 2015. Only 
these beaches, rather than all 314 surveyed beaches, were 
included because the likelihood of the remaining 29 beaches 
reopening or being included in administrative boundaries in the 
near future was relatively low.  

It was not easy to divide beaches into groups based on clear 
criteria, as each beach was equipped for safety at a different 
level. However, several points were relatively obvious. For 
instance, swimming beaches with fewer than 100 daily visitors 
tended to lack most of safety equipment; whereas the beaches 
with more than 2,000 daily visitors tended to meet safety 
equipment requirements, except the presence of a lifeboat. With 
more daily visitors, beaches tended to have more life belts, 
especially when daily visitors exceeded 10,000 and 50,000. 
Therefore, the numbers of daily visitors (such as 100, 2,000, 
10,000, and 50,000) were used as thresholds of administrative 
capabilities.   

Table 2 describes the classification system based on those 
thresholds of daily visitors. Swimming beaches were classified 
into six groups: extra-small beaches (8%), small-scale beaches 
(8%), medium-small beaches (61%), medium-large beaches 
(14%), large-scale beaches (6%), and extra-large beaches (3%).  

Table 3 outlines the recommendations for the safety 
equipment requirements based on the scale of beaches. In these 
recommendations, extra-small beaches with fewer than 50 daily 
visitors are exempt from rescue boat requirements. Instead, a Jet 
Ski is considered sufficient for them. Small beaches, whose 
daily visitors range from 50 to 99, can be equipped with either a 
Jet Ski or a rescue boat. For medium-small beaches, whose daily 
visitors range from 100 to 1,999, no change is recommended to 
the current requirements of the Act. Medium-large beaches, 
whose daily visitors range from 2,000~9,999, should add one 
rescue boat over the Act’s requirement. For large and extra-large 
beaches, there is no change from the current requirements of the 
Act.  

 
Table 2. Classification of the 295 swimming beaches open in 2015. 
 

Beach                 Daily Visitors        Percentage of        Accumulated 
Classification                                          Beaches (%)        Percentage of 

Beaches (%) 
Extra-small                    < 50                        8                            8 
Small                           50 ~ 99                      8                          16 
Medium-small         100 ~ 1,999                 61                          77  
Medium-large        2,000 ~ 9,999                14                          91 
Large                   10,000 ~ 49,999                6                           97 

    Extra-large                 > 50,000                     3                          100 
 
 
Table 3. Recommendations for the amount of safety equipment. 
 

Beach Classification         Daily Visitors        Lifeboats      Rescue Boats 
Extra-small                           < 50                        -                 Jet Ski 
Small                                 50 ~ 99                      -              1 or Jet Ski 
Medium-small                 100 ~ 1,999                 -                       1 
Medium-large               2,000 ~ 9,999                1                       2 
Large                          10,000 ~ 49,999               1                       3 
Extra-large                         > 50,000                   2                       4 
 
However, recommended solutions for watch towers and 

swimming area buoys are quite different. For watch towers, 
hiring lifeguards for those small beaches where people do not 
visit often would waste financial and administrative resources. 
Therefore, extra-small and small-scale beaches should be 
exempted from having watch towers. Instead, they should be 
better equipped with swimming area buoys so that people can be 
more responsible for their own safety.  

 
CONCLUSIONS 

This paper introduces a case study on safety equipment 
management for swimming beaches in the R.O.K. in the wake of 
the enactment of the Act on the Use and Management of 
Swimming Beaches of Korea. As current requirements for safety 
equipment are not based on status surveys, local governments 
have faced difficulties in meeting them, owing to physical and 
financial constraints. Therefore, this study surveyed local 
government officials on the status of safety equipment and 
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recommended revisions to the requirements based on the 
congestion of beaches and governments’ administrative 
capabilities. Extra-small and small-scale beaches, most of which 
are undesignated, should be exempt from watch tower and 
rescue boat requirements. Medium-large beaches should be 
equipped with an additional rescue boat over current 
requirements.  
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In 1913, Song-do beach in Busan was declared the first official public beach in Korea. However, since the 1990s, 
erosion levels have increased and in 2003, Typhoon Maemi caused extensive damage to the beach and coastal road. 
It has taken several public restoration projects to restore the capacity of recreation and coastal protection. This study 
aims to analyze the economic benefits of the Song-do beach restoration by verifying benefit factors of the coastal 
erosion control and beach restoration, such as recreational services and various coastal ecosystem services. We 
applied a non-market valuation method, contingent valuation method, which allows the measuring of individual 
willingness to pay for the beach restoration project. The annual economic value of the restoration is estimated at 
2,542 KRW (2.5 USD) per household and its total economic benefit is about 234.7 billion KRW (229.8 million USD). 
These findings have key implications for policymakers with quantitative information and decision makers related to 
beach restoration policies. 
 
ADDITIONAL INDEX WORDS: Beach restoration, economic benefit, willingness-to-pay, contingent valuation 
method. 
 

 
INTRODUCTION 

Korea has more than 330 beaches along its coastline. As 
higher leisure time and improved income level, recently, 
beaches have become increasingly popular as marine tourism 
sites. The percentage of Korean tourists who visited the coastal 
zone increased from 49.5% in 2000 to 69.1% in 2010 (Ministry 
of Land, Transport and Maritime Affairs [MLTM], 2011). In 
2014, the total number of beach visitors was 69 million 
(Ministry of Oceans and Fisheries [MOF], 2015a). As 
heightened use and development of spaces surrounding the 
beaches, which in turn led to accelerated coastal erosion: of the 
250 areas monitored for erosion, 159 are national sea-bathing 
beaches. Of these, 96 national beaches were assessed as “erosion 
concerned” or “seriously eroded” sites (levels C and D) as of 
2015.  

The MOF has been conducting the coastal erosion control 
project (CECP), an erosion control policy instrument dealing 
with the construction of infrastructure to control coastal erosion. 
From 2000 to 2014, a total of 1,003 projects were planned, of 
which 321 are completed. The amount of cumulative investment 
over the past 15 years is 818 billion KRW and that of planned 
investment for the next five years is 1,594 billion KRW (MOF, 
2015b). The first and second plans for the CECP for 2000–2020 
include 80 national beach restoration projects (investment plan 

of 888 billion KRW). Until 2015, 23 national beaches had been 
restored and 184 billion KRW had been invested in the projects  
(MOF, 2014). These beach restoration projects with their 
enormous budget are expected to induce social benefits rather 
than private ones. To investigate their social benefits, however, 
an assessment process that also accounts for non-market benefits 
is needed. Thus, this study aims to analyze the economic 
benefits of a representative national beach restoration project by 
verifying benefit factors of coastal erosion control and beach 
restoration, such as recreational services and various coastal 
ecosystem services. To do so, we applied a non-market 
valuation method, the contingent valuation (CV) method, which 
allows us to measure individual willingness to pay (WTP) for 
the beach restoration project.  

The remainder of this paper is organized as follows. We first 
provide the main benefit factors and a brief review of the 
literature assessing the economic benefits of coastal erosion 
management. Next, we describe the history of the valuation site, 
Song-do beach, followed by an explanation of the methodology 
of the economic valuation and models used to elicit respondents’ 
WTP. We then present the estimated results and discuss certain 
issues. The final section provides a conclusion. 

 
ECONOMIC VALUATION 

The costs of the beach restoration conducted under the CECP 
are relatively easy to measure; however, this is not the case 
when evaluating the benefits given the characteristics of public 
goods. The benefits of beach restoration mostly comprise non-
market ones. Non-market benefits such as use value and non-use 
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value can be ignored in an economic evaluation; however, 
neglecting services provided by non-market goods can severely 
undermine the accuracy of the results (Carson, Flores, and 
Meade, 2001). Public beaches bear the non-excludable and non-
rival nature of public goods. The absence of a market does not 
mean the absence of value since public beaches contribute to the 
enhancement of individual welfare. 

The benefits of beach restoration are driven by social 
dimensions such as disaster prevention (e.g., agricultural, 
industrial, and residential damage mitigation in hinterland); 
improvements in coastal tourism, landscape, and environment 
(e.g., water quality, ecological environment, and natural 
restoration); and enhanced residential environments and public 
access.  

 
Table 1. Benefits of beach restoration. 

 

     - Disaster prevention  
   (agricultural, industrial, and residential damage mitigation in      
    hinterland)  
- Coastal tourism and public access improvement  
- Coastal landscape improvement  
- Educational value  

    - Coastal environment improvement 
  (water quality, ecological environment, and natural restoration)  
- Improvements in residential environment  

 
Few studies have economically evaluated the Korean beach 

restoration project (Table 2). For example, MLTM (2009) 
conducts a two-stage analysis of the recreational benefits and 
damage costs of the erosion of a sandy beach using the travel 
cost and choice experiment methods. Chang and Yoon (2016) 
analyzed the economic benefits of three CECP attributes using a 
choice experiment method and compared total costs and benefits. 
 
Table 2. Studies on the economic valuation of Korean beach restoration. 

 

Sources 
Sites to be 

Valued 
Methodology Main Results 

MLTM 
(2009) 

Haundae 
and 

Gyungpodae 

TCM 
 CE 

Higher WTP 
with less eroded 
beach 

Chang and 
Yoon 
(2016) 

All beaches of 
national coastal 
erosion control 

project 

CE 
26.58 USD per 
household/year 

Note: “TCM” and “CE” denote “travel cost method” and “choice 
experiment” 

 
VALUATION SITE: SONG-DO BEACH 

We focus on Song-do beach located in Busan, which was 
declared Korea’s first national public beach in 1913. Figure 1a 
depicts Song-do beach in the 1920s (Hwang, 2013). It has a 
pocket beach towards the southeast, which is directly influenced 
by the waves (Kim, Wee, and Choi, 2003). However, since the 
1990s, erosion levels have been increasing and in 2003, 
Typhoon Maemi caused severe damage to the beach and coastal 

road (Figure 1b). The estimated budget for Song-do beach’s 
CECP for 2002–2014 was 47.5 billion KRW. The project 
included two submerged breakwaters (200 m × 40 m 1ea and 
100 m × 40 m 1ea), road repairs, and beach nourishment using 
227,700 m3 sand (see Figure 2 for details on the contents of 
CECP and for the changes made to the beach width, see Lee et 
al., 2013). The submerged breakwaters have played a crucial 
role in reducing incoming wave energy and trapping sand 
eroded from the beach. The monitoring results showed that the 
erosion of the beach occured by typhoons during the summer, 
although it recovered during the calm wave period (Lee et al., 
2013). The capacity of recreation and coastal protection, with an 
average beach width of 60–70 m (Figure 1c), further recovered 
following several public restoration projects. In 2015, Song-do 
beach was ranked among the ten most visited beaches out of 330 
national beaches. Figure 3 depicts the increasing trend of the 
annual number of visitors since 2008 (Busan City, 2016). 

 

 

 
Figure 1a. Song-do beach in the 1920s (Hwang, 2013). 
 

  
Figure 1b. Song-do beach in 2003. 
 

 
Figure 1c. Post-restoration in 2013. 
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Figure 2. Beach restoration projects of Song-do and social benefit.  

 
 

 
Figure 3. Annual number of visitors at Song-do beach (Busan City, 
2016). 

 
 

METHODOLOGY 
Consumer’s WTP, which is the amount one would be willing 

to pay to enjoy a specific improvement in environmental quality 
or receive a public good (Yoo and Kwak, 2009), has been 
widely used to measure benefits from, for example, a proposed 
policy. In this study, we focused on measuring the economic 
benefits of beach restoration using a survey approach, the CV 
method. As a survey-based value elicitation approach, it 
systematically queries consumers their willingness to pay for a 
proposed policy or environmental management. The CV method 
allows us to recover non-use or existence values, which is not 
possible when applying market mechanisms. Although the 
survey method has been subject to criticism, the blue-ribbon 
National Oceanic and Atmospheric Administration (NOAA) 
Panel concluded that the CV method can produce estimates 
reliable enough to be used as a starting point for administrative 
and judicial determinations and presented several 
recommendations (Arrow et al., 1993) The validity and accuracy 
of a study can be further enhanced if people are familiar with the 

good to be valued, professional interviewers are performed, and 
other conventions suggested by the NOAA Panel are followed. 

 
Survey Instrument 

The survey questionnaire comprises (i) introductory questions 
on respondents’ perception and general background information 
on the beach erosion and restoration (ii) annual WTP question 
for the proposed restoration project for Song-do beach, and (iii) 
household and socioeconomic information (e.g., income, age, 
education, gender, and occupation). Before key WTP questions 
were asked (Figure 4), the questionnaire provided respondents 
with general situation of the contingent market on the beach 
restoration. The payment vehicle in this study is defined as 
additional annual income tax per household, which respondents 
were likely to be familiar with. 

The survey was administered in August 2014. We conducted 
670 face-to-face interviews with heads of households and 
housewives across the country and aged between 20 and 65 
years while accounting for household characteristics. Random 
sampling and a field survey were performed by interview 
experts from professional polling firms. 

 
WTP Elicitation Method 

This study used a double-bounded dichotomous choice 
(DBDC) question format. DBDC presents each respondent with 
a sequence of two bids and asks a question twice. It has a higher 
statistical efficiency than a single-bounded DC, although 
correlation between responses to two bids is possible. To resolve 
this problem, this study adopted Cooper, Hanemann, and 
Signorello’s (2002) one-and-one half bounded DC (OOHBDC). 
In using OOHBDC, we randomly distributed respondents 
between the lower and upper bids as an initial value at which 
their WTP is elicited. The lower and upper bids are determined 
by the pre-test result for a focus group. The sets of bids used in 
this study are as follows: (1,000, 3,000), (2,000, 5,000), (3,000, 
8,000), (5,000, 10,000), (7,000, 12,000), (10,000, 15,000), 
(12,000, 18,000), and (15,000, 20,000). The first element of 
each set is the lower bid and the second corresponds to the upper 
bid in Korean won (KRW). At the time of the survey, that is, in 
2014, 1,021.3 KRW was equal to approximately 1.0 USD. The 
respondents were randomly assigned to eight subgroups, with 
each sub-sample being asked to respond to a different set of bids. 
In the OOHBDC question, possible elicitation can include six 
types of answers. If the lower bid is randomly drawn as the 
starting price, then the possible response paths are “yes–yes,” 
“yes–no,” and “no.” If the upper bid is randomly drawn as the 
starting bid, the possible response paths are “yes,” “no–yes,” and 
“no–no.” 
 
WTP Estimation Model 

This study applies Hanemann’s (1984, 1989) utility difference 
approach for DC-CV data. The observed discrete choice 
response of each individual is assumed to reflect a utility 
maximization process. In addition, we adopt a spike model 
suggested by Kriström (1997) and adjusted by Yoo and Kwak 
(2002), which allows for zero WTP responses. Accordingly, we 
divide the process of elicitation. When the lower bid is presented 
as the starting price, the answer “no” is divided into “no–yes” 
and “no–no.” When the upper bid is presented as the starting 
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price, the answer “no–no” is further divided into “no–no–yes” 
and “no–no–no” (for details, see Kwak and Yoo, 2015). 
 

 
If your household agrees to pay, the charge will last for five years. If 
many people refuse to pay, it will be difficult to restore Song-do beach 
through the public project. In addition, keep in mind that beach erosion 
is one of the many environmental problems and the disposable income 
of your household is limited. 
 
Type A  
[This question is for 50% of the respondents to whom bid amount Q1 
and Q2 were suggested.]  
 
1. Would your household be willing to additionally pay (Q1) annual 

income taxes (KRW) to restore Song-do beach ? 
     (1) Yes (then please proceed to Q2)    (2) No (then proceed to Q3) 
2. Would your household be willing to additionally pay (Q2) annual 

income taxes (KRW) to restore Song-do beach ? 
     (1) Yes      (2) No  
 
Type B  
[This question is for 50% of respondents to whom bid amount Q1 and 
Q2 were suggested.]  
 
1. Would your household be willing to additionally pay (Q2) annual 

income taxes (KRW) to restore Song-do beach ? 
     (1) Yes       (2) No (then please proceed to Q2 )  
2. Would your household be willing to additionally pay (Q1) annual 

income taxes (KRW) to restore Song-do beach ?  
     (1) Yes      (2) No (then please proceed to Q3 ) 
 
3. Are you willing to pay 1 KRW or more for the purpose?  
    (1) Yes       (2) No 

 
Figure 4. WTP questionnaire. 

 
 
 

RESULTS  
The sample statistics for the respondents are presented in 

Table 3. The average age of respondents was 45.78 years and 
their monthly household income was 4.16 million KRW (3,479 
USD). The estimation results for each coefficient in the utility 
function (Table 4) are statistically significant at the 1% level. 
The sign of the coefficient for the bid amount is negative, 
indicating that a higher bid renders a “yes” response less likely. 
The household’s annual mean WTP is estimated at 2,541.9 
KRW (2.5 USD). Moreover, this study constructs confidence 
intervals for the point estimate of the mean WTP to allow for 
uncertainty, rather than simply reporting the estimate. To this 
effect, we used Krinsky and Robb’s (1986) Monte Carlo 
simulation technique with 5,000 replications. The method 
quantifies and models uncertainty, shows the likely range of 
WTP given the uncertainties involved in performing such an 
estimation, and coincides with modern policy makers’ 
preference for a range of values rather than the one value. The 
95% confidence intervals range between 2,243 and 2,899 KRW 
(2.2–2.8 USD; Table 5).  

 
 
 
 

Table 3. Respondents’ sample statistics. 
 

Variables    Unit Mean 
Standard   

Deviation

Age 
Household monthly income 
Education level 

Year 
10,000 KRW 
Year 

45.78
416.66

13.96

9.33
275.86

2.37

 
Table 4. Estimation results. 
 

Variables Estimates t-Statistics 

Constant (t-values)  
Bid  
Spike 
Number of observations  
Log-likelihood 
Wald statistics 
 (p-value)a 

 
Mean WTP estimates (KRW) 
95% confidence intervals (KRW) 

 −0.395  
−0.203  
0.597   
669 
−729.913 
1030.6 
(0.000) 
 
2,541.9 

2,243–2,899 

(−5.100)** 
(−15.122)** 
(32.104)** 

 
 

 
12.543** 
 

** indicates significance at the 1% level. 
aThe hypothesis is that all parameters are jointly zero. 

 
 

DISCUSSION 
Since we have calculated the individual estimates for mean 

WTP, we can now estimate aggregate benefits, which Arrow et 
al. (1993) identified as a significant issue in using CV results. 
Total WTP for the entire population of the study area can be 
estimated by multiplying the per household estimate by the 
number of households in the study area. For example, using the 
mean WTP of the spike model for the Song-do beach restoration 
from Table 4, we found that the WTP estimate for a typical 
household in the survey is about 2,541.9 KRW (2.5 USD). 
According to regional governments, the sample area included 
18,467,628 households in 2014. Multiplying this by WTP yields 
about KRW 46.9 billion (50.0 USD million; Table 5). 

When comparing this to the total cumulative investment for 
the Song-do beach restoration of 47.5 billion KRW for 2000–
2014, we see than the social benefit is sufficiently greater than 
total restoration cost (Table 6).  

 
Table 5. Total annual economic benefit. 

(unit: KRW per year) 

 
WTP 

Number of 
Households 

Total Economic 
Benefit 

Annual 
benefits 

2,541.9 KRW 
2.5 USD 

18,467,628 
 

46.9 billion KRW
50.0 million USD

95% 
confidence 
intervals  

2,243–2,899 KRW                     41.4–53.5 billion KRW
2.2–2.8 USD                            40.5–52.4 million USD
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Table 6. Benefit and cost of Song-do beach restoration. 
(unit: KRW per year) 

 
Annual Value 

Total Year of  
Payment or Investment 

Total Economic 
Benefit 

Benefit 
46.9 billion KRW 
50.0 million USD 

5 
 

234.7 billion KRW 
229.8 million USD 

Cost - 15 
47.5 billion KRW 
46.5 million USD 

 
CONCLUSIONS 

This study analyzes the economic value of the restoration of 
Song-do beach, a coastal public project, using the CV method. 
The results imply that Song-do beach is a valuable national asset 
and an area for recreational activities with safe waves.  

Recently, the MOF established a basic structure and guidelines 
for the post-hoc management of CECP, including the inspection 
of facilities and assessment of physical and socioeconomic 
effects of the projects. The results offered decision makers with 
quantitative information on social preferences regarding the 
policy and benefits of beach restoration projects. This study also 
introduces categories of economic benefits of the beach 
restoration in Korea. It provides profound insight into valuing 
the economic benefits of the beach restoration projects and can 
provide a framework for feasibility assessments.  

 
ACKNOWLEDGEMENTS 

This work was funded by the Research for Second Adjusted 
General Plan for Coastal Erosion Control and Improvement, 
MOF 2014. 

 
LITERATURE CITED 

Arrow, K.; Solow, R.; Portney P.R.; Leamer E.E.; Radner, R., 
and Schuman, H., 1993. Report of the NOAA panel on 
contingent valuation. Federal Register, 58(10), 4601-4614. 

Busan City, 2016. Statistical Yearbook of Busan City, 2009-
2016. 

Carson, R.T.; Flores, N.E., and Meade, N.F., 2001. Contingent 
valuation: controversies and evidence. Environmental and 
Resource Economics, 19(2), 173-210. 

Chang, J.I. and Yoon, S., 2016. The economic benefit of coastal 
erosion control in Korea. In: Vila-Concejo, A.; Bruce, E.; 
Kennedy, D.M., and McCarroll, R.J. (eds.), Proceedings, 14th 
International Coastal Symposium. Journal of Coastal 
Research, Special Issue No. 75, pp. 1317-1321. 

Cooper, J.C.; Hanemann, M., and Signorello, G., 2002. One and 
one-half bound dichotomous choice contingent valuation. 
Review of Economics and Statistics, 84(4), 742-750. 

Hanemann, W.M., 1984. Welfare evaluations in contingent 
valuation experiments with discrete responses. American 
Journal of Agricultural Economics, 66(3), 332–341. 

Hanemann, W.M., 1989. Welfare evaluations in contingent  
valuation experiments with discrete responses: Reply.  

 
 
 
 
 

American Journal of Agricultural Economics, 71, 1057- 
1061. 

Hwang, Y.T., 2013. Past, present, and future of Song-do Beach. 
Coastal and Ocean, Korean Society of Coastal and Ocean 
Engineers, 6(2), 10-15. 

Kim, I.C.; Wee, H.C., and Choi, D.S., 2003. Numerical 
simulation of coastal erosion control work in Songdo Beach. 
International Journal of Korea Society of Civil Engineering, 
4982-4987. 

Krinsky, I. and Robb, A.L., 1986. On approximating the 
statistical properties of elasticities. The Review of 
Economics and Statistics, 68, 715-719. 

Kriström, B., 1997. Spike models in contingent valuation. 
American Journal of Agricultural Economics, 79(3), 1013-
1023. 

Kwak, S.Y. and Yoo, S.H., 2015. The public’s value for 
developing ocean energy technology in the Republic of 
Korea: A contingent valuation study. Renewable and 
Sustainable Energy Reviews, 43, 432-439. 

Lee, W.D.; Kim, M.K.; Hur, D.S.; Cho, W.C., and Yoon, J.S., 
2013. Characteristics of sand transport around the 
submerged breakwaters installed in Songdo Beach, Busan, 
South Korean. In: Conley, D.C.; Masselink, G.; Russell, 
P.E., and O’Hare, T.J. (eds.), Proceedings, 12th 
International Coastal Symposium. Journal of Coastal 
Research, Special Issue No. 65, pp. 2143-2148. 

Ministry of Land, Transport and Maritime Affairs (MLTM), 
2009. The 4th Study on the Development of Technologies 
for Preventing Coastal Erosion: Economic Valuation and 
Validity Analysis, Seoul, Korea: Ministry of Land, 
Transport and Maritime Affairs Publication.  

Ministry of Land, Transport and Maritime Affairs, 2011. The 
Research on the Establishment of Marine Tourism 
Statistics and development of Static Program, 128-129. 

Ministry of Oceans and Fisheries (MOF), 2014. The Second 
Adjusted General Plan for Coastal Erosion and 
Improvement, Sejong, Korea: Ministry of Oceans and 
Fisheries Publication, 52p. 

Ministry of Oceans and Fisheries, 2015a. Coastal Basic 
Investigation, Sejong, Korea: Ministry of Oceans and 
Fisheries Publication, 401p. 

Ministry of Oceans and Fisheries, 2015b. Facility handbook of 
the National Coastal Erosion Control Project, Sejong, 
Korea: Ministry of Oceans and Fisheries Publication, 33-36. 

Yoo, S.H. and Kwak, S.J., 2002. Using a spike model to deal 
with zero response data from double bounded dichotomous 
choice contingent valuation surveys. Applied Economics 
Letters, 9(14), 929-932.  

Yoo, S.H., and Kwak, S.J., 2009. Measuring the economic 
benefits of protecting the Tong River in Korea: a 
contingent valuation study. International Journal of 
Environmental Pollution, 39(1-2), 142-158. 

 



 

 
 

Journal of Coastal Research SI 79 11–15 Coconut Creek, Florida 2017

____________________ 
DOI:  10.2112/SI79-003.1  received 30 September 2016; accepted in 
revision 31 October 2016. 
*Corresponding author: jooyong@gmail.com 
©Coastal Education and Research Foundation, Inc. 2017

An Introduction of AELIS (Aquatic Environment Life-saving 
Integrated System) 
 
Dae Young Kang†, Sungnam Hong§, and Jooyong Lee‡* 

 
 
 
 
 

ABSTRACT 
 
Kang, D.Y.; Hong, S., and Lee, J., 2017. An introduction of AELIS (Aquatic Environment Life-saving Integrated 
System). In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety 
Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 11–15. Coconut Creek (Florida), ISSN 0749-
0208. 
 
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. The system automatically recognize the potential 
danger in the blind spots where lifeguards hardly manage. AELIS proactively reduces the risk of life-threatening 
accidents and supports fast rescue by paging to the lifeguards and safety officers of the facilities. AELIS utilizes an 
image perception algorithm to detect violation of swimming boundaries and keep tracking of swimmers during its 
operation. The system is developed based on intelligent video surveillance algorithm, the CCTV, and Geographical 
Information System (GIS), which enables real time warning to the safety operators in the aquatic environment.  

  
ADDITIONAL INDEX WORDS:  Life-saving, warning system, interlocking intelligent CCTV. 
 

 
INTRODUCTION 

Between 2012 and 2015, the number of drowning incidents in  
South Korean beaches has been on the rise (Figure 1). 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 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 (i.e., makes prompt 
responses).  

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. 

 
 

 
Figure 1. Drowning and other water incidents at beaches, South Korea. 

 
 
Overview of the System 

AELIS is proposed 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 
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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 2 illustrates the 
AELIS operating scenario highlighting the danger situation 
warning to related authorities and the other stakeholders 
including emergency service. 
 

 

 
Figure 2. AELIS system operation scenario. 

 
 

 

 
Figure 3. AELIS interface screen 

 
 
The AELIS is developed to match standardization 

requirements, as listed in the table below (Table 1). 
 
Table 1. Standardization Requirements. 

Standardization Format 
National Geographic Information Institute Aerial 
Image tiling 

WMTS, 
TMS 

Interlocking with website  
Real-time interlocking with local government 
administration information system  

 

Observing guideline of GIS establishment based on 
standard and open software 

 

Operation on any platforms O/S 
Supporting and applying various spatial information 
data 

SHP, DXF, 
KML, etc. 

 
The system makes it possible to proactively prevent aquatic 

accidents including drowning beforehand and respond in real 
time by combining the CCTV technology with a GIS. 
 

METHODS 
Development of Main Functions 

After a speculated period of two years in R&D, AELIS is 
planned to be developed, as it is ready to practically usable in 
the aquatic environment especially in the beach. 

During the R&D period, Geomexsoft who took care of the 
CCTV algorithm would concentrate on accelerating technology 
integration into the system, such as an optimum application plan 
for various coastal environment, development of a swimming 
image perception algorithm, and establishment of an integrated 
monitoring system based on a GIS. 
 
Network Composition 

In the network composition of the system, a unit of CCTVs 
are operated for three different scenarios for its own purpose.  
The IP CCTV monitors daytime swimmers who has high 
possibility of accidents. The IR (Infra Red) CCTV monitors 
swimmers who attempt to enter in the water at night. And the 
PTZ CCTV tracks and magnifies the object to take a closer look 
at the swimmers to finally decide the level of the danger by 
operators (Figure 4).  

 

 
Figure 4. Sensor construction and network composition. 

 
 

 

 
Figure 5. Field physical investigation and application of system on four 
target areas. 
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Taking into account topographic characteristics and 
environmental conditions around the sea, the optimal image 
capturing equipment is installed in consideration of various 
circumstances and variables, such as sensor position through 
GPS, height, up, down, left, and right angles, distance, 
photographing time, and weather. 

As shown in Figure 5, four beaches are chosen to test the 
system whether or not it practically functions in various coastal 
conditions taking into consideration high waves, number of 
beachgoers, and tidal range. 
 
Image Perception Algorithm  

For effective background image extraction, taking out moving 
waves for example, the Gaussian mixture model technique was 
utilized (Figure 6), where the background image consisted of 
multiple Gaussian distributions (Arulampalam et al., 2002; 
Zoran, 2004). 

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 (Shi and Tomasi, 1994). 
 

 

 
Figure 6. Background image extraction at Haeundae Beach, South Korea. 

 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 7. Image perception algorithm applying the Active Contour 
Model framework. 

 
 

 

 
Figure 8. Application of image perception algorithm during daytime at 
Haeundae Beach, South Korea. 

 
 
Integrated Monitoring System Based on GIS 

The real-time positioning and central monitoring system is 
able to collect, store, and analyze CCTV images. In addition, 
through monitoring system operation and management, it is 
possible to provide intelligent alarms and recognize dangerous 
situations. All types of necessary information, such as the 
location of an accident, nearby infrastructure facilities of the 
accident, and internal and external information can be connected 
with each other. The main functions of each step are presented 
below.  

A smartphone-based live-broadcasting module is developed in  
both Android and iOS. Having a media server operating 
separately provides independent and tighter security against 
external interruption.  
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Figure 9. Monitoring system at Haeundae Beach, South Korea. 

 
 

 

 
Figure 10. GIS integrated functions. 

 
 

APPLICATION CASES 
Efficient Urban Monitoring System 

The CCTV control system has intelligent functions, such as 
object analysis, detection, and real-time recognition through 
utilizing the image perception algorithm based on spatial 
information. It is then possible to establish and apply 
countermeasures against natural and human disasters for 
forecasting purposes by combining the intelligent CCTV 
algorithm with a GIS. This system can be optimized for complex 
disasters and security concerns through intelligent automatic 
water-level analysis, forest fire surveillance, and vehicle 
analysis (Figures 11, 12). The system has been installed and in 
operation in private and public sectors such as the Seocho-gu 
and Gwanak-gu offices in South Korea. The system enhanced 
the efficiency of the monitoring and cut down the cost of the 
operation than before.  
 
 
 
 
 
 

 

 
Figure 11. Intelligent water-level sensing and warning system (Ward 
office). 

 
 

 

 
Figure 12. System operation of intelligent forest fire surveillance. 

 
 

 

 
Figure 13. Urban monitoring system. 

 
 

CONCLUSIONS 
AELIS is commercially ready to be applied in the facilities 

where require high standard lifeguarding services such as 
popular beaches and lakes. 

The system can effectively demonstrate its functions during 
unanticipated situations. These include cases where summer 
vacationers show unexpected behavior in dangerous zones, 
where sudden downpours cause a rise in water level, and where 
lifeguards and safety officers are not on duty or absent.   

Unlike conventional emergency management systems 
dependent on human resources, this system has automatic 
recognition and evaluation functions of high drowning profile 
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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. 

In Gangwondo, 78 people (17 died and 61 injured) were 
severely affected by water-induced accidents, like drowning, in 
2010. AELS would have cut down the rate of the accidents, 
which would led saving lives and decreased the social cost.  
With the illustrations above, AELIS is highly required in the 
aquatic facilities to prevent accidents including drowning. 
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ABSTRACT 
 
Lee, M.S.; Chun, S.B.; Park, C.; Suh, K.B., and Lee, C.W., 2017. Perception of safety as a mediator in the relations 
among service quality, satisfaction, and behavioral intention at Korean beach sites. In: Lee, J.L.; Griffiths, T.; Lotan, 
A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. Journal of Coastal Research, 
Special Issue No. 79, pp. 16–20. Coconut Creek (Florida), ISSN 0749-0208. 
 
This research verifies the mediating effect of perception of beach safety on the relationship among beach service 
quality, customer satisfaction, and behavioral intention. A questionnaire was used for measurement. Convenience 
sampling of Non-probability sampling was used. Three hundred and five questionnaires were distributed in the Seoul 
and Gyeong-gi areas, of which 295 were used for the final analysis to evaluate the hypotheses. SPSS 21 and AMOS 
20.0 software were used to conduct the frequency analysis, validity tests, confirmatory factor analysis, correlation 
analysis, and structural equation modeling analysis. The results were as follows. First, beach service quality was 
found to have a significant relationship with customer satisfaction. Second, customer satisfaction was found to be 
significantly related to revisiting behavioral intention. Third, the beachgoer’s perception of safety was found to have 
a mediating effect between customer satisfaction and behavioral intention.  
 
ADDITIONAL INDEX WORDS: Beach safety, service quality, satisfaction, behavioral intention, Korean beach. 
 

 
           INTRODUCTION 

Beaches are very popular places for modern worldwide 
tourism (Holden, 2016; Roca, Villares, and Ortego, 2009). The 
growing number of beach visitors to Korea every year also 
indicates that visiting the beach is very popular in Korea (Kim et 
al., 2014). 

As the number of beach visitors grows, research on beach 
visits has been increasing. For instance, recent research has 
analyzed the factors that affect beach goers’ satisfaction and 
behavioral intention in Korea (Bae et al., 2016), and so as The 
Effect of Beach Selection Attributes on Overall Satisfaction and 
Behavior Intentions (Jun, Choi, and Shim, 2008). Also, research 
such as Public perceptions for evaluating beach quality in urban 
and semi-natural environments (Roca and Villares, 2008) has 
provided some background to beach quality expectations. 

Although previous studies have successfully analyzed the 
relationship between service quality, satisfaction, and behavioral 
intention, most have neglected to address beach safety factors 
that are essential in marine tourism areas. Therefore, this study 
was designed to extend the scope of previous beach studies by 
adding a safety related variable. This study investigates the 
structural relationships between beach site service quality, 
satisfaction levels, , behavioral intentions, and safety perceptions 
of Korean beach visitors with the aim of contributing to and 
improving service quality and safety on Korean beaches. 

 

RESEARCH MODEL 
The selected variables for this study were as follows: beach 

site service quality, satisfaction levels, behavioral intentions, and 
beach safety perception. The research model for this study is 
shown in Figure 1, and the five hypotheses are as following. 
 

 

 
Figure 1. Research model and hypothesis. 

 
 
Hypothesis 1: “Service quality is positively and significantly 

related to satisfaction.” 
Hypothesis 2: “Satisfaction level and behavioral intention 

have a significant relationship” 
Hypothesis 3: “Satisfaction and perception of safety are 

significantly related.” 
Hypothesis 4: “Perception of safety  has a significant effect on 

behavioral intention.” 
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Hypothesis 5: “Perception of safety is a mediator between  
satisfaction and Behavioral Intention.” 

 
 

METHOD 
This study used a questionnaire method. All questions except 

for the general information were measured using a 5-point 
Likert scale. Convenience sampling of non-probability sampling 
was used to collect 295 questionnaires, from which 285 valid 
questionnaire samples were analyzed. All statistical analyses 
were performed using the IBM SPSS 21 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 general participant characteristics are shown in Table 1. 
 

Table 1. Characteristic of participants. 
 

Category  N % 
Gender Male 179 62.8 

Female 106 37.2 
Age 10’s 1 0.4 

20’s 138 48.4 
30’s 45 15.8 
40’s 42 14.7 
50’s 45 15.8 
Over 60 14 4.9 

Marital Status Married 117 41.1 
Single 166 58.2 
Other 2 0.7 

Occupation Student 117 41 
Public Official 21 7.4 
Office / Specialized job 57 20 
Sales / Service 18 6.3 
Housewife 34 11.9 
Self-employed 21 7.4 
None 5 1.8 
Other 12 4.2 

Monthly income Less than ￦990,000 63 22.1 

￦1,000,000-￦1,990,000 46 16.1 

￦2,000,000-￦2,990,000 51 17.9 

￦3,000,000-￦3,990,000 42 14.7 

￦4,000,000-￦4,990,000 34 11.9 

Over ￦5,000,000 49 17.3 

Education Middle school and below 1 0.4 
High school graduate 49 17.2 
Attending college 100 35.1 
College graduate 98 34.4 
Graduate school and 
higher 

37 13.0 

Total  285  
 
 

MEASUREMENT 
This study used 16 questions from Kim (2013)’s perception of 

safety questions that was developed based on previous studies of 
Ali, Hashim, Wan-Ismail, Isnin, and Mohd-Nazeri (2011), 

Kwon, Joo, and Park (2003), O’Toole and Stevens (2012), Park, 
Kwon, and Nam (2005), and Pinhey and Iverson (1994). The 19 
service quality questions were modified from Parasuraman, 
Zeithaml and Berry (2002)’s SERVQUAL model. The 4 
satisfaction measurement questions were taken from Oliver 
(1980)’s study. A measurement from Cronin and Taylor (1992)’s 
study was modified and used in this study. 

 
VALIDITY AND CREDIBILITY 

The questionnaire content was reviewed and assessed for 
content validity by a professor of leisure science and two 
individuals with doctorates in sports and leisure studies. 
Confirmatory Factor Analysis and convergent and discriminant 
validity tests were conducted. 

This study used the Tucker-Lewis index (TLI), the 
comparative fit index (CFI), and Root square error of 
approximation (RMSEA) to evaluate the model fit. A model is 
considered to be valid and credible when the TLI and CFI are 
over .90 and the RMSEA is under .80 (Hu and Bentler, 1999). 
The results indicated a good fit to the criteria. One question from 
the “responsiveness” factor and one question from the 
“satisfaction” factor were eliminated as they were deemed 
unsuitable because they had an sqared multiple correlations 
below .40. Table 2 gives the details of these analyses. 

Convergent validity appeared to conform with the criteria as 
all the CR values were over .70 and the AVE values were 
over .50. Also, according to Fornell and Larcker (1981), the 
discriminant validity was confirmed as the AVE values (0.514–
0.792) were higher than the square root of the correlation 
coefficient between the latent variables (0.081–0.774). The 
Cronbach α values were also taken into account to test internal 
consistency, and were confirmed to be over .70. The details 
regarding the validity tests and correlation analyses are shown in 
Tables 2 and Table 3. 

 
 

RESULTS 
Correlation Analysis 

As a result of the correlation analysis, all factors were found 
to be significantly correlated at a .001 significance level. The 
details of the correlation analysis are shown in Table 4. 

 
Model Fit 

The structural model was designed based on the hypotheses 
set for this study and the model fit was also tested. As seen in 
Table 5, the TLI, CFI, and RMSEA values met the criteria. 
 
Path Analysis 

Table 6 shows the results of the path analysis designed to test 
the relationship between the variables. All hypotheses (H1 
through H4) were statistically supported at a significance level 
of less than .001. 

 
Mediation Analysis 

The fifth hypothesis was to see if the perception of safety 
acted as a mediating factor between satisfaction and behavioral 
intention, which was measured based on Baron and Kenny 
(1986)’s theory. 
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Table 2. Validity and credibility. 
 

 
Table 3. Validity test and confirmatory factor analysis. 
 

Variables Original Selected χ2 df TLI CFI RMSEA Status 

Tangibles 4 4 

319.7 125 .926 .940 .074 Service quality 

Reliability 4 4 

Responsiveness 4 3 

Assurance 4 4 

Empathy 3 3 

Satisfaction 4 3 - - - - - Identified model 

Facility security 3 3 

208.0 94 .958 .967 .065 Perception of Safety 

Hygiene 4 4 

Disabled facility 3 3 

Emergency facility 3 3 

Police 3 3 

Behavioral intention 3 3 - - - - - Identified model 

Total 1308.1 674 .914 .925 .058 

Variables Estimate Variance CR AVE Cronbach’s α 

Tangibles Site attractiveness .679 .570 

.808 .514 .804 
Latest facilities  .752 .470 

Service products (e.g. beach sand, water quality) .769 .408 

Appearance of staff .654 .483 

Reliability Keeping business hours .676 .557 

.844 .578 .842 
Staff care for customer needs .863 .283 

Staff provision of proper service .817 .292 

Display of instructions and cost information  .702 .588 

Responsiveness Swiftness of service  .764 .384 

.858 .669 .845 Staff politeness  .848 .249 

Staff availability to assist customers .805 .330 

Assurance Adequacy of safety instructions .771 .441 

.849 .586 .842 
Ease of use of facilities and emergency supplies .757 .375 

Staff service knowledge .718 .433 

Staff understanding of needs .781 .370 

Empathy Staff individual customer care .780 .391 

.873 .696 .868 Truthfulness and kindness of the staff .850 .259 

Beach management effort to provide best service .863 .254 

Satisfaction Overall satisfaction with service .849 .244 

.798 .580 .839 Quality of facilities were better than expected .830 .311 

This beach was a good choice .713 .498 

Facility security Emergency signage was installed .813 .330 

.857 .666 .864 Fire extinguishers were prepared .823 .359 

Hazard area signage were installed .839 .333 

Hygiene Overall cleanliness was good .844 .359 

.872 .632 .874 
Snacks and food sanitation at stores were good .829 .309 

Bathrooms were clean .813 .439 

Staff appearance was neat .719 .389 

Disabled facility Facilities for the old and the weak .879 .194 

.919 .792 .919 Handicapped facilities .915 .185 

Rest facilities for the old and handicapped .883 .247 
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Table 3. Validity test and confirmatory factor analysis (continued). 
 

 
Table 4. Correlation analysis. 
 

Variable 1 2 3 4 

1.Service quality 1 

2.Satisfaction .802*** 1 

3.Perception of safety .535*** .368*** 1 

4.Behavioral intention .452*** .461*** .634*** 1 

p < 0.001*** 
 
Table 5. Model fit. 
 

Model Fit χ2 df TLI CFI RMSEA 

Value 125.2 43 .948 .966 .082 

 
Table 6. Path analysis. 
 

H Path Estimate S.E. t Status 

H1 
Service quality → 
Satisfaction 

.811 .057 16.394*** Supported

H2 
Satisfaction → 
Behavioral Intention 

.287 .055 5.704*** Supported

H3 
Satisfaction → 
Perception of Safety 

.373 .045 6.682*** Supported

H4 
Perception of Safety 
→Behavioral 
Intention 

.467 .077 8.169*** Supported

p < 0.001*** 
 
Table 7. Mediation effect. 
 

Effect Estimate SE 
95% CI 
(Bias-corrected) 

p 

a .303 .054 (.195, .411) .002 

b .629 .102 (.429, .828) .002 

c’ .314 .070 (.195, .465) .002 

a*b .191 .041 (.122, .281) .001 

c .505 .074 
a = Direct Effects (Satisfaction → Perception of Safety) 
b = Direct Effects (Perception of Safety → Behavioral Intention) 
c’ = Direct Effects (Satisfaction → Behavioral Intention) 
a*b = Indirect Effects (mediation) 
c = Total Effects / CI = Confidence Interval 

A bootstrapping method with 1,000 repetitions at a 95% 
confidence interval (CI) was conducted. The results showed that 
the mediation effect was significant with p-value of .001, while 
the 95% CI (.122, .281) did not include 0. The details are shown 
in Table 7. 
 
Mediation Model Comparison 

Since the mediation effects of safety perception, satisfaction, 
and behavioral intention were confirmed, a chi-square difference 
test was conducted to test for a more suitable model between 
fully mediated and partially mediated models. As a result of this 
comparison, the growth in the chi-square value by one higher 
degree of freedom (df) was 32.3, which was excess the critical 
point of 3.84. Accordingly, the partially mediated model was 
selected over the fully mediated model. The details are shown in 
Table 8. 

 
Table 8. Mediation model comparison. 
 

Model χ2 df 

partial mediation 125.2 43 

full mediation 157.4 44 
 

CONCLUSIONS 
To improve beach safety awareness, this study analyzed the 

structural relationship between beach service quality, 
satisfaction, safety perceptions, and behavioral intentions of 
beach visitors.  

First, a positive relationship was confirmed between beach 
service quality, satisfaction, and behavioral intentions of beach 
visitors. This result could be used to increase the revisit rate of 
beach visitors and improve the service quality at beach sites. 
Baker and Crompton (2000)’s study supports this result, which 
also concluded that traveler satisfaction increased if the travel 
site service quality was high and that increased satisfaction 
resulted in an increase in the intention to return.  

Second, safety perception was proven to act as partial 
mediator between satisfaction and behavioral intention to return. 
Based on studies such as those by Lee, Graefe, and Burns (2004), 
which concluded that service quality, satisfaction, and 
behavioral intention to return had a positive structural 
relationship, this study added a safety perception variable into 
the pre-existing structural model. The partially mediating effect 
of this relationship indicated that beach safety levels validly 

Variables Estimate Variance CR AVE Cronbach’s α 

Emergency facility Emergency bell installed .776 .437 

.835 .628 .852 Proper instructions announced in an emergency .858 .304 

The emergency room location well-displayed .805 .434 

Police The police and life guard locations well-displayed .872 .234 

.901 .753 .904 Police and life guards wearing appropriate uniforms .878 .256 

Police and life guards capable of taking care of safety .866 .256 

Behavioral intention I will revisit this beach .854 .263 

.890 .730 .895 I would consider this beach next time .888 .239 

I would recommend this beach to the people .839 .319 
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influenced the visitors’ intention to revisit. Therefore, beach site 
management should be aware of the need to improve beach 
safety services, which could involve educating visitors about 
proper beach safety. 

This study targeted samples of Koreans who visited beach 
sites in Korea. Despite the tendency that Korean society, 
including schools, have been had weaker drive in emphasizing 
safety issue, the result of mediation effect in this study is 
somewhat hopeful that there is possibility to increase the 
realization of safety issue in Korean marine spots tourism. In 
line with this, further similar research should be done for beach 
sites worldwide. 
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From WHO (World Health Organization), drowning is the third leading cause of accidental death in the world. The 
number of drowning around the world is collected from the lifesaving organizations through ILS (International 
Lifesaving Federation) based on the statistics office in the nations. The cause of death is categorized by international 
and/or national code of disease and most of nations comply with the codes however some of LMICs (Low Middle 
Income Country) manually count the drowning by accidents reported in the newspapers. After Sewolho ferry wreck 
in 2014, which brought about 300 drowning in South Korea, more attention has been drawn to water safety but there 
has been no statistical data in accordance with international guideline in South Korea. Korean Coast Guard and 
National Emergency Management Agency make annual report of drowning accidents, which states that the annual 
drowning is about 30 but it is far away from the actual number around 700 drownings from National Statistics Office 
in South Korea. This study is designed to provide realistic numbers of drwonings to establish national water safety 
and drowning prevention strategy. Numbers of drowning from 2008 to 2012 is collected from National Statics Office 
based on KCD (Korea Classification of Disease) and it is analysed by gender, age, place and etc. Also the 
characteristics of drowning accidents is compared to the international ones.  
 
ADDITIONAL INDEX WORDS: Drowning, drowning report. 
 

 
INTRODUCTION 

Drowning is a serious and neglected public health threat 
claiming the lives of 372,000 people a year worldwide. There 
has been 785 drowning victims on average from 2008 to 2012 in 
South Korea. In accordance with Korea National Statistics 
Office, drowning is the third leading cause of accidental death. 
But the drowning is evaluated lightly for its social and economic 
impact to Korea society (Kang et al., 2013). Korea is peninsular 
with 3,358 island, 11,542 km coastline, 360 beaches, 2,240 piers 
and ports, and 562 manned and unmanned light houses. This 
benefits South Korea to be paradise of leisure and tourism in the 
beach (Kim, 2012). Also the extensive distance of 62 national 
rivers is 2,997 km and the extensive distance of the 3,775 
provincial river is 26,843 km (Chung and Yang, 2015). This 
leads high exposure of aquatic leisure activities to the public. 
Due to the global climate change, the climate of South Korea 
has become tropical (Rural Research Institute, 2011), which 
causes the duration of high average temperature has been longer. 
Five-working day policy has generated more time for leisure. 
Regardless of the seasons, increasing number of people enjoy 
aquatic leisure activities in the pools, lakes and beaches. With 
the growth of the leisure population, impulsive behaviors and 
mistakes during the aquatic leisure activities cause more 
drowning (Kim, Jeon, and Kim, 2004). Koreans are exposed to 

water environment easily but their level of the drowning 
awareness very low, also central government does not provide 
proactive programs to prevent drowning.  

Drowning data collection and its analysis has not been 
conducted thoroughly and accurately in South Korea. Safety 
sensitive countries such as Australia, Great Britain, and Canada 
have conducted drowning researches and publish drowning 
report annually to analyze the characteristics of the accidents to 
reduce drowning (Kang et al., 2013). This study is aimed for 
providing the platform and basic structure of drowning studies 
for through investigation of drowning accidents and elevate the 
awareness of the drowning in Korean public. This research deals 
with all drowning data in any environments including swimming 
pool, public bath, lake, beach, and etc. Tracking drowning data 
for 5 years will revisit the seriousness of the accident in South 
Korea and will drive more proactive preventative means of the 
tragedy. Also collection and analysis of data for 5 years enables 
us to see the unique features of drowning in South Korea 
compare to the international ones. 

 
BACKGROUND 

Global drowning victim in 2012 is 372,000 and 5.2 per 
100,000 (Table 1). High income nations shows 2.4 and South 
Korea marks 1.8 similar to high income nations. Korean 
National Statics Office is the authorities dealing with all data of 
drowning and there are 823 drowning victims in 2012.  

Internationally ICD (International Classification of Disease) 
proposed by WHO (World Health Organization) is used to 
finalize the cause of death. KCD (Korea Classification of 
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Disease) is used to identify the cause of death in South Korea 
(Lifesaving Society Korea, 2014). Drowning is identified 
initially by the diagnose statement by the doctor and delivered to 
KNSO (Korea National Statistics Office) by the report. With the 
statement of coroner office and/or police office, the final 
decision of cause of death can be modified. But the drowning 
numbers reported by Ministry of People’s Safety and KNSO are 
very different shown in the Table 2 (Ministry of Public Safety 
and Security, 2015). 
 
Table 1. Estimated rates of deaths from drowning, by region and income 
level, 2012, per 100,000 population. 
 

Countries Per 100,000 
World 5.2 

Low-and 
Middle-
income 

countries 

High-Income countries 2.3 
African region 7.9 

Region of the Americas 3.0 
Eastern Mediterranean Region 5.0 

European Region 4.0 
South-East Asia Region 7.4 
Western Pacific Region 4.8 

Korea 1.8 
 

 
Table 2. The difference of drowning reported from Ministry of people’s 
Safety and Korea National Statistics Office. 
 

Year Ministry of 
People’s 
Safety  

Korea 
National 
Statistics 

Office  

Difference 

2008 155 823 668 
2009 68 761 693 
2010 58 772 714 
2011 52 704 652 
2012 25 864 839 

 
Ministry of People’s Safety reports annual water accident 

drowning victims. But the numbers are collected only from the 
beaches where lifeguards or safety officers are presented. In 
reality there has been more drowning victims in creeks, rivers 
and lakes where no supervision is provided, 77% of total victims 
reported than beaches, marks 16% of total accidents (National 
Emergency Management Agency, 2009). Negligence of the 
practical data from the creeks and rivers delivers wrong 
information to the people, which may cause lower the drowning 
awareness among the public.  

 
METHODS 

This study collects MDSS (Micro Data Service System) about 
drowning from 2011. Data about the drowning in South Korea is 
collected from KNSO for five years from 2008 to 2012 
(Statistics Korea, 2008-2012). This research identified the 
characteristics of drowning in the nation. KSNO classifies W65-
W74 (Accidental drowning and submersion) as drowning  
(Statistics Korea 2010). But in this study V90-V94 (Water 
transport accidents) are included because they are actually the 
drowning accidents caused by lack of preparedness of sudden 
immersion in the water. Gender, age, place, cause, region, 

month, and time are categorized to be analyzed. Changes and 
features of the annual statistics for five years are examined. 

 
RESULTS 

Gender 
 

 
Figure 1. Drowning by gender. 

 
 

In the comparison of gender in the water accidents, 683 (83%) 
drowning victims were male and 140 (17%) drowning victims 
were female in 2008. 619 male (81%) and 142 female (19%) 
were reported as drowning victims in 2009. 619 (80%) male was 
found drowning while 153 (20%) female was identified as 
drowning in 2010. 561 (80%) drowning was shown in male and 
143 (20%) drowning was found in female in 2011. In 2012, 703 
(81%) drowning was identified in male and 161 (19%) in female. 
In the five-year average, 81% of the drowning victims are male 
and 19% is female. The average number of drowning in male is 
637 and 148 in female. The number in male expressed four 
times higher than female. This can be presumed that male has 
higher chance of exposure to the water environment and 
aggressively enjoy the water leisure activities. Sometimes male 
swimmers are over-confident for the swimming competency, 
which may cause accident. Low safety awareness is one of the 
reason of more drowning in male.  

 
Age 

 

 
Figure 2. Drowning by age. 

 
 

Drowning by age is categorized from 0 to 79 years old. 
Infants from 0 to 2, toddlers from 3 to 6, elementary school 
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student from 7 to 12, middle school students from 13 to 15, high 
school students from 16 to 18, and 19 and older adults are broke 
down in every 10 years. In the 5-year data, 39~68 year-old 
adults are the most venerable age group for drowning. In 2008, 
165 (20% of the drowning) victims are marked in 39~48 year-
old age group. 137 (17% of the total) victims are shown 49~58 
year-old age category. 120 (15% of the total) drowning is 
expressed in 59~68 year-old age group. In 2009, 130 (17% of 
the drowning) victims were marked in 39~48 year-old age group. 
129 (17% of the total) victims were shown 49~58 year-old age 
category. 120 (17% of the total) drowning was expressed in 
59~68 year-old age group. 134 (17% of the drowning) victims 
were marked in 39~48 year-old age group. 161 (21% of the total) 
victims were shown 49~58 year-old age category. 111 (14% of 
the total) drowning was expressed in 59~68 year-old age group 
in 2010. In 2011, 106 (14% of the drowning) victims were 
marked in 39~48 year-old age group. 144 (20% of the total) 
victims were shown 49~58 year-old age category. 98 (13% of 
the total) drowning was expressed in 59~68 year-old age group. 
165 (19% of the drowning) victims were marked in 39~48 year-
old age group. 169 (20% of the total) victims were shown 49~58 
year-old age category. 143 (17% of the total) drowning was 
expressed in 59~68 year-old age group in 2012. Over 52% of 
drowning is happening in 39~68 year-old age group in the 
average from 2008 to 2012. This can be inferred that the middle 
age group has more chances for leisure activities such as rock 
fishing, which proportionally increase the possibility of accident. 
Moreover, the age group is lack of water safety education when 
they were young due to bad economic situation in South Korea 
after the Korean War. 

 
Place 

 

 
Figure 3. Drowning by place. 

 
 

Places of the drowning are categorized in 12 places including 
residence, group home, school and other public facilities, gym 
and stadium, road, commercial and service facilities and areas, 
industrial or construction areas, farm, other specified place, 
water transportation accident, and transportation accident. The 
most drowning venerable place is other specified place. There 
are 27 other specified places including rivers, public park, 
military training ground, prairie, dock, zoo, sea, derelict house, 
desert, mountain, forest, swamp, stream, campsite, hill, pond, 
pool, canal, water reservoir, parking-lot, parking-place, railway 

line, caravan site harbor, seashore, beach and lake(Statistics 
Korea, 2010). Among these places, sea, ponds, pool, canal, 
water reservoir, harbor, sea shore, beach, and lake are directly 
related to drowning. 577 (50% of total accident) drowned in the 
other specified places in 2008. In 2009, 454 (60% of the total 
drowning) drowned in the other specified places. 458 (59% of 
total drowning) accidents happened in the other specified places 
in 2010. 416 (59% of total drowning) accidents presented in the 
other specified places in 2011. 521 (60% of total drowning) died 
in the other specified places in 2012. In the average of the five 
years, 57.6% drowning is identified in the other specified places. 
This is because the other specified places includes aquatic 
leisure facilities, where people are exposed to water. 

 
Cause 

 

 
Figure 4. Drowning by cause. 

 
 

Cause of drowning is classified in 10 categories including 
falling in the water in the other specified places, unidentified 
falling in the water, water transportation accident, falling in the 
water in the pool, falling in the bath tub, land transportation 
accident, fall in the natural water, fall, air traffic accident, and 
etc. The most abundant cause of drowning in the five years is 
falling in the natural water. In 2008, 455 (55%of total drowning) 
victims were found drowning by falling in the natural water. 371 
(49% of total accidents) were drowned by falling in the natural 
water in 2009. 308 (40% of total drowning) was marked in 2010 
and 319 (37% of total drowning) was marked in 2011. 319 (37% 
of total drowning) victims were identified drowning by falling in 
the natural water in 2012. In the five-year average, falling in the 
natural water is concluded the most common cause of drowning. 
Leisure activities in the confined water such as swimming pool 
and water park provide certain depth for the safety of the users 
but natural water such as beach, creek, lakes do not. Moreover, 
natural hazards such as strong wave, rocky ground, and rip 
current make people more danger in the natural water. Most 
natural water is not lifeguarded except registered beaches in 
South Korea. This leads more difficult to respond to save lives. 

 
Region 

Regional category of drowning is classified in 17 regions by 
provinces and cities including Gangwon-do, Gyeonggi-do, 



24 Shin, Kang, and Lee 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 79, 2017 

Gyeongsangnam-do, Gyeongdsangbuk-do, Gwangju, Daegu, 
Daejeon, Busan, Seoul, Ulsan, Incheon, Jeollanam-do, 
Jeollabok-do, Jeju, Chungcheongnam-do, Chungcheongbuk-do, 
and foreign country. In the five-year investigation, the most 
vernarable region of drowning is gyeonggi-do, 
Gyeongsaangnam-do, and Seoul. In 2008, 131 (16% of total 
drowning) died in Gyeonggi-do, 85 (10% of total drowning) in 
Gyeongsangnam-do, and 93 (11% of total drowning) in Seoul. 
101 (13% of total drowning) drowned in Gyeonggi-do, 92 (12% 
of total drowning) in Gyeongsangnam-do, and 85 (11% of total 
drowning) in Seoul in 2009. In 2010, 119 (15% of total 
drowning) died in Gyeonggi-do, 100 (13% of total drowning) in 
Gyeongsangnam-do, and 80 (10% of total drowning) in Seoul. 
In 2011, 110 (16% of total drowning) drowned in Gyeonggi-do, 
90 (13% of total drowning) in Gyeongsangnam-do, and 71 (10% 
of total drowning) in Seoul. In 2012, 125 (12% of total 
drowning) died in Gyeonggi-do, 106 (10% of total drowning) in 
Gyeongsangnam-do, and 80 (8% of total drowning) in Seoul. 

 

 

 
Figure 5. Drowning by region. 

 
 

In the five-year data, Gyeongi-do, Gyeongsangnam-do, and 
Seoul are identified the most drowning happening region in 
south Korea marking 30% of the overall drowning. Gyeonggi-do 
can be inferred that the many creeks and rivers with easy 
accessibility causes the high number of drowning. 
Gyeongsangnag-do has high population with coastal line in the 
south and east. This can be the cause of the high drowning 
number. Seoul, the most populated city in South Korea is 
marked one of the high drowning city because of the high 
population and its proportional high exposure of drowning 
situation. 

 
Month 

Month is also investigated to identify the feature of drowning 
in South Korea. In the five-year data collection, June, July, and 
August is concluded the high drowning months of the year. In 
2008 there were 80 drowning accidents (10% of annual 
drowning), 171 drowning in July (21% of annual drowning), 
180 drowning in August (23% of annual drowning). 63 
drowning in June (8% of total drowning), 121 drowning in July 
(16% of total drowning), 171 drowning (22% of total drowning) 
in 2009. In 2010 9% of total drowning, 67 appeared in June, 13% 

of total drowning, 103 was happened in July 21% of total 
drowning, 163, appeared in August. In 2011, 72 accidents (10% 
of total drowning) happened in June. 120 drowning (17% of 
total drowning) happened in July, 20%of total drowning, 139 
died in August. There were 85 drowning accidents in June, 10% 
out of total drowning, 105 drowning accidents appeared (12% of 
total drowning) in July, 20% of drowning happened in August 
marking 173 victims in 2012. In five-year data collection, 31% 
of drowning is presented from June to August. This can be 
inferred that high water related leisure activities during the 
summer proportionally increases the number of drowning. 

 

 

 
Figure 6. Drowning by month. 

 
 
Time 

 

 
Figure 7. Drowning by time. 

 
 

In time analysis, it is categorized in 0 to 3, 4 to 7, 8 to 11, 12 
to 15, 16 to 19, 20 to 23, and unidentified. Excluding 
unidentified cases, data analysis is conducted breaking down 
into 4 hours. The majority of drowning occurs from 12 to 19. In 
2008 27% of total drowning was happened from 12 to 15 and 26% 
of total drowning was happened from 16 to 19. In 2009 25 % of 
total drowning appeared from 12 to 15 and 28% of total 
drowning presented from 16 to 19. In 2010 25% of downing was 
happened from 12 to 15 and 26% is presented from 16 to 19. In 
2011, 28% of drowning occurred from 12 to 15 and 26% from 
16 to 19. In five-year data analysis from 12 to 19, 53% of 
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drowning accidents is happened in average. Most leisure 
activities run during the day time after lunch, which leads more 
people exposed to the water. Also just before the beach closer 
around 18:00, also needs more attention for lifeguarding. 

 
CONCLUSIONS 

This study examines the features and characteristics of the 
drowning in South Korea. With the five-year data collection and 
its analysis, we can conclude that more sophisticated research 
about the drowning in South Korea is required extending the 
period of the data collection. Also more comparison between 
national and international numbers is critical to generate long 
term drowning prevention strategy. Lastly modification of KCD 
is advised to attain more realistic number of drowning and its 
analysis.  
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The objective of this study is to identify the current status of qualification system of life guard in Korea and to 
suggest objective developmental plans according to domestic circumstances through qualification systems in Japan, 
Canada, and Finland. It is required to provide reliable education system by unifying the life-guard education courses 
in each education provider. The Life-guard educationl based on locational and environmental factors should be more 
sub-divided and standardized in advanced programs in the same manner as life-guard education system in member 
countries of ILS. Korea is recommended to authorize ILS certificates and unify certificate standards that can be 
comparable with acquisition of international mobility. The Education for life-guard and issuance of certificate shall 
be advanced and classified in details according to spatial, geographical, and environmental elements, and the  
education program should establish the policies as a world class standard. 
 
ADDITIONAL INDEX WORDS: Marine lifesaving education, marine leisure, safety education group. 
 

 
           INTRODUCTION 

The Change to the Life-style in modern society features the 
following; an improvement in citizens’ living stadards due to 
economic developments and concerns on health conditions as 
part of positive phenomena (Kim, 2008) and an increase in 
leisure time after the adoption of weekly 5 days policy (Ministry 
of Employment and Labor, 2012). 

This trend made people interested in sport activities that could 
help develop them and it has also been in the limelight as an 
invaluable activity that could compensate for their previous 
insufficient physical activities, relieve emotional stress, and 
fulfill a desire of self-achievement. 

Korea is a country where three sides are geographically 
surrounded by the ocean. In other words, water leisure sports 
have achieved a rapid growth since people were increasingly  
interested in ocean leisure sports along with geographical 
conditions where they were able to enjoy maritime activities. 
Family-unit leisure activities have been in common in this 
country, and the population that participated in activities in 
water leisure sports areas has increased. The number of users of 
water leisure sporting gears reached to 9.71 million in 2007. In 
addition, the number of water leisure facilities has been 
increased to 147,770,000. The number of those who obtained the 
certificate relevant to water leisure licenses and rowing with 
power motor was 65,721 (Korea Coast Guard, 2008). 

However, water leisure sport activities tend to be highly 
exposed to accidents. Therefore, only a slight carelessness might 
lead to a serious accident including death. That is the reason 
why  we have to emphasize how necessary it is for safety 
management issues including safety accident preventive system 
to be completely established both legally and institutionally so 
that  water leisure activities as a popular sport among the public 
can be a true part of public culture. 

According to the report of National Emergency Management 
Agency (2009) resulted from statistics during the past 10 years 
from 1997 to 2006, the total number of drowning accidents was 
4,022, and 77% of them occurred from June to August. 65% of 
them turned out to happen at stream or lake where safety guards 
were not posted. As for drowning accidents, rescuing activities 
proved to occur the most while playing with water at the ocean, 
river, or valley, and rescuers turned out to die the most as well. 
We can suggest from these results that  accidents tend to occur  
regardless of location including the ocean or water. Therefore, 
the specialized rescuing education would be mandatory in 
various forms (Chang, 2009). 

Lifeguards pursue to prevent the accidents by supervising 
swimming areas and providing people with overall safety 
education on water activities. In addition, they save the life of 
drowned swimmers by taking an appropriate action against 
unpredictable safety accidents and serve as a role of protection. 
Furthermore, they are responsible for serving as a role of facility 
management, technical guidance, and comprehensive manager 
including planning several programs (Kim, Jeon, and Kim, 2004) 
Lifeguard lecture was firstly introduced in 1961 in Korea. The 
number of life guards who have been trained so far exceeded 10 
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thousand. In addition, about 1,000 water safety instructors have 
been produced, and the number of trainees who were given 
swimming lectures by them reached 100,000 (Jeong, 2006). 

When it comes to lifeguards in Korea, there are more than 16 
domestic education organizations, each of whom offers  
different recommendation criteria and education levels from one 
another. For this reason, there has been a consistently increasing 
demand on safety and life guards concerning safety in water 
such as life guards at bathing beaches and water leisure business 
areas. Due to the field flooded with life guard education 
providers, there has been an increase in fierce competition and 
distrust among these groups. 

Education providers designated by the Ministry of Public 
Safety and Security, Republic of Korea, in 2016 included Red 
Cross, YMCA, Sea Explorers of Korea, Korea LifeSaving, 
Water Rescue Association , Korea Diving Rescue Team, Korea 
Maritime Rescue Association, Korea Commercial Diving 
Technician Association, Korea Association of rescue, Scuba 
International, Korea Underwater Association, Korea Water 
safety Association, LifeSaving Society Korea, Lifeguard 
Education Association, Korea Leisure Safety Federation, and 
Korean Rafting Association. These 16 organizations issue 
certificates. 

In consequence, the objective of this study is to identify the 
current status of qualification system of life guard in Korea and 
propose developmental plans appropriate for domestic 
circumstances from the objective point of view, following the 
analysis of qualification systems in Japan, Canada, and Finland. 

 
METHODS 

Subjects in the Study 
In order to identify the education and qualification system of 

domestic life guards, (1) Red Cross, (2) YMCA, (3) Sea 
Explorers of Korea, (4) Korea LifeSaving, (5) Korea Water 
Safety Association, (6) Korea Commercial Diving Technician 
Association, (7) Scuba International, (8) Korea Underwater 
Association, and (9) Maritime Rescue & Salvage Association of 
Korea. (10) Korea Leisure Safety Federation were chosen 
among 16 education organizations designated by the Ministry of 
Public Safety and Security, Republic of Korea. In addition, the 
study focused on Japan, Canada, and Finland among all the 
International Life Saving Federation (ILS) member countries to 
identify their advanced education system. 

 
Data Collection and Analysis 

In this study, data have been collected by accessing to the 
homepage of related organizations as well as literature related to 
life guards in Korea while analyzing and suggesting them 
according to the objective of the study.  

Data of life guards in Japan, Canada, and Finland have been 
analyzed by accessing the homepage of committee and 
conducting literature review. 

 
RESULTS 

General Status of Lifesaving Organizations in Korea 
Table 1 represents the age, participation test, training time, 

training period, and certificate of live saving organizations in 
Korea authorized by the Ministry of Public Safety and Security. 
Among 10 organizations, age and certificate have been 

performed in the same manner. Participation test was 
implemented on freestyle, breaststroke, and underwater. In 
addition, 50 hours of training time were applied on Red Cross 
and YMCA, and 40 hours were applied on other organizations. 
10 days of training period were consumed on Red Cross 
followed by 9 days on YMCA, and 5 to 6 days on other 
organizations. 
 
Table 1. Comparison of the general context of qualification of lifeguard. 
 

Classification Age
Participation 

Test 
Training 

Time 
Training 
Period

Term of
Validity 

for 
Certificate

Red Cross 

over
18ye

Freestyle/ 
breaststroke 100m 
(1min) underwater 

15m 

50hr 10 days

3yr 

YMCA 

Freestyle/ 
breaststroke 50m 

(5min) underwater 
25m 

50hr 9 days

SEK 

Freestyle/ 
breaststroke 50m 

(1min) underwater 
15m 

40hr 5 days

KLA 

Freestyle/ 
breaststroke 50m 

(1min) underwater 
15m 

40hr 5 days

KWSA 

Freestyle/ 
breaststroke 50m 

(1min) underwater 
15m 

40hr 6 days

KCDTA 

Freestyle/ 
breaststroke 50m 

(1min) underwater 
15m 

40hr 6 days

SI 
Freestyle/ 

breaststroke 200m 
40hr 5 days

KUA 

Freestyle/ 
breaststroke 100m 
(3min) underwater 

15m 

40hr 5 days

MARSA 
Freestyle/ 

breaststroke 50m 
underwater 10m 

40hr 5 days

KWLSF 40hr 5 days
SEK: Sea Explorers of Korea, KLA: Korea Lifesaving Association 
KWSA: Korea Water Safety Association,  
KCDTA: Korea Commercial Diving Technician Association 
SI: Scuba International, KUA: Korea Underwater Association 
MAESA: Maritime Rescue & Salvage Assosiation of Korea 
KWLSF: Korea Leisure Safety Federation  
 
Courses of Lifeguard Education in the Ministry of Public 
Safety and Security 

Table 2 represents the education courses for life-guard 
notified by the Ministry of Public Safety and Security. 
According to the related laws, education courses are being 
provided based on the Article 37 of Water-Related Leisure 
Activities Safety Act (including life guards and rafting guides). 
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They regulate total 11 courses and more than 40 hours of 
training time. 5 courses deal with water safety and first aid, and 
the other 6 courses cover lifesaving methods. In 11 courses, 
basic rescue skills (2 hours for theory and 4 hours for practice) 
and overall rescue practice and assessment education is covered 
for 6 hours, respectively. 

 
Table 2. Ministry of Public Safety and Security courses of lifeguard 
education. 

 

Classification Course Name 
Training 

Time 

Total 11 courses 40hr 

Subtotal 5 courses 16hr 

Water Safety 
& First aid 

- Water common sense 
- Attitude of lifeguard(theory) 

- Facing bleeding, shock, fracture etc 
- Transport of a droening man(using a splint)
- Basic rescue skill(theory2hr, practical 4hr)

4hr 
2hr 
2hr 
2hr 
6hr 

Subtotal 6 courses 24hr 

Lifesaving 
Methods 

- Various stroke mastery 
- Rescue tube and rescue method to use the 

tool 
- Swimming rescue method for a drowing 

man 
- Survival swim 

- Cervical spine patient rescue method 
- Overall rescue practice and assesment 

3hr 
5hr 
4hr 
4hr 
2hr 
6hr 

 
General Status of Lifeguards in Foreign Countries  

Table 3 represents the age, participation test, training time, 
training period, and the term of validity for a certificate for life-
saving in Japan. What is striking is that they established the 
stages to be a life-guard in CPR, life-saving, basic surf life-
saving, and advanced surf life-saving. People in the age of 15 or 
higher are able to participate in CPR, and all other courses 
require the age of 18 or higher. Participation test is performed 
from 400 to 800 m. Only training period CPR course consumes 
1 day, and all other courses take 4 to 5 days. 2 ye is applied on 
the term of validity for a certificate, and 3 ye for all other 
courses. 

Table 4 represents the Canada and Finland lifesaving 
qualification division. Canada recognizes ILS certificate as 
youth lifeguard, lifeguard, swimming pool lifeguard, water 
lifeguard, an coast-marine lifeguard and has 3 more certificates 
on their own. Finland recognizes ILS certificate as swimming 
pool lifeguard, Island and water lifeguard, and marine lifeguard 
and also has the same courses. 

Table 5 represents the For korea lifesaving Improvement plan. 
The curriculum of the newly developed life-guard education for 
Korea has been devided into two areas such as ‘Inland’ and 
‘Marine’. To participate the inland program, a participant must 
be over 15 years old. For the inland program, the participation 
test focuses on swimming training such as Freestyle/ 
breaststroke 100 m (1 min), underwater 15 m, stand swim (2 
min). In addition, 40 hours of training time, 5 days of training 
period and The term of validity for a certificate are required. The 
participants for the marine program have to be over 18 years old. 

For the marine program, the participant test includes 
Freestyle/breaststroke 100 m (1 min) underwater 20 m, Swim 
400 m (10 min), stand swim (5 min). Additionally, this program 
requires 50 hours of training time, 7 days of training period and 
The term of validity for a certificate. Furthoermore, the a 
participant has to firstly complete the Inland program in order to 
participate the the Marine program. Finally, the qualification 
systems of lifesaving from various organizations in Korea and 
ILS should be acknowledged. 
 
Table 3. Comparison of the general context of qualification of lifeguard 
on Japan. 
 

Classification Age
Participation 

Test 
Training  

Time 
Training 
Period

Term of
Validity for 
Certificate

CPR 15yr 15hr old 7hr 1 days 2yr 

Lifesaving 15yr

Swim 
400m(10min) 
50m(50sec) 

underwater 15m 
stand swim 

(2min) 

35hr 5days 3yr 

Basic·Surf 
Lifesaving 

18yr

Swim 
400m(9min) 
50m(40sec) 

underwater 20m 
stand swim 

(5min) 

35hr 5days 3yr 

Advance Surf
Lifesaving 

18yr

After 1ye 
Beach patrol 

20d Swim 
800m(14min) 
50m(35sec) 

underwater 25m 
stand 

swim(10min) 

28hr 4 days 3yr 

 
Table 4. Canada and Finland lifesaving qualification division. 

 

Classification ILS Certificate Domestic Certificate 

Canada 

Youth Lifeguard National lifeguard and(Pool)

Lifeguard 
National lifeguard 

and(water) 

Swimming pool lifeguard 
National lifeguard 
and(Coast/marine) 

Water lifeguard 

Coast/marine lifeguard 

Finland 

Swimming pool Lifeguard Swimming pool Lifeguard

Island and water Lifeguard Island and water Lifeguard

Marine  Lifeguard Marine  Lifeguard 

 
          DISCUSSION 

According to the result of current general status of 10 
organizations among 16 groups designated by the Ministry of 
Public Safety and Security as a national institution to identify 
the education and certificate system for life-guard in Korea, 
education providers and groups that issue the life-guard 
certificate have been performing the participation screening 
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according to what the Ministry of Public Safety and Security 
notified. However, there were many organizations that provided 
various methods depending on their circumstances. As for 
current general status of life-guard policy in Korea and Japan, 
participation test was performed on freestyle/breaststroke for 
100 m (1min) and underwater for 15 m. In Japan, they test swim 
for 400 m (10 min) and for 50 m (50 sec), underwater for 15 m, 
and stand swim (2 min). They have been performing more 
strenuous test in comparison with criteria in Korea. As for age, 
those in the age of 18 or higher are able to participate in the test 
in Korea, while Japan requires the age of 15 or higher. As for 
training time, Korea requires at least 40 to 50 hours, but Japan 
only requires 35 hours. 

 
 

Table 5. For Korea lifesaving improvement plan. 
 

Classification Age 
Participation 

Test 
Training 

Time 
Training 
Period

Term of
Validity for 
Certificate

Inland 
over 
15yr 

Freestyle/ 
breaststroke 
100m(1min) 
underwater 15m
stand swim
(2min) 

40hr 5 days 3yr 

Marine 
over 
18yr 

Freestyle/ 
breaststroke 
100m(1min) 
underwater 20m
Swim 400m
(10min) stand
swim (5min) 

50hr 7 days 3yr 

After Completion of the Inland, Marine Course 
Korea Lifesaving among Group Qualification Recognition 
Inernational Life Saving Federration qualification Recognition 

 
 

In addition, due to the establishment of 'Water Leisure Safety 
Committee' from the recent revision of Water-Related Leisure 
Activities Safety Act, it became possible to operate agency 
business for life-guard and rafting education. Therefore, it is 
required to provide more unified and reliable education contents 
for life-guards by distinguishing the surface of inland water 
from that of the sea in the same manner as contents for 
cultivating life-guards in Japan, Canada and Finland. In addition, 
it is logical to divide life-guard educations depending on the 
locational and environmental factors. 

As for the courses of acquiring certificates, following the 
current custom that each of the education providers and groups 
recklessly issues the certificate makes social awareness and 
reliability deteriorated. If each of the education providers and 
groups unifies life-guard education courses, social awareness 
and utility of certificate will be improved. 

If recognizing the policy for certificate in International Life 
Saving Federation like what Canada and Finland do, they will be 

able to provide education and certificate that are sub-divided, 
specialized, and customized to local conditions. 

 
          CONCLUSIONS 

(1) More reliable education system shall be provided by 
unifying the life-guard education courses by each education 
provider.  

(2) Life-guard education based on location and environmental 
factors shall be sub-divided and standardized by more advanced 
programs like the education system for life-guards in ILS 
member countries.  

(3) ILS certificates shall be recognized in Korea acquiring the 
international mobility and compatibility by unifying the 
certificate requirements.  

(4) Education of life-guard and issuance of certificate shall be 
sub-divided and specialized in advanced manner depending on 
spatial, geographical, and environmental factors as part of 
qualifications, and education program shall establish the policies 
as a world class standard.  
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ABSTRACT 
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Cardiopulmonary Resuscitation (CPR) is the first response for a drowning victim. The quick action of lifeguards and 
facility operators is crucial to elevate the survival rate. However, there are plenty of beaches and waterfronts without 
lifeguards; therefore, bystander CPR is equally as important. To increase bystander CPR, public education is 
essential. This study analyzes the changing perceptions of CPR training and the change in people’s confidence in 
executing CPR after a public CPR education program in metropolitan Seoul from 2011 to 2015. The participants 
were public school students, teachers, social workers, and public staff who reside in metropolitan Seoul. Between 
2011 and 2015, 205,949 people participated in a public CPR training program organized by Lifesaving Society Korea. 
After each 2-4 hour-long training, course operators collected a questionnaire. Researchers separated the collected 
results into two categories-program type and training format- and from there further separated the results. In the 
program type (hours) category, researchers used the following delineations: (1) 2-hour long adult CPR and AED 
(Automated External Defibrillator); (2) 3-hour adult, pediatric, and infant CPR and airway obstruction; (3) 3-hour 
adult CPR, AED, and airway obstruction; and (4) 4-hour adult, pediatric, and infant CPR, AED, and airway 
obstruction. The training format category was further broken up as follows: (1) alternating explanations of skills with 
practice and (2) full lecture followed by practice. Compared to 2011, which is regarded as the beginning of the public 
CPR training movement an increasing number of participants responded that they have participated in CPR training 
before and that they had confidence in their ability to execute CPR. Most participants preferred a small class size 
class-no more than 20 participants- some participants described the benefits of using simple words rather than 
medical terminology. There is no significant difference in satisfaction with different instructors. Periodic 
recertification and public CPR awareness programs contribute positively to CPR execution confidence and 
willingness to perform CPR in everyday life. Therefore, this study concludes that public CPR programs should be 
expanded to more schools, work places, and public facilities. In addition, public CPR training programs need to 
better explain first aid. Using this study’s results, training policies-such as recertification period, training format, and 
hours- can be modified to improve the programs’ effectiveness. 
 
 
ADDITIONAL INDEX WORDS: CPR, AED, bystander CPR, public CPR training program, drowning. 
 

 
INTRODUCTION 

Prompt Cardiopulmonary Resuscitation (CPR) by bystanders 
is critical to increasing the survival of people undergoing cardiac 
arrest (Hwang et al., 1992; Stiell et al., 2004). Bystander CPR 
can also help drowning and near-drowning victims. According 
to the Korea National Statistics Office (KNSO), cardiac arrest is 
the second most common cause of death in South Korea (52.4 
per 100,000 people), and the number of chronic heart disease 
patients is increasing. Annually, 700 drowning accidents are 
reported, where CPR must be conducted as the first step of 
treatment against the victim (Statistics Korea, 2015).  

More people are starting to pay attention to the importance of 

CPR because of its presence in mass media (Sang, 2013). Public 
CPR training and education can improve knowledge and 
attitudes about CPR (Lee, Choi, and Park, 2007). However, 
there are still many cases where appropriate CPR is not executed, 
and where people die because bystanders fail to recognize 
symptoms or improperly respond to the situation. A recent study 
shows that the rate of first responder CPR performed in South 
Korea is increasing 3.3% in 2010, 6.5% in 2012, and 12.1% in 
2014 (Choi, 2014; Gang, Yang, and Lee, 2013). However, the 
rate is still very low compared to other nations such as Sweden 
(55%), the United States (30%), and Japan (27%) (Hwang, 2014; 
Mashiko et al., 2002; MMWR, 2010). Due to the low rate of 
bystander CPR, cardiac arrest victims have less than a 5% 
chance of survival in South Korea.  

The Central Emergency Medical Center (CEMC) reported in 
2014 that 57.1% of cardiac arrests happen at home and the first 
responders are often family members (Yoon et al., 2014). 
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Therefore, family members often have to perform CPR before 
the arrival of medical professionals. It is thus crucial for public 
CPR education and awareness programs to be expanded and 
promoted. 

According to Emergency Medical Law in South Korea, 
school nurses, coaches, and public transportation drivers have to 
regularly be recertified in CPR and first aid. However, there has 
been no research about how the results of CPR training vary 
with differing numbers of participants and training formats. This 
study intends to rectify that situation: it provides basic 
information that identifies the most effective CPR training 
format and curriculum in South Korea. 

 
METHODS 

Researchers collected data between 2011 and 2015 from all 
public CPR trainings organized by that Lifesaving Society 
Korea (LSK). There were 27,922 valid responses, which were 
used to analyze the training’s effectiveness. The public 
education programs and their participants were categorized by 
age, program type, and training format, as follows: 

 
 Age 

- Adult (≥d20)  
- Youth (< 20) 

 Program Type (hours and training contents) 
- CA (adult CPR and AED) for 1–2 hours 
- CK (adult, pediatric, and infant CPR and 

airway obstruction) for 2–3 hours 
- CAP (adult CPR, AED, and airway 

obstruction) for 2–3 hours 
- SCA (adult, pediatric, and infant CPR, AED, 

and airway obstruction) for 3–4 hours 
 Training Format 

- Explanation of skills alternated with practice  
- Full lecture followed by practice  

 
To examine the effect of the training and change in CPR 

awareness, participants were asked the following three questions:  
 
(1) Have you participated in CPR training before? 
(2) Are you satisfied with the training? 
(3) Could you confidently execute CPR if you had to? 

 
RESULTS 

Researchers categorized the results according participants’ 
age, program type (hours), and training format to identify the 
effectiveness of public CPR training (Table 1). Compared to the 
2011, the first year of the study, 8080 more people attended 
public CPR education in 2015. CA (adult CPR and AED) was 
the most common program during the data collection period. 
Programs that alternate skill explanation with practice are the 
most common, accounting for over 80% of the total training 
sessions. 

 
Former CPR Training Experience 

Among those in the youth age group, 72% had former CPR 
training experience in 2011, 47% in 2012, and 51% in 2013. 
Among adults, 55% had former CPR or first aid training in 2011, 

a number that grew to 41% in 2012, 62% in 2013, 58% in 2014, 
and 53% in 2015. Comparing the data over 5 years, 5% more 
participants reported previous CPR training in 2015 than in 2011.  
 
Table 1. Training participants by categories. 
 

General Characteristic 2011 2012 2013 2014 2015 

Age 
Youth 134 14% 1,406 38% 4,061 51% 3,796 62% 7,452 82%

Adult 842 86% 2,327 62% 3,930 49% 2,370 38% 1,604 18%

Program

CA 801 82% 2,940 79% 5,915 74% 4,538 85% 7,864 87%

CK 175 18% 262 7% 920 12% 242 1% 329 4%

CAP – 0% 361 10% 958 12% 1,355 13% 844 9%

SCA – 0% 170 5% 198 2% 31 0% 19 0%

Training
Hours

0–2hr. 801 82% 2,940 79% 6,032 75% 4,752 86% 8,220 91%

2–3hr. 175 18% 623 17% 1,761 22% 1,383 14% 817 9%

3–4hr. – 0% 170 5% 198 2% 31 0% 19 0%

Format

Full Lecture and 
Practice  

Separately 
134 14% 1,358 36% 4,557 57% 3,539 67% 6,840 76%

Skill Explanation 
with Practice 
Alternatively  

842 86% 2,375 64% 3,434 43% 2,627 33% 2,216 24%

Total 976 100% 3,733 100% 7,991 100% 6,166 100% 9,056 100%

 
 

Table 2. CPR Training experience by age group. 
 

Year 
Experience 

with CPR Training 

Age 

Youth Adult Average 

2011 
Yes 97 72% 460 55% 64%

No 37 28% 382 45% 36%

2012 
Yes 654 47% 948 41% 44%

No 752 53% 1,379 59% 56%

2013 
Yes 2,058 51% 2,417 62% 56%

No 2,003 49% 1,513 38% 44%

2014 
Yes 2,912 77% 1,366 58% 67%

No 884 23% 1,004 42% 33%

2015 
Yes 6,417 86% 846 53% 69%

No 1,035 14% 758 47% 31%

Average
Yes 12,138 67% 6,037 54% 60%

No 4,711 33% 5,036 46% 40%

 
Satisfaction with the Training 
Age 

Among youths, 95% were satisfied with training in 2011, 96% 
in 2012, 94% in 2013, 93% in 2014, and 92% in 2015. Among 
adults, 100% answered that they were satisfied with training in 
2011, 99% in 2012, 98% in 2013, 98% in 2014, and 99% in 
2015. On average, over 90% of participants responded positively. 
Over the five years, an average of 96% of training participants 
expressed satisfaction with their CPR program.  

 
By Program  

Answers varied depending on the program and its contents. 
Researchers divided the results based on those participating in 
CA, CK, CAP, and SCA, depending on training hours and 
contents. Over five years, an average of 96% of participants 
expressed satisfaction in CA. For CK and CAP, this number 
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grew to 98%. Lastly, all SCA participants answered that they 
were satisfied with their training. 

 
Table 3. Satisfaction with CPR training program. 
 

Year 
Satisfaction 

of CPR Training 

Age 

Youth Adult Average

2011 

Satisfied 127 95% 839 100% 97%

Moderate 4 3% 2 0% 2%

Not Satisfied  3 2% 1 0% 1%

2012 

Satisfied 1,390 96% 2,256 99% 97%

Moderate 54 4% 25 1% 2%

Not Satisfied  6 0% 2 0% 0%

2013 

Satisfied 3,825 94% 3,855 98% 96%

Moderate 201 5% 69 2% 3%

Not Satisfied  36 1% 5 0% 1%

2014 

Satisfied 3,549 93% 2,308 98% 96%

Moderate 239 6% 49 2% 4%

Not Satisfied  19 0% 2 0% 0%

2015 

Satisfied 6,874 92% 1,590 99% 96%

Moderate 515 7% 1% 4%

Not Satisfied  58 1% 3 0% 0%

Average 

Satisfied 15,765 94% 10,848 99% 96%

Moderate 1,013 5% 145 1% 3%

Not Satisfied  122 1% 13 0% 1%

 
 
Table 4. Satisfaction rate after CPR training. 

 

Year 
Satisfaction 

with CPR Training 

Training Program 

CA CK CAP SCA Average

2011 

Satisfied 791 99% 175 100% 408 – – – 99%

Moderate 6 1% – 0% 1 – – – 0%

Not Satisfied  4 0% – 0% – – – – 0%

2012 

Satisfied 2,864 97% 208 97% 935 100% 169 99% 97%

Moderate 71 2% 2 1% 1 0% 1 1% 2%

Not Satisfied  5 0% 4 2% – 0% – 0% 1%

2013 

Satisfied 5,634 95% 914 99% 935 98% 197 99% 97%

Moderate 243 4% 6 1% 20 2% 1 1% 2%

Not Satisfied  38 1% – 0% 3 0% – 0% 0%

2014 

Satisfied 4,272 94% 235 97% 1,319 98% 31 100% 95%

Moderate 257 6% 8 3% 23 2% – 0% 4%

Not Satisfied  19 0% – 0% 2 0% – 0% 0%

2015 

Satisfied 7,309 93% 325 99% 811 96% 19 100% 96%

Moderate 497 6% 4 1% 30 4% – 0% 4%

Not Satisfied  57 1% – 0% 4 0% – 0% 0%

Average 

Satisfied 20,870 96% 1,857 98% 4,408 98% 416 100% 98%

Moderate 1,074 4% 20 1% 75 2% 2 0% 2%

Not Satisfied  123 0% 4 0% 9 0% – 0% 0%

 
Training Format 

Due to time and location restrictions, public CPR education is 
organized in two different formats. One involves first teaching 
CPR’s theoretical background then practicing the skills. After 

learning each skill, participants have a chance to practice. The 
other format is to have a full lecture first, then practice all the 
skills together. These two distinctive formats result in different 
satisfaction rates. On average, 94% of participants express 
satisfaction after partaking in the full lecture; 98% of 
participants, on the other hand, express their satisfaction with 
the programs that go back and forth between explanation and 
practice. The gap between 94% and 98% is small, but when 
considering the overall high satisfaction rate, 4% has to be 
interpreted critically. 

 
 

Table 5. Satisfaction by training format. 
 

Year
Satisfaction 

with CPR Training

Training Type 

Separately Together Average 

2011

Satisfied 127 95% 839 100% 97%

Moderate 4 3% 2 0% 2%

Not Satisfied  3 2% – 0% 1%

2012

Satisfied 1,299 97% 2,352 98% 98%

Moderate 35 3% 38 2% 2%

Not Satisfied  7 1% – 0% 0%

2013

Satisfied 4,298 94% 3,382 98% 96%

Moderate 220 5% 50 1% 3%

Not Satisfied  39 1% 2 0% 0%

2014

Satisfied 3,321 94% 2,536 97% 95%

Moderate 211 6% 77 3% 4%

Not Satisfied  17 0% 4 0% 0%

2015

Satisfied 6,291 92% 2,173 98% 95%

Moderate 487 7% 44 2% 5%

Not Satisfied  33 1% 6 0% 1%

Average

Satisfied 15,336 94% 11,282 98% 96%

Moderate 957 5% 211 2% 3%

Not Satisfied  99 1% 12 0% 1%

 
 

Execution of CPR with confidence 
Age 

Among the youth age group, 75% indicated they were 
confident in their skills after their CPR training in 2011, 80% in 
2012, 85% in 2013, 82% in 2014, and 82% in 2015. Among 
adults, this number was 80% in 2011, 85% in 2012, 78% in 
2013, 86% in 2014, and 91% in 2015. The average confidence 
after the CPR program between all 5 years and among all age 
groups was 82.8%.  

 
Program Type 

There were significant variations between the confidence 
percentages for SCA (72%) and CAP (88%). Participants in both 
CA and CK indicated an average of 82% confidence.  

 
Training Format  

The results showed that programs that varied skill and theory 
explanation with practice resulted in higher confidence (85%) 
than when participants listened to the full lecture and then 
practiced (80%). In 2015, 90% of participants expressed 
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confidence after attending a training that varied explanation and 
practice—the highest rate of confidence. The lowest rate of 
confidence was in 2011, when 75% of respondents expressed 
confidence after participating in a session with a full lecture 
followed by practice.  

 
 

Table 6. Confidence by age. 
 

Year 
Confidence 

of CPR Execution 

Age 

Youth Adult Average 

2011 

Confident 101 75% 670 80% 77%

Moderate 19 14% 159 19% 17%

Not Confident 14 10% 13 2% 6%

2012 

Confident 1,127 80% 1,968 85% 82%

Moderate 252 18% 328 14% 16%

Not Confident 27 2% 31 1% 2%

2013 

Confident 3,473 85% 3,072 78% 82%

Moderate 529 13% 802 20% 17%

Not Confident 60 1% 55 1% 1%

2014 

Confident 3,125 82% 2,032 86% 84%

Moderate 622 16% 303 13% 15%

Not Confident 54 1% 19 1% 1%

2015 

Confident 6,095 82% 1,464 91% 87%

Moderate 1,228 16% 131 8% 12%

Not Confident 130 2% 8 0% 1%

Average 

Confident 13,921 81% 9,206 84% 83%

Moderate 2,650 16% 1,723 15% 15%

Not Confident 285 3% 126 1% 2%

 
 

Table 7. Confidence by program type. 
 

Year 
Confidence 

of CPR Execution 

Training Program 

CA CK CAP SCA Average

2011 

Confident 611 76% 160 91% – – – – 84%

Moderate 163 20% 15 9% – – – – 14%

Not Confident 27 3% – 0% – – – – 2%

2012 

Confident 2,453 83% 202 77% 301 83% 139 82% 81%

Moderate 448 15% 59 23% 60 17% 13 8% 16%

Not Confident 39 1% 1 0% - 0% 18 11% 3%

2013 

Confident 4,919 83% 683 74% 855 89% 88 27% 68%

Moderate 892 15% 233 25% 98 10% 241 73% 31%

Not Confident 104 2% 4 0% 5 1% 2 1% 1%

2014 

Confident 5,180 84% 944 80% 1,373 91% 1,461 85% 85%

Moderate 892 14% 233 20% 133 9% 241 14% 14%

Not Confident 105 2% 5 0% 8 1% 10 1% 1%

2015 

Confident 6,496 83% 291 88% 754 89% 18 95% 89%

Moderate 1,241 16% 35 11% 82 10% 1 5% 10%

Not Confident 128 2% 3 1% 7 1% – 0% 1%

Average 

Confident 19,659 82% 2,280 82% 3,283 88% 1,706 72% 81%

Moderate 3,636 16% 575 17% 373 11% 496 25% 17%

Not Confident 403 2% 13 0% 20 0% 30 3% 1%

 

Table 8. Confidence by training format. 
 

Year 
Confidence 

of CPR Execution

Training Format 

Separately Together Average

2011 

Confident 101 75% 670 80% 77%

Moderate 19 14% 159 19% 17%

Not Confident 14 10% 13 2% 6%

2012 

Confident 1,095 81% 2,000 84% 82%

Moderate 243 18% 337 14% 16%

Not Confident 20 1% 38 2% 2%

2013 

Confident 3,697 81% 2,848 83% 82%

Moderate 769 17% 562 16% 17%

Not Confident 91 2% 24 1% 1%

2014 

Confident 2,900 82% 2,257 86% 84%

Moderate 593 17% 332 13% 15%

Not Confident 49 1% 24 1% 1%

2015 

Confident 5,554 81% 2,005 90% 86%

Moderate 1,159 17% 200 9% 13%

Not Confident 125 2% 13 1% 1%

Average

Confident 13,347 80% 9,780 85% 82%

Moderate 2,783 17% 1,590 14% 15%

Not Confident 299 3% 112 1% 2%

 
 

DISCUSSION 
With the national focus on bystander CPR, the social 

awareness of CPR has grown. However, only 45.5% of the 
population is given a training opportunity (Lee et al., 2008). 
This 5-year study shows that, in 2012, 69% of CPR training 
participants had former training experience. The number of 
public school students trained in CPR is increasing; this 
phenomenon must be extended to adults in the community. This 
study found that CPR training sessions that alternate between 
explaining skills and practice for 2–3 hours have the best 
outcome. Several studies have shown that if bystanders have a 
higher confidence level in their CPR skills, they are more likely 
to execute CPR in real life (Dwyer, 2008; Kang and Yim, 2008; 
Kang, Kim, and Lee, 2010). Therefore, policy makers must set 
CPR training guidelines in order to maximize the effect of 
education. Many studies have shown that refreshing education is 
highly recommended to maintain CPR execution confidence (Na 
et al., 2011). Therefore, the training record has to be 
appropriately managed and participants should be encouraged to 
recertify regularly.  

 
CONCLUSIONS 

The more public CPR training is necessary to expand the rate 
of bystander CPR. This research provides several guidelines that 
allow program coordinators to organize CPR training in the 
most effective delivery format. In the future, other factors 
contributing to CPR execution confidence should be studied, 
including willingness of participation and recertification period. 
CPR training agencies must assess the effectiveness of their 
CPR training and use this study’s findings to create a safer 
social environment.  
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ABSTRACT 
 
Jeong, Y.M.; Kim, S.G.; Lee, J.H.; Yoon, J.S., and Lee, W.D., 2017. Understanding characteristics of upward and 
downward flows in coral reef region for safety of recreational diving. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-
S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 
79, pp. 35-39. Coconut Creek (Florida), ISSN 0749-0208. 
 
The goal of this study is to gain an understanding of the flow characteristics in reef regions through numerical 
simulations for safe recreational diving in the region. The applied numerical model was first validated to verify its 
feasibility and validity for carrying out the numerical simulations. Subsequently, an underwater survey was 
conducted in the Visayan Islands in the Philippines to model the reef region. Based on the underwater survey results, 
simulations were conducted in a three dimensional numerical wave tank with a model coral island. According to the 
numerical analysis results, stronger currents were generated if either currents or both currents and waves entered the 
low water level lagoon area of the coral island. In addition, an overall trend of stronger flow velocities was observed 
when both waves and currents were present than when only currents were present. Particularly strong upward and 
downward flows and strong vortices were generated near the reef crest. Thus, open water divers who are 
inexperienced in underwater swimming need to pay particular attention when swimming in these areas. Lastly, six 
tips for safe diving in reef regions were obtained from analysis of the numerical results. 
 
ADDITIONAL INDEX WORDS: Underwater safety, recreational diving, scuba diving, coral reef region, upward 
and downward flow. 
 

 
INTRODUCTION 

Since the late 1990s, many young Korean men and women 
have visited the Philippines for language training. As a leisure 
activity, they received instruction in scuba diving and enjoyed 
diving there. Up to ten years ago, most Koreans experienced 
diving in the sea around Korea, but as the number of divers that 
experienced diving in tropical seas has increased, more Koreans 
are taking diving tours abroad. Accordingly, almost all well-
known diving points around the world, which are mostly located 
in tropical coral reef regions, have diving resorts that are run by 
Koreans. The tropical reef regions exhibit fairly unique 
topographical characteristics. They are clearly divided into inner 
reef zones (lagoon areas) where the water levels from the reef 
crests are low and the bottom is flat, and outer reefs (fore reefs) 
where the water is very deep. The influence of this unique reef 
terrain creates fairly strong downward or upward flows near the 
reef crests. Diving accidents can occur if divers are swept away 
by these strong currents. In particular, the strong currents can be 
fatal to open water divers who are not accustomed to underwater 
swimming. An example of a diving point with strong currents is 
the Blue Corner in Palau. It is a world-famous diving point 

because a considerable number of large fish gather to consume 
plankton swept away by the strong currents, presenting a 
magnificent spectacle, as shown in Figure 1.  

 

 

Figure 1. Recreational divers using reef hooks under strong currents at 
Blue Corner, Palau (Photograph taken: 16 December 2014). 

 
Figure 1 is an underwater photograph taken in the Blue 

Corner and shows the strong upward flows near the reef crest 
where currents from the open sea meet the reef terrain. The 
strong current intensity can be seen from the air bubbles exhaled 
by the scuba divers being swept away above the reef crest 
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(lagoon area). Since these strong currents are a constant factor 
here, it is one of the most difficult spots for diving without using 
reef hooks, and the scuba divers in the photograph are naturally 
using reef hooks. 

In this study, a three-dimensional numerical model (LES-
WASS-3D), which has been applied to flow field and wave field 
analysis taking into consideration various marine environmental 
conditions, and whose feasibility and validity have been verified, 
was used to carry out numerical simulations. The current flow 
characteristics in the region of the reef, according to an inflow of 
marine physical force (currents and waves), was obtained from 
the numerical analysis results. In particular, downward and 
upward flows that may be dangerous to divers were closely 
analyzed. Finally, several tips for safe diving in reef regions 
with strong downward and upward flows are suggested based on 
the analysis results. 

 
FIELD SURVEY 

 

 
Figure 2. Locations of field survey in Visayan group, the Philippines.  

 
 

(a) Offshore wall of coral reef. (b) Surface view of reef crest. 

(c) Sea side view of lagoon area. (d) Land side view of inner reef. 
Figure 3. Topographical characteristics of coral reef region. 

 

 

 
Figure 4. Schematic diagram of coral reef region by U.S. Geological 
Survey (Source: USGS). 

 
 

Figure 5. Definition sketch of a numerical wave tank based on Beji and 
Battjes (1994) study. 

 
It was necessary for the reef terrain to be modeled for the 

numerical simulations. In this study, a field survey was carried 
out in eight locations of the Visayan Islands in the Philippines, 
as shown in Figure 2, where a major part of the seashore 
consists of reef terrain. Figure 3 shows underwater photographs 
obtained during the field survey. The photographs show the 
typical characteristics of each area of reef terrain. This reef 
terrain is very similar to the schematic diagram provided by the 
USGS (U.S. Geological Survey) shown in Figure 4. 

Based on the results of the field survey, the reef terrain was 
constructed accordingly in a numerical wave tank for the 
numerical simulations. 

 
NUMERICAL SIMULATIONS 

For the numerical simulations, a porous body model (PBM)-
based three-dimensional N-S solver (LES-WASS-3D; Hur, Lee, 
and Cho, 2012) was applied to analyze the hydraulic 
characteristics obtained from the field survey in the reef terrain. 
 
Numerical Model (LES-WASS-3D) 

The governing equations included the continuity equation 
(Equation 1), including the source of wave/current generation 
for non-reflected waves, and the modified Navier–Stokes 
momentum equation (Equations 2~4), including the fluid 
resistance in porous media for three-dimensional fluid fields. 

 

∗ (1)
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where, x, y, and z are the Cartesian coordinate system; the z-
value is zero at the still water level and is negative downward; , 

, and  are the filtered flow velocity components in the x, y, 
and z directions, respectively;  is the time;  is the pressure;  
is the fluid density; g is the gravitational acceleration; , , 
and  are the components of surface permeability in the x, y, 
and z directions, respectively;  is the volume porosity;  is the 
wave dissipation factor that is zero except in the added fictitious 
dissipation zone;  is the total dynamic viscosity, including the 
effect of turbulence, dynamic viscosity, and eddy viscosity; and 
∗ is the wave/current source term required to generate waves at 

the source position ( ). 
The numerical simulation of fluid flow at the free surface 

requires not only the solutions to the governing equations 
(Equations 1~4), but also special treatment of the free surface, 
i.e., tracking of the fluid interface. In this study, the free surface 
is governed by Equation 6 in terms of the VOF (Volume of 
Fluid) function, F (Hirt and Nichols, 1981), which represents the 
rate of the fluid flowing into the cell relative to the whole cell 
volume.  

 

∗ 
(6) 

 

 
Verification of Numerical Model 

In order to verify the feasibility and validity of the numerical 
model applied in this study, a numerical wave tank was 
constructed based on the study by Beji and Battjes (1994), as 

illustrated in Figure 5. An added dissipation zone and open 
boundary conditions were arranged in the open sea to create 
waves without any reflection. In addition, a trapezoidal 
underwater structure with a height of 0.3 m was installed at a 
depth of 0.4 m in the analysis zone. The incident wave 
conditions consisted of a wave height of 2 cm and a period of 2 s. 

 

 

 

 

 

 

 
Figure 6. Comparisons between the measured and the simulated time-
domain waveforms. 

 
Figure 6 comparatively shows the time-domain waveforms at 

the wave gauge (WG) points 2-7. The red circles represent the 
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data measured from the experiments whereas the black solid 
lines represent the results obtained from the numerical 
calculations. 

The wave transformation characteristics due to the water level 
variations are clearly shown in the figure. The figure also shows 
that the calculations accurately reproduce the experimental 
results for the phase and water surface displacement. This 
confirms that the numerical model applied in this study is valid 
for numerical simulations of reef terrain with large water level 
variations. 
 
Setup of Numerical Water Tank 

Based on the field survey results, a model coral island (with 
the water level of the lagoon area at a depth of 10 m) was 
constructed in a numerical wave tank with a water level at a 
depth of 50 m, as illustrated in Figure 7. Sponge layers and open 
boundaries were arranged on both sides in the incident direction 
of the marine physical force to prevent the disturbance of the 
wave field, and a wave and current source was installed in the 
open sea to take into consideration the marine physical 
environment with no reflection. In addition, two different cases 
of marine external force conditions were applied: those in which 
only currents were present, and those in which both currents and 
waves were present. The incident velocity of the currents was 
0.5 m/s, and the incident conditions of the waves consisted of a 
wave height of 1 m and a period of 10 s. 

 

 
Figure 7. Definition sketch of 3-D numerical water tank based on field 
survey results. 

 
 
3-D Numerical Results 

Figure 8 shows the mean flow around the coral island. Figure 
8a shows the numerical simulation results for the case where 
currents of 0.5 m/s entered from the open sea, and Figure 8b 
shows those for the case where waves having a height of 1 m 
and a period of 10 s as well as the currents entered. The vectors 
represent the sum of the horizontal flow velocity components. 
The colors represent the magnitudes of the vectors, and the flow 
velocity increases as the color changes from blue to red. 

Figure 8a shows that when the currents enter from the open 
sea, the current flow velocities where the currents diverge from 
the coral island are increased owing to the influence of the 
island. In addition, it can be seen that when the currents pass 
through the shallow lagoon area, the current flow velocities are 

greatly increased owing to the change in water level. If waves 
enter along with the currents, as shown in Figure 8b, the flow 
velocity components of the currents and those of the waves 
overlap to intensify the overall flow velocity increases. It can be 
seen from the figure that in the lagoon area, the flow velocities 
were nearly four times higher than the incident flow velocity, 
even for the case in which the currents alone enter. Under these 
flow velocity conditions, it would be difficult to ensure the 
safety of recreational divers. 

 

 
(a)  Current only 

 
(b)  Wave-current coexisting field 

Figure 8. Spatial distribution of mean flow around coral island. 

 
Figure 9 shows the flow and wave fields in a representative x-

z section. Figure 9a shows the case in which currents alone enter, 
and Figure 9b shows the case in which both waves and currents 
enter together. The vectors represent the sum of the flow 
velocity components in the x and z directions. The blue and red 
colors represent clockwise (-) and counterclockwise (+) 
vorticities, respectively. 

As can be seen in Figure 9a, the flow velocities greatly 
increase and upward flows are generated around the reef crest 
where the currents enter the lower water level. In addition, on 
the opposite side of the reef crest where the currents flow away, 
the flow velocities decrease but downward flows are greatly 
developed since the water level abruptly gets deeper. This 
facilitates the formation of strong upward and downward flows 
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on both sides of the reef crest. In Figure 9b, the waves and 
currents interact with each other to further intensify the 
aforementioned phenomena. 

In recreational diving using compressed air (scuba diving), 
abrupt changes in pressure impose a heavy burden on the human 
body. In particular, a sudden abrupt increase in pressure can be 
fatal. Therefore, care must be taken not to be swept away by the 
upward flows in the reef region. The downward flows do not 
reach a deep water level and hence do not pose a major threat to 
skilled divers. However, if open water divers are swept away by 
the downward flows, their psychological conditions become 
unstable and they are likely to panic. Moreover, if they are 
caught up in a vortex, they may panic further. 

If the aforementioned flow characteristics are well understood, 
even open water divers can safely enjoy recreational diving in 
the reef region.  

 

 
(a)  Current only 

 
(b)  Wave-current coexisting field 

Figure 9. Spatial distribution of the time-averaged velocities and 
vorticities in a representative x-z section. 

 
 

DISCUSSIONS AND CONCLUSIONS 
In this study, numerical simulations were carried out in order 

to understand the flow characteristics in a reef terrain region for 
safe recreational diving in the region. It was observed that strong 
currents develop in the lagoon area of the coral island. In 
addition, even stronger currents are created when waves and 
currents coexist than when currents alone exit. In particular, 
strong upward flows are created around the reef crest where the 
currents or waves enter, and strong downward flows are created 
in other areas around the reef crest. Further, vortices appear in 
the areas where strong upward and downward flows are created. 

From the results of this study, six tips for safe diving in the 
reef terrain are proposed, with reference to Figure 10: 

 
(1) A recommended diving route is to enter the water at point A 

where the currents are weak and leave the water at point B. 
(2) In the lagoon area, swimming near the bottom where the 

currents are weak is recommended, and a diving hook must 
be used. 

(3) Divers should pay attention to the upward flows when 
entering the lagoon from the outer reef and the downward 
flows when leaving the lagoon and going to the outer reef. 
Particularly, to ensure they are not swept away by a vortex 
created around the reef crest, divers should not swim along 
the reef crest. 

(4) Area C is a location where strong currents are created owing 
to the influence of the coral island, and thus divers can be 
swept away into the open sea. Therefore, for safe diving 
divers should not enter this region. 

(5) If the waves are strong, as the flow velocity is increased by 
the interaction between the waves and currents, extra 
precautions should be taken. 

(6) Open water divers should constantly pay attention while 
diving in the reef. Their fellow divers should pay attention to 
maintaining constant distances between each other, as the 
currents are strong. 
 

If plans for diving in the reef terrain are made while taking 
into consideration the aforementioned several tips, divers should 
be able to safely enjoy recreational diving.  

 

 
Figure 10. Flow field and recommended route around for safe diving. 
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ABSTRACT 
 
Nakashita, S.; Nakamoto, K.; Koshikawa, Y.; Kim, K.-H., and Hibino, T., 2017. Evaluation of granulated coal ash as 
artificial seabed for eelgrass. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 40-44. Coconut Creek 
(Florida), ISSN 0749-0208. 
 
Granulated coal ash (GCA) is a by-product of coal-fired thermoelectric power stations. In this study, GCA was used 
to create a functional artificial seabed for eelgrass. Moreover, the capability of GCA for the growth of eelgrass in an 
indoor experiment was examined to elucidate the ability of eelgrass to establish itself and grow in a GCA artificial 
seabed created in an actual marine environment. The eelgrass in the GCA artificial seabed branched and adapted 
similar to that on sandy ground. A stable eelgrass community was established in one year in an actual marine 
environment. Furthermore, five years after transplantation, the eelgrass community was maintained. For the GCA 
artificial seabed, the oxidation–reduction potential of the bottom sediments was approximately 100 mV higher than 
that of the surrounding ground, and the amount of sulfide decreased to approximately one third of that of the 
surrounding ground. Even five years after construction, a stable environment was preserved. Therefore, it is 
concluded that GCA is an effective material for an eelgrass seabed. 
 
ADDITIONAL INDEX WORDS: Transplantation, pH, oxidation–reduction potential, sulfide.  
 

 
INTRODUCTION 

Seagrasses are widely distributed along coastlines. They grow 
in colonies called seagrass beds in estuarine regions, lagoons, 
and enclosed coastal areas. A seagrass bed is known to be a 
good habitat for fish and shellfish (Pollard, 1984), and it has a 
high primary productivity and has supported a high biodiversity 
(Heck et al., 1995) over the past few decades. Moreover, 
seagrass beds absorb nutrients from water columns (Hemminga, 
Harrison, and van Lent, 1991), prevent erosion, and dispel wave 
energy (Fonseca et al., 1982). However, the loss of seagrass 
habitats has been reported worldwide because of natural causes 
and human activities (Walker and McComb, 1992). In particular, 
it has been recognized that a high hydrogen sulfide 
concentration is a critical factor responsible for the loss of 
seagrass habitats. 

Seagrass restoration projects have been carried out in Europe, 
North America, and Asia. In particular, the marine eelgrass 
Zostera marina (hereafter referred to as eelgrass) has been the 
focus of most seagrass restoration activities (Hizon-Fradejas et 
al., 2009a; Kenworthy et al., 2014). The development of 
artificial seabeds has been studied as one of the seagrass 
restoration activities. On the basis of laboratory experiments, 
Hizon-Fradejas et al. (2009b) reported the possibility of using 
blast furnace slag as an artificial seabed for eelgrass. 

This study focuses on an evaluation of an artificial seabed 
based on granulated coal ash (GCA). GCA is a by-product of 
coal-fired thermoelectric power stations and is usually used as a 
raw material for road construction and as a coarse aggregate in 
concrete. Recently, a study reported an interesting application of 
GCA as a marine sediment. Asaoka et al. (2012) found that 
GCA could effectively reduce hydrogen sulfide and phosphates; 
the manganese oxide contained in the GCA could oxidize 
hydrogen sulfide to sulfur. 

Therefore, in this study, GCA is used to create a functional 
artificial seabed for eelgrass. The capability of GCA for the 
growth of eelgrass is examined in an indoor experiment to 
evaluate the ability of eelgrass to establish itself and grow in a 
GCA artificial seabed created in an actual marine environment.  

 
METHODS 

GCA was provided by The Chugoku Electric Power Co., Inc., 
Hiroshima, Japan. It was granulated by adding ca. 10–15% 
cement (binder) and fly ash and had a particle diameter in the 
range of 20–50 mm. The median diameter was 23 mm, and the 
wet density was 1.84 g/cm3. 

The bottom sediment for the growth of eelgrass is sand or 
sandy mud. However, the GCA used in this study as the 
artificial seabed material for eelgrass was different from sand 
and sandy mud in terms of its particle size distribution and 
structural components. Therefore, it was necessary to confirm 
that the GCA itself did not influence the growth of eelgrass. 
Possible factors that may influence growth were the increase in 
pH due to the Ca(OH)2 eluted from GCA and the survival of 
eelgrass associated with the lighter soil particle density and the 
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larger particle sizes of GCA. To confirm the capability of GCA 
to stimulate eelgrass growth, an eelgrass growth experiment was 
performed in a water tank (Figure 1). 

The indoor experiment was performed over the period from 
winter to spring when the elongation and branching of eelgrass 
are most active. Eelgrasses were collected from an eelgrass bed 
located at Shinnase Fishing Port, Hayama Town, Kanagawa 
Prefecture. The experiment was performed in an indoor water 
tank (150 L; FRP make), in which the water temperature was 
maintained at 16 ± 3°C. As the test group, five shoots of eelgrass 
were placed in a plastic basket whose base was covered with 
GCA, and the basket was installed in the tank. As the control 
group, five eelgrass shoots were placed in the same setup used 
for the test group but with river sand. The median particle size 
of GCA was larger than that of river sand. Two samples were 
used for each case of GCA and river sand. The water tank with 
eelgrass was continuously injected with filtered seawater (PF 
filter; 1 μm), and the growth/elongation of eelgrass was 
promoted while creating an intermittent water flow using a 
submersible pump. After transplanting the eelgrass into the test 
bed, the number of shoots, the lengths of leaves, and the number 
of rootage in each bed were measured. 

An eelgrass bed was created using GCA in the shoreline of 
Hiroshima Bay (Figure 2) to evaluate the capability of GCA as 
an artificial seabed for eelgrass in an actual marine environment. 
The seawall along the coast of Ujina in Minami Ward of 
Hiroshima City was chosen as the study location (Figure 2). At 
this location, eelgrass was widespread 20 or more years ago, and 
even today, there are approximately 100 individual eelgrasses 
growing in the ground (Figure 2). The bottom sediments of the 
autonomous eelgrass community are mud with 60% silt and clay 
content. The oxidation–reduction potential (ORP) is 100 mV, 
and the sulfide content is 0.54 mg/g. On the other hand, the 
original ground on which the GCA bed was built had a fine 
fraction of approximately 18% and did not have any 
autonomously growing eelgrass. 

Figure 3 shows schematics of the artificial seabed. The size of 
the eelgrass seabed was set at 2 m × 2 m, and the height of the 
artificial seabed surface was set to the lowest tide level (+0.07 m) 
after considering the underwater light intensity. During the 
spring high tide, the water depth was 4–5 m, and during the 
spring low tide, the water depth was 0.5 m or less (Figure 3). 
The artificial seabed was built in February 2009. The edges of 
the artificial seabed were created using sandbags; then, GCA 
was placed inside this frame as the bed material (Figure 4). The 
bed layer thickness was approximately 0.3 m. Two months after 
the construction of the seabed (April 10, 2009), 10 pots of 
eelgrass were transplanted into the constructed artificial seabed. 
Because washout is a concern after the transplantation of 
eelgrass, a transplantation unit that is used for scour prevention 
in rivers was used. The transplantation unit is a vinyl net filled 
with crushed rocks, in which a pot of eelgrass is inserted (Figure 
5). It was confirmed that the transplantation unit does not hinder 
the expansion of the community. Five eelgrass pots each were 
placed along Lines 1 and 2 in the artificial seabed in Figure 3. 
To understand the effects of the eelgrass transplantation unit, the 
five pots along the Line 1 were placed by hand-digging holes in 
the artificial seabed. In comparison, the five pots along Line 2 
were planted using the transplantation unit. 

To understand the bottom sediment environment of the 
artificial seabed, the pH, the ORP, and the amount of sulfide in 
the environment and its surrounding grounds (hereafter, referred 
to as the natural seabed) were measured five times from 2011 to 
2015. The number of remaining eelgrass pots, the light intensity, 
and the wave heights were measured to understand the effects of 
the transplantation unit and the environment of the eelgrass 
habitat from February to May 2009. A wave-height meter 
(AWH-USB, JFE Advantech Co., Ltd.) and quantum meter 
(ALW-CMP, JFE Advantech Co., Ltd.) were installed on the 
surface of the bed. The wave height was measured for 150 s 
every hour with a sampling interval of 4 Hz. The quantum meter 
obtained measurements once every 10 min. After May 2009, the 
number of eelgrass shoots, the length of an eelgrass shoot, and 
the water temperature during summer were measured. The 
length of an eelgrass shoot was measured by randomly selecting 
20 individuals. The water temperature was measured in 10-min 
intervals by installing a water temperature meter (MDS-MkV/L, 
JFE Advantech Co., Ltd.) around the eelgrass seabed at a similar 
height. 

 
Figure 1. Indoor experiment to evaluate the capability of GCA for 
the growth of eelgrass.

 
 

 
Figure 2. Geography around the test area.
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RESULTS 
For both the GCA test group and control group in the indoor 

experiment, the eelgrass grew without any notable damage, and 
the growth of new leaves was observed. As shown in Figure 6, 
the growth rate of an eelgrass leaf for the GCA test group was 
slightly lower than that for the control group; however, no 
significant difference was observed between the two groups (t-
test; p > 0.05). In addition, the number of rootage was higher for 
the control group, the number of shoots was higher for the GCA 
test group, and no noticeable difference was observed between 
the two groups. On the basis of these results, it was inferred that 
GCA was a suitable material for developing an artificial seabed 
for eelgrass. 

Figure 7 shows the changes in the pH, the ORP, and the 
amount of sulfide in the artificial and natural seabeds. The pH of 
the bottom sediments was an average of 7.9 for the artificial 
seabed and an average of 7.7 for the natural seabed. The ORP 
was an average of 125 mV for the artificial seabed and an 
average of 16 mV for the natural seabed; thus, the oxidation was 
greater in the artificial seabed. The amount of sulfide was an 
average of 0.27 mg/g for the artificial seabed and an average of 
0.73 mg/g for the natural seabed; thus, the amount of sulfide in 

the artificial seabed decreased to approximately one third of that 
in the natural seabed. 

Figure 8 shows the changes in the water level, the quantum 
density, the significant wave height, and the number of 
remaining eelgrass pots immediately after the construction of the 
seabed. In a study at the Seto Inland Sea of Japan, the quantum 
density at which good growth of eelgrass was obtained was 
confirmed to be approximately 500 µmol/(m2·s) (Tamaki et al., 
2002). Thus, the quantum density at the study site was sufficient 
for the growth of eelgrass. The maximum significant wave 
height of 0.16 m was recorded seven days after construction, but 
it generally remained at 0.02–0.06 m. 

For the eelgrass on Line 1, where the transplantation unit was 
not used, all five pots were washed away after 1.5 months. 
However, the pots with the transplantation unit remained except 
for one, and the remaining eelgrass continued to grow. Figure 9 
shows the changes in number of transplanted eelgrass shoots in 
the artificial seabed. The number of eelgrass shoots decreased 
significantly during July to September (high-temperature period) 
one year after construction. Further, the number decreased to 10 
in September 2010. Therefore, 20 eelgrass shoots were 
transplanted on October 2010. The number of shoots gradually 
increased in 2011, reaching approximately 100. At this time, the 
average shoot height increased to 80 cm. The number of eelgrass 
shoots in the artificial seabed reached more than 580 in January 
2013. At this time, the coverage of the seabed by eelgrass was 

 
(a) Side view 

 
(b) Top view 

Figure 3. Schematics of the artificial seabed for eelgrass in the test area. 

 

 

  
Figure 4. Constructed artificial seabed using GCA. 

 
 

 
Figure 5. Eelgrass transplantation unit. 
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approximately 50%, and this was sufficient to achieve 
autonomous growth in the inner bay area. In 2014, the number 
of shoots suddenly decreased to approximately 10 individuals, 
but in 2015, it recovered to approximately 30 individuals. 

 
DISCUSSION 

In the present experiment, sludge can accumulate on the 
seabed. Such environmental conditions are common in harbors 
and canals near large cities. The sludge accumulated in such 
locations contains a large amount of organics; thus, the 
production of hydrogen sulfide as bottom sediments is reduced. 
Consequently, plants growing in such locations are impacted 
significantly. In this study, the GCA used as an artificial seabed 
material is expected to reduce the amount of hydrogen sulfide 
because Asaoka et al. (2012) reported that GCA could reduce 
the amount of hydrogen sulfide. Moreover, it is expected that 
GCA can increase the ORP of the bottom sediment owing to the 
increased permeability. This is caused by the coverage by GCA 
for the accumulation of sludge and high particle diameter of 
GCA compared with that of the natural seabed. 

From the indoor experiment, it was confirmed that the GCA 
seabed did not present any problems for eelgrass growth. In 
contrast, in the onsite experiment, where external forces such as 
waves exist, eelgrass pots were washed away if they were 
directly transplanted. However, this could be prevented by using 

the transplantation unit (Figure 5). One year after transplantation, 
the eelgrass in the transplantation unit had extended their 
rhizome nodes along with the growth and had completely 
expanded the community outside the transplantation unit. Its 
expanse reached 0.7 m × 0.45 m. In other words, by using the 
eelgrass transplantation unit, the transplantation of eelgrass into 
a GCA artificial seabed is possible at an early stage. 

The number of eelgrass shoots used to build an eelgrass 
community was only 25 (five pots); however, even after five 
years, the eelgrass in the artificial seabed could sustain the 
community. Meanwhile, the number of shoots decreased in the 

 

  

 
Figure 6. Capability of GCA for the growth of eelgrass compared with 
sand. 

 

 

  
Figure 7. Changes in the pH, the ORP, and the amount of sulfide in the 
artificial and natural seabeds.

 
 

Figure 8. (a) Water level and quantum density observed from the 
eelgrass artificial seabed and (b) the number of remaining pots in the 
bed and the significant wave height. 
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first year (August 2010) and fourth year (January 2014). In 
particular, the number of shoots suddenly decreased from 400 to 
10 in 2014. Generally, in Japan, eelgrass grows the most during 
spring, and the number of eelgrass shoots decreases as the water 
temperature increases in summer. Figure 10 shows the water 
temperature changes near the artificial seabed of eelgrass during 
the summers of 2012, 2013, and 2014. The data were obtained at 
10-min intervals, but because the tidal fluctuation was large, the 
25-h moving average was used. It is generally believed that 
28°C is the growth limit temperature for eelgrass. In 2013, the 
average water temperature exceeded 28°C for 10 consecutive 
days. Therefore, the large decrease in the number of shoots in 
January 2014 was assumed to be due to the high water 
temperature during summer. 

The eelgrass community could be maintained for over 5 years 
because of the following reason: the use of the artificial GCA 

seabed improved the bottom sediment environment because of 
an increase in the permeability (an effect of the GCA) and a 
decrease in the amount of hydrogen sulfide. 

 
CONCLUSIONS 

From an indoor experiment, the growth rate of eelgrass and 
the number of rootage were not significantly different for a GCA 
bed and sand bed. An artificial seabed using GCA was created in 
an actual marine environment, and eelgrass shoots were 
transplanted in the artificial seabed. Five years after the 
transplantation, the eelgrass community was maintained. 
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Figure 9. Changes in the number of transplanted eelgrass shoots for the 
artificial seabed. 

 
 

 
Figure 10. Changes in the 25-h moving average water temperature near 
the artificial seabed in summer. 
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ABSTRACT 
 
Lee, Y.-G. and Jang, A., 2017. Measurement of lead in seawater using gold nanoparticles modified screen-printed 
carbon electrode. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water 
Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 45-49. Coconut Creek (Florida), ISSN 
0749-0208. 
 
Due to their low detection limits, various types of spectrometry techniques have been used for determining lead 
[Pb(II)] in water. However, these methods are not applicable for the on-site measurements of Pb(II) since the 
equipment is too bulky and skilled laboratory staff are needed. In this study, coastal water samples were collected 
from different sites close to two coastal industrial complexes in Korea. Their Pb(II) concentrations were determined 
using electrodeposited gold nanoparticles (AuNPs) on a disposable screen-printed carbon electrode. Square wave 
anodic stripping voltammetry was used to enhance the sensitivity of the Pb(II) detection level with less than 5 μg/L. 
The square wave anodic stripping voltammetric response for high sensitivity was 0.018 μA/μg/L, the Pb(II) 
concentration range was 2 to 500 μg/L at the deposition time of 180 s, and the detection limit was 4.4 μg/L with good 
selectivity. These results indicate that there was no significant difference between our sensor and the conventional 
spectrometry method in precision and accuracy. The AuNPs based sensor demonstrated long-term stability for up to 
7 days while being used in the continuous monitoring of 100 μg/L Pb(II) in seawater. An RSD value of 2.7% was 
obtained, and the sensor retained 93% of its initial activity after 7 days. 
 
ADDITIONAL INDEX WORDS: Screen printed carbon electrode, gold nanoparticles, lead, seawater. 
 

 
           INTRODUCTION 

Lead ion [Pb(II)] is one of the most significant contaminants 
for rapid and accurate evaluation in coastal zones because of the 
toxicity of Pb(II) in humans and other living organism (Lee et 
al., 2016; Zen, Chung, and Kumar, 2000). Anthropogenic 
activities such as domestic sewage and industrial effluent 
processing, are the main sources of Pb(II) contamination in 
estuarine areas (Feng et al., 2004; Lee et al., 2009).  

 Previous studies have proposed different methods for 
determining Pb(II) in seawater, such as atomic absorption 
spectrometry (AAS) and inductively coupled plasma-mass 
spectrometry (ICP-MS) (Doner and Ege, 2005; Milne et al., 
2010). However, these methods require the sampling and 
laboratory analysis of contaminated water samples and can be 
time-consuming and labor-intensive, and their maintenance can 
be expensive. Furthermore, another disadvantage of laboratory 
analysis is that analytical techniques are not available for field 
monitoring because they require large and complicated 
equipment, automation components, and data systems that need 
to be typically powerful in the field. Also, determining Pb(II) in 
seawater requires a highly sensitive and good selective method 
 due to the high levels of various electrolyte materials. 
 
 
 
 
 

As the demands of application for Pb(II) on-site measurement 
are increasing, small, accurate, and reliable analyzers still need 
to be developed. 

Square wave anodic stripping voltammetry (SWASV) is used 
in this study. SWASV provides a rapid response and high 
sensitivity for the measurement of the submicropram-per-liter 
levels of Pb(II) in seawater because it significantly decreases the 
background noise emitted from the oxidation and reduction 
current during the potential scan (Güell et al., 2008; Zen, Chung, 
and Kumar, 2000). 

An acidic solution has commonly been used as a supporting 
electrolyte for electrochemical measurements of Pb(II) since 
most of the Pb(II) compounds exist as ions in water samples at a 
low pH level (Lee et al., 2016). The pH value of seawater (pH 
7.5~8.5) is higher than that of Pb(II) contaminated water such as 
an acid mine drain (< pH 4). The pH value of seawater can be 
induced to decrease the solubility point of the dissolved Pb(II) in 
seawater. Therefore, the concentration of Pb(II) in seawater was 
lower than that in fresh water and ground water. 

Recently, several studies have suggested that Pb(II) in natural 
seawater can be electrochemically detected using nanomaterials, 
such as heated graphite nanoparticles and bismuth nanoparticles 
on a modified electrode. However, these methods were needed 
to change the pH value of seawater in acidic condition for 
determining Pb(II) (Aragay, Pons, and Merkoci, 2011; Cadevall, 
Ros, and Merkoci, 2015). 
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In this study, we demonstrated a new type of sensor that uses 
gold nanoparticles (AuNPs) as a sensing element using 
electrodeposition technology. The performance of the 
electrodeposited AuNPs on a screen-printed carbon electrode 
(SPCE) for detecting Pb(II), including its sensitivity, selectivity, 
and long-term stability, was analyzed using SWASV. To 
enhance the analytical performance of the proposed sensor, 
SWASV, which is a well-known technique, was used (Zou et al., 
2008). The overall goal was optimized for the proposed sensor 
for detection of Pb(II) in seawater without the adjusted pH, and 
the results were validated by using a conventional method. 

     
            METHODS 

Gold (III) chloride trihydrate (HAuCl4) and sulfuric (H2SO4) 
acid (ACS grade, purity = 95~98 %) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). A standard solution of 
Pb(II) for ICP-MS analysis (1000 mg/L in 2 % HNO3) certified 
by the National Institute of Standards and Technology 
(Gaithersburg, MD, USA) was provided by Fluka (Buchs, 
Switzerland). De-ionized (DI) water (resistivity ~18 MΩ/cm) 
produced by the NANOpure Diamond Ultrapure water system 
(Barnstead, Newton, MA, USA) was used to prepare standard 
solutions and for rinsing the samples. Hydrochloric acid (HCl) 
and sodium hydroxide (NaOH) were used for pH adjustment. 
Seawater samples were collected from Gwangyang (GY) Bay in 
the Republic of Korea.   

The electrochemical analysis data were obtained using a 
computer controlled potentiostat (Autolab PGSTAT302N, 
Netherland), managed by GPES (version 4.9) software. SPCEs 
were custom made by a local company (The BIO Co. Ltd, 
Republic of Korea) and consisted of a carbon working electrode 
(geometric working area: 0.028 cm2), a carbon counter electrode, 
and an Ag/AgCl reference electrode. A sensor connector was 
used to connect SPCE with the potentiostat. The morphology of 
the electrode was characterized by field emission scanning 
electron microscopy (FESEM, JSM-7600F, JEOL Ltd, Japan). 
The chemical properties of seawater were estimated by ion 
chromatography (IC) (882 compact IC Plus, Metrohm, 
Switzerland) and ICP-MS (Agilent 7500, Agilent, CA, USA). 
The SWASV measurements were as follows: conditioning 
potential = -0.15 V for 60 s, deposition potential = -1.1 V for 
180 s, equilibration time = 30 s, step amplitude = 3 mV, pulse 
amplitude = 28 mV, step frequency = 15 Hz, Ebegin = -1.1 V, Eend 
= 0 V vs Ag/AgCl. These conditions of measurement were 
modified from previous studies (Güell et al., 2008; Song et al., 
2012).  

The chronoamperometric mode was used for the 
electrodeposition of AuNPs on the SPCE with modification of 
the method used by Barquero-Quiró et al (2014) (Barquero-
Quirós et al., 2014). The electrodeposition was applied for a 
potential of 0.18 V (vs. Ag/AgCl) for 400 s to the SPCE soaked 
into a 0.5 mM HAuCl4 in 0.5 M H2SO4 under stirring condition 
(Figure 1). The electrodeposited SPCE was then washed with DI 
water and dried at room temperature. 

 
RESULTS 

Scanning electron microscopy (SEM) and cyclic voltammetry 
(CV) were performed to analyze the surface morphology on the 
SPCE after gold electrodeposition.  Figure 1 shows the FESEM 

images of the bare SPCE and AuNPs modified on SPCE. The 
surface of the bare SPCE is rough, and the AuNPs were 
uniformly deposited on the SPCE surface. 

 

 

 
Figure 1. Schematic diagram of the fabrication procedure of AuNPs on 
deposited SPCE for Pb(II) sensing and SEM images of the bare SPCE 
and AuNPs deposited SPCE.

 
 
The existence of AuNPs on the surface of SPCE was 

determined using cyclic voltammetry. Figure 2 illustrates the 
cyclic voltammograms of bare SPCEs and AuNPs modified on 
SPCEs in 0.5 M H2SO4 over a potential range from -0.3 to 1.4 V 
at a scan rate of 50 mV/s. An oxidation peak at 1.10 V (vs. 
Ag/AgCl) from Au to Au (III) and a reduction peak at 0.60 V 
(vs. Ag/AgCl) for the reduction of Au(III) to Au were clearly 
detected after the AuNPs were deposited on SPCE (solid line).  

  

 
Figure 2. Cyclic voltammograms 0.5 M H2SO4 for bare SPCE and 
AuNPs on modified SPCE. A scan rate of 50 mV/s was used. 

 
 

The concentration dependence of the SWASV response was 
analyzed by plotting the current values of spiked Pb(II) 
concentrations in seawater over a range of from 2 to 500 μg/L. 
In addition, a linear relationship was observed between the 
reduction peak current and the Pb(II) concentration as a slope 
with the sensitivity of 0.018 μA/μg L-1 was measured (Figure 3). 
The significant limit of detection (LOD), 4.4 μg/L Pb(II), was 
calculated using the following equation (1): (Shrivastava and 
Gupta, 2011).  

 
LOD = 3S / b                                                        (1) 
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where S is the standard deviation of the blank response and b is 
the corresponding slope of the calibration curve. 

Considering that the regulation value recommended by EPA 
is 50 μg/L for Pb(II) in seawater (U.S. EPA, 1993), the proposed 
sensor can be seen as a good choice to consider for determining 
Pb(II) in seawater.     
 

 

 
Figure 3. Calibration curves of spiked Pb(II) in GY seawater. 

 
 
The stable peak potentials in four continuous measurements 

at each concentration, plotted in Figure 4, showed an average 
peak potential of -0.237 V, a standard deviation (STD) of 
0.002 V, and a relative standard deviation (RSD) of between 
0.1 % and 1.8 %. 

 

 

 
Figure 4. Stable peak potentials on the proposed sensor during four 
consecutive measurements at each concentration from 10 to 1000 μg/L 
of Pb(II). 

 
 
The long-term stability is one of the most critical properties of 

the electrochemical sensor. By repeatedly measuring the 
SWASV response at a fixed concentration of 100 μg/L Pb(II) in 
GY seawater three times per day for seven days, it was 
demonstrated that AuNPs modified on SPCE can be used for 
detecting Pb(II). After measuring the SWASV response, the 

proposed sensor was kept in the air at room temperature in a box. 
The RSD value of the peak current for seven days was 2.7% 
(mean value) using the same AuNPs/SPCE for all measurements. 
The proposed sensor retained 93 % of its initial activity even 
after seven days (Figure 5). 

 

 

 
Figure 5. Long-term stability data of the proposed sensor for Pb(II) in 
GY seawater.

 
 
Table 1. Chemical and physical properties of GY seawater. 

pH 
Salinity

(PSU)
Turbidity

(NTU)
TDS 

(mg/L) 
Pb2+ 

(mg/L) 
Fe2+ 

(mg/L)
Cu2+ 

(mg/L)

7.9 34.1 0.32 34540 n.d n.d n.d 

Cl- 
(mg/L)

SO4
2- 

(mg/L)
HCO3

-

(mg/L)
Na+ 

(mg/L) 
K+ 

(mg/L) 
Mg2+ 

(mg/L)
Ca2+ 

(mg/L)

15262 2558 116 10482 367 1127 439 

n.d = not detected (lower instrumental detection limit). 
 

To evaluate the selectivity of the proposed sensors for Pb(II) 
in the presence of various potentially interfering species, its 
ability to detect Pb(II) in a 0.2 M acetate buffer solution (pH 7.9) 
with a fixed concentration (100 μg/L) of Pb(II) was examined. A 
500 times greater concentration of interfering agents, including 
the metal ionic species Na+, K+, Mg2+, Ca2+, and the anions Cl-, 
SO4

2-, HCO3
- were added to the solution. The interfering agents 

are representative components in GY seawater (Table 1). The 
value of the selectivity coefficient (log ki,j amp) was calculated 
using the following equation (2): (Maccà and Wang, 1995) 

  
log ki,j amp ＝(It – Ii)Ci / Ii Cj                                  (2) 

 
where i and j are the analyte and the interfering agent, 

respectively, C is the concentration, and It is the sum of the 
current obtained from the analyte and interfering agents. Table 2 
shows that the proposed sensor was not significantly affected by 
the interference effect for the Pb(II) sensing performance. 

Days
1 2 3 4 5 6 7

-I
pe

ak
 / 
A

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
Pb(II) 100 g/L



48      Lee and Jang 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 79, 2017 

Table 2. Selectivity of the proposed Pb(II) sensor in the presence of 
various interfering species. 

Interfering 
Agents 

Na+ K+ Mg2+ Ca2+ Cl- SO4
2- HCO3

-

log kij amp n.i. n.i. n.i. n.i. n.i. n.i. n.i. 

n.i.= not interfering   
 

DISCUSSION 
Considering the high salinity of the seawater, mainly due to 

sodium chloride (NaCl), the use of a 0.5 M NaCl solution at pH 
7.9, as a supporting electrolyte was also verified. For this, 
several standard solutions of Pb(II) prepared in the saltwater 
were analyzed. Figure 6 shows the calibration curves for Pb(II) 
obtained using either 0.5 M NaCl saltwater or GY seawater. As 
can be observed, good linear correlation coefficients were 
achieved from 0.999 (saltwater) and 0.996 (GY seawater) for 
Pb(II) in both supporting electrolytes. However, a clear matrix 
effect can be observed, since responses obtained when using 
standards prepared in saltwater were more sensitive than in real 
seawater (0.025 and 0.020 μA/μg/L for Pb, respectively). 
   

 

 
Figure 6. Plots of reduction peak currents vs. various concentrations of 
Pb(II) using AuNPs/SPCEs in artificial and real seawater. 

 
 

Previous studies have demonstrated that Pb(II) in seawater at 
less than pH 4 condition can be determined (Aragay, Pons, and 
Merkoci, 2011; Cadevall, Ros, and Merkoci, 2015). However, 
the proposed sensor was operated for detecting Pb(II) in 
seawater without adjusting the pH condition. Thus, the Pb(II) 
concentration dependence of SWASV responses were 
comparable with the adjusted pH and without the adjusted pH 
condition in seawater. As shown in Figure 7, a linear response 
was observed between the peak current and the pH 4.5 as a slope 
with the sensitivity of 0.162 μA/μg/L, which was about eight 
times more sensitive than the pH 7.9 where a slope of 0.020 
μA/μg/L was measured. Although, the sensitivity of the pH 7.9 
was lower than that of the pH 4.5, the proposed sensor was 
much lower than the lowest level of Pb(II) permitted in natural 
seawater according to EPA (U.S. EPA, 1993). Also, the 
proposed sensor demonstrated a LOD level for Pb(II) in 

seawater (pH 7.9) similar to that of other previously developed 
Pb(II) sensors in the acidic condition of seawater (Aragay, Pons, 
and Merkoci, 2011; Güell et al., 2008).  

         

 

 
Figure 7. Calibration curves of Pb(II) in GY seawater at pH 4.5 and pH 
7.9. 

 
 
The proposed sensor was validated by detecting the 

concentration of Pb(II) in the seawater sample in comparison 
with the ICP-MS method. The concentration of Pb(II) dissolved 
in the seawater was measured using the Chelex 100 resin 
column method for ICP-MS (Rahmi et al., 2007). This is 
because the high concentration of salt elements including NaCl 
in the seawater affected the interference effects for determining 
Pb(II) using ICP-MS. The SWASV peak current was recorded 
for determining the Pb(II) concentrations with the addition of 
standard solutions in the seawater sample under the same 
conditions. The results can be found in Table 3. The seawater 
samples themselves were analyzed, as well as an additional 
sample with the addition of Pb(II) of a 0.5 mg/L concentration. 
It was found that GY seawater did not contain any Pb(II) or less 
than 5 μg/L Pb(II), as the proposed sensor cannot detect a 
minimum level.  
 
Table 3. Determining Pb(II) concentration in the real samples using the 
proposed sensor and conventional method. 

Added Pb(II) 
Concentration 

(μg/L) 

The 
Proposed 
Method 
(μg/L) 

Recovery 
(%) 

ICP-MS 
(μg/L) 

Recovery 
(%) 

0 n.d - n.d - 

500 482 96 458 92 

n.d = not detected (lower instrumental detection limit). 
 

The recovery results via the proposed method and the 
traditional method were 96 % and 92 %, respectively. The Pb(II) 
sensing data via the proposed sensor agreed with the data from 
the conventional method. This indicates the significantly 
promising relevance of the new type of electrochemical sensor 
for Pb(II) quantification in natural seawater.   
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CONCLUSIONS 
A disposable electrochemical sensor for the identification of 

Pb(II) concentration was developed by electrodepositing AuNPs 
on an SPCE. The proposed sensor allows for fast, selective, and 
sensitive determination of Pb(II) concentration in water samples. 
SWASV shows that linear responses are in a Pb(II) 
concentration range of 2 to 500 μg/L at the deposition time of 
180 s and LOD was 4.4 μg/L. Furthermore, the proposed sensor 
has excellent selectivity for Pb(II) over various interfering 
agents in seawater. The AuNPs based sensor has demonstrated 
long-term stability for up to 7 days while being used in the 
continuous monitoring of 100 μg/L Pb(II) in seawater. In 
addition, the on-site field application of the proposed sensor for 
determining Pb(II) was evaluated with the rapid analysis of 
seawater samples, and the results were in good agreement with 
data validated using a conventional ICP-MS method. The 
proposed sensors could significantly contribute to the cost-
effective and easy analysis of the detection of Pb(II) in 
environmental monitoring applications. 
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ABSTRACT 
 
Han, J.-Y.; Lee, J.; Lee, Y.-G., and Jang, A., 2017. Solid-state ion selective lab chip sensor for on-site measurement 
of orthophosphate in small volumes of liquid. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 
2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 50-54. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
This paper described the characterization of the assembled solid-state ion-selective lab chip sensor to 
potentiometrically measure phosphate ion. Since the assembled chip sensor is easy to setup and does not require any 
sample preparations, it is an ideal technique to study the measurement of phosphate in small volumes of liquids or in 
estuarine sediments. The size of the proposed lab chip is 12 mm x 21 mm, and the microfluidic channel has the width 
of 2 mm, length of 5 mm, and depth of 150 μm. All electrodes have the length of 500 µm, width of 200 μm, and 
spacing of 200 μm. The potential response of the assembled phosphate ion-selective lab chip sensor showed a linear 
regression in the range of 1×10-5 to 1×10-3 M with a slope of 54 mV/decade. In addition, the experimental results 
showed a good precision, indicating that relative standard deviation (RSD) was 3.5%. 
 
ADDITIONAL INDEX WORDS: Cobalt, lab chip sensor, pore water, phosphate ion, potentiometrically. 
 

 
           INTRODUCTION 

Much of inorganic phosphate, especially orthophosphate has 
been released from landmasses in the surrounding basin. It is 
clear that phosphate enrichment is the primary cause of 
eutrophication regarded as one of the greatest threats to coastal 
ecosystem health (Bricker et al., 2008). So the serious impact of 
orthophosphate loading to seawater and/or estuaries from 
agricultural and residential fertilizer applications is permission 
of excessive growth of undesirable algae since the released 
orthophosphate is readily taken up by algae (Conley et al., 2009). 
Excessive harmful algal blooms (HABs) may lead to other more 
serious impacts including production of nuisance biotoxins or 
reduction of dissolved oxygen concentrations. With respect to 
important algal nutrients, phosphate monitoring has attracted a 
great deal of attention both from environmental field and 
estuaries. 

In general, phosphate can be determined by ion 
chromatograph (IC) (Guo, Cai, and Yang, 2005; Kapinus et al., 
2004) or the spectrophotometric molybdenum blue method of 
Fiske and Subbarow (Conrath et al., 1995). The main 
disadvantages of these methods are the complexity and cost of 
the equipment needed and the large volumes of reagents and 
samples required. Consequently, these reasons have prompted 
the need of developing sensitive, selective, portable and fast 
methods to determine phosphate in water. The most recent 
analytical methods have concentrated on either simple 
electrochemical sensors,  
 
 
 
 
 

 
such as ion-selective electrodes mainly based on the use of 
highly selectively phosphate ionophore materials in polymer 
membranes (Zhang et al., 2006) or biosensors based on 
phosphate binding protein (Salins, Deo, and Daunert, 2004) and 
ion-channel (Aoki et al., 2003). However, although the 
configuration of electrochemical electrodes with internal filling 
solutions seemed to be an effective approach for measuring 
phosphate, their electrodes are difficult to minimize for wide 
application. As well, the relatively high cost and instability of 
enzyme materials limit the use of enzyme based phosphate 
sensors.  

Alternately, the replacement of the liquid internal solution 
with a solid-state membrane has been the subject of a number of 
recent investigations (Zine et al., 2006) since the use of solid-
state membrane for phosphate seems quite promising, which has 
many advantages over other conventional methods, including 
simple structure, high sensing performance and ease 
compatibility with other advanced technologies such as, micro 
electro mechanical systems (MEMS) techniques. During the last 
decade, several researches have been devoted to develop solid-
state phosphate sensors based on bulk cobalt wire (Chen, Marco, 
and Alexander, 1997; Chen, Grierson, and Adams, 1998; 
Engblom, 1998 and 1999; Marco, Pejcic, and Chen, 1998; 
Marco and Phan, 2003; Meruva and Meyerhoff, 1996). They 
found cobalt wire as the working electrode to be robust, simple 
to use, highly selective and stable (Engblom, 1998). However, 
most of the sensors used as working electrodes are relatively 
large in size, on the order of 1-3 cm in diameter. They can be 
used to monitor bulk liquid concentrations when there is 
sufficient volume to wet the electrode contacts, but they are 
often inappropriate for the measurements of small volumes of 
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liquids or in estuarine sediments. Due to this limitation, the 
continuous surveillance of small volumes of liquids or in 
estuarine sediments is not possible. In order for on site 
monitoring of phosphate in small volumes of liquids or in 
sediments, recently, cobalt-based electrodes have immersed in 
an aqueous solution containing the phosphate ions to be 
measured, together with a separate, external reference electrode.  

In most cases, however, the assembled electrode is precise 
enough and much more convenient for the stationary 
potentiometric measurements of phosphate. Therefore, this 
paper describes the simple, inexpensive, assembled phosphate 
ion-selective lab chip sensor that has both micro-tip size of 
solid-state ion-selective working electrode and additional 
Ag/AgCl reference placed on a plsatic lab chip to 
potentiometrically measure phosphateion. 

 
THEORETICAL BACKGROUND  

Potentiometric Measurement of Phosphate 
The interaction of the cobalt surface with oxygen has been 

suggested to explain the sensing mechanism of the cobalt 
towards the phosphate ions by several authors (Marco, Pejcic, 
and Chen, 1998; Meruva and Meyerhoff, 1996; Rahman et al., 
2006; Xiao et al., 1995).  They have realized that under both 
acidic and basic medium there is an oxidation reduction on the 
surface of cobalt electrode by following a pretreatment 
procedure (Marco, Pejcic, and Chen, 1998; Xiao et al., 1995), 
schematically in both cases: 

 

2Co(s) + 2H2O(l) ↔ 2CoO + 4H+ + 4e-                         (1) 
 
In this way, it has been postulated that the CoO layer formed 

at the electrode surface serves as the sensitive membrane 
responding toward phosphate ions according to host-guest 
mechanism (Rahman et al., 2006).  Specifically, in the presence 
of phosphate in solution, cobalt phosphate is produced on the 
surface of cobalt by the following three reactions proposed 
(Meruva and Meyerhoff, 1996; Xiao et al., 1995), depending on 
the pH value of the solution; 

at pH 4 in 25 mM potassium hydrogen phthalate (KHP, 
K2HPO4) buffer, 

 

3CoO + 2H2PO4
- + 2H+ ↔ Co3(PO4)2 + 3H2O             (2) 

 
at pH 8 in N-2-Hydroxyethylpiperazine-N'-3-propanesulfonic 

acid (HEPPS) buffer, 
 

3CoO + 2HPO4
2- + H2O ↔ Co3(PO4)2 + 4OH-             (3) 

 
at pH 11 in 10 mM 3-(cyclohexylamino)-1-propanesulphonic 

acid (CAPS) buffer, 
 

3CoO + 2PO4
3- + 3H2O ↔ Co3(PO4)2 + 6OH-             (4) 

 
Depending on the pH value of the solution, the cobalt-based 

electrode can detect all three ortho-phosphate ions. The Nernst 
equation for the electron transfer and side reaction can be 
written as (Marco, Pejcic, and Chen, 1998); 

E = Const. - 2.303RT/F [pH] -  2.303RT/F [log(γH(3+x)PO4
x )] -  

2.303RT/F [log(H(3+x)PO4
x )]                                  (5) 

 
where, γ is activity coefficient; R, T and F have their traditional 
meanings as universal gas constant (8.314 J/K/mol), absolute 
temperature and Faraday’s constant (96,485 C/mol). Under 
constant pH and ionic strength in buffer, Equation (5) is 
simplified as; 

E = Const. - 2.303RT/F [log(H(3+x)PO4
x)]                     (6) 

 
In this way, the corresponding electrode potential response 

versus the logarithm of the phosphate concentration can be 
determined directly by the proposed Nernst Equation (6). 

 
METHODS 

Cyclic olefin copolymer (COC, Topas 5013, Ticona, Summit, 
NJ) as a substrate and a lapped Ni disk as a mold were used for 
plastic injection molding. Negative photoresist, SU-8 2075 
(MicroChem Corp., MA), promoter (OmniCoat™, MicroChem 
Corp., MA) and OmniCoat developer (Microposit MF 319), SU-
8 stripper (Remover PG), positive photoresist (Shipley 1818), 
351 developer were prepared for polymer fabrication process. 
The Cyless Silver electroplating solution (Technic, Inc.) and 1 
M KCl solution were used for Ag/AgCl electroplating process.  

 
Fabrication of Lab Chip 

The schematics design of the lab chip is shown in Figure 1. A 
sensor array of two electrochemical sensors for measurement of 
phosphate ions is located in microchannel for fluidics, which is 
composed of on-chip Ag/AgCl reference electrode and Co 
working electrode for each sensor. The size of the proposed lab 
chip is 12 mm x 21 mm, and the microfluidic channel has the 
width of 2 mm, length of 5 mm, and depth of 150 μm. All 
electrodes have the length of 500 µm, width of 200 μm, and 
spacing of 200 μm. The sensor array was designed for 
simultaneous measurements to obtain the average value on the 
lab chip. 

 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1. Schematic illustration (a) of the polymer lab chip with array of 
sensors and microfluidic channel (b). 

 
 

(a) 

(b)
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Figure 2 illustrates both a photolithography/metal patterning 
for the sensor part and a UV LIGA and polymer injection 
molding process for the microfluidic part. 

For the microfluidic part, the master mold for the lab chip was 
fabricated on a 3-inch nickel (Ni) disk. The nickel disk was 
lapped flat by a lapping machine, cleaned and dehydrated in 
90°C oven overnight. For a UV LIGA process, OmniCoat™ was 
then coated on the prepared Ni disk by a spinner, and was 
hardened on a hot plate at 200°C for 1 min. The thick 
photoresist, SU-8 2075 was spin-coated for 200µm thickness on 
the Ni disk, was exposed by a 365 nm UV lamp, and was 
developed by immersing into SU-8 developer, followed by Ni 
electroplating process. 150 μm of plating height was performed 
in a Ni electroplating bath with a 10 mA/cm2 of current density. 
Finally, a Ni mold with 150 μm height microchannel was 
produced for polymer injection molding after developing all 
residual SU-8 by immersing in the SU-8 stripper solution. The 
COC microfluidic chip was replicated though polymer 
microinjection molding process (BOY 22A, BOY machines, Inc. 
PA) using produced Ni master mold, which the molding process 
cycle times was less than one minute.  

The sensor array part with working and reference electrodes 
was patterned on a blank COC substrate. After the cleaning of 
the COC substrate, the metal deposition was performed on the 
COC substrate with 1,000 Å thick Au layer using an e-beam 
metal evaporator. The photoresist, Shipley 1818 was spin-coated 
at 3,000 rpm on Au evaporated COC substrate, which was then 
baked in the 60°C oven for 30 minutes. The baked photoresist 
was exposed under UV light (365 nm, 8 mW/cm2) for 12 
seconds by directly contacting to the Cr mask, and followed by 
developing process (1:5 dilution of 351 developer solution). 
After obtaining electrode patterns on the substrate, Ag/AgCl 
were also electroplated to make reference electrodes. The Cyless 
Silver electroplating solution was used for Ag electroplating 
process. A Cobalt electroplating solution was utilized as the 
anode and the electrode was connected to the cathode for 
obtaining uniform Ag layer for 20 seconds 1 M KCl solution 
was used for AgCl electroplating process. The polarities of the 
Co foil and the electrode patterns were switched each other for 
15 seconds until forming AgCl layer on an Au pattern. 

Using a UV adhesive bonding technique at room temperature 
the microfluidic part was bonded with the sensor part to form 
the final package. The fabricated lab chip with a set of electrical 
contact pads with standard pitch fits a conventional connector 
when the lab chip is loaded onto the analyzer. Figure 3 shows a 
photograph of the fabricated lab chip and depicts a sensor array 
with two electrodes, electrical contact pads, and microchannel 
with inlet/outlet ports. 

After complete assembly of the chip senor, potentiometric 
measurements of phosphate were performed under constant 
condition, keeping constant temperature (25oC). For 
pretreatment of chip sensor, electrodes remained in water for 30 
minutes and successively a 0.025 M of potassium hydrogen 
phthalate buffer solution until a steady state potential was 
obtained, respectively (Rahman et al., 2006). According to the 
previously described works related to the phosphate 
determination using a cobalt electrode, it is reported that a slight 
super Nernstian response of the chip sensor was observed under 
above or below 0.025 M concentration of buffer solution (Xiao 

et al., 1995). So, a 0.025 M concentration of buffer solution was 
used in this study. After pretreatment, the chip sensor was 
calibrated in a series of solutions of known concentration. The 
seven voltage readings were plotted against the known 
phosphate values to obtain a calibration curve. For each 
calibration experiment, phosphate standards comprising 1 × 10-6 
to 1.0 × 10-2 M were prepared using a potassium hydrogen 
phthalate buffer. The buffer solution was adjusted to the desired 
pH values by adding a small amount of 0.1 M potassium 
hydroxide or nitric acid solution. The chip sensor was rinsed in 
distilled water between each buffer change.  

All electromotive force (EMF) values were recorded against 
the given Ag/AgCl reference wire using Accumet 
Microprocessor Model 15 pH/mV meter (Fisher, Catalog No. 
13-635-15A). These EMF values enable the concentration of the 
dihydrogen phosphate to be determined through application of 
the Nernst equation. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Illustration of the fabrication process for the proposed lab chip. 

 
 

RESULTS AND DISCUSSION 
From the response to stepwise changes in the concentration of 

KH2PO4, as shown in Figure 3a, the potential response of the 
phosphate chip sensor (versus a given Ag/AgCl reference) was 
found to be very stable during the calibration. Moreover, the 
phosphate chip sensors exhibit a relatively short response time 
(i.e. time required to reach 90% of the final stable reading); the 
response times were less than 5 seconds for 1.0 × 10-2 M of 
phosphate solution at pH 6. The reason is that solid-state 
phosphate chip sensor is possible to quickly reach the 
equilibrium state of formation of cobalt phosphate on the CoO 
surface. It is reported that the response time of a bi-enzyme 
based phosphate biosensor was 3 min for one measurement, 
which is not efficient for rapid monitoring (Rahman et al., 2006). 
Normally, response times should be as fast as possible, but less 
than 1 minute might be acceptable for in situ measurement of 
phosphate at a sampling point.  

Figure 3b shows that the calibration curve, plotting a graph of 
the electrode voltage versus the logarithmic ion concentration, 
was obtained in the experimental conditions described above.  
When the concentration increases, the electrode potential 
becomes more negative since the phosphate microelectrode is 
sensing an anion. Three replicate measurements of each standard 
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phosphate solution were made and the average values were used 
for calibration plots. It can be seen that no significant 
differences between plots were observed since the standard 
deviation values calculated were too small. The linear range was 
determined wheret the data points do not deviate from linearity 
by more than 10 mV. The potential response of the assembled 
phosphate ion-selective lab chip sensor showed a linear 
regression in the range of 1×10-5 to 1×10-3 M with a slope of 54 
mV/decade. Thus, based on the calibration curve, the limit of the 
lower and upper detection was found to correspond to 1×10-6 M 
and  1×10-2 M at pH 6.0, respectively. 

 

 
 

 

 

 

 

 

 

 

Figure 3. Electrode potential changes with time in solutions of phosphate 
concentrations from 10−6 to 10−2 mol/L (a); Calibration curve of 
phosphate ion-selective lab chip sensor (b). 

 
 

In order to study the precision of the assembled phosphate ion 
selective lab chip sensor, 8 continuous measurements in 0.5×10-

3 M phosphate solution at pH 6.0 were carried out. As shown in 
Table 1, the average potential of assembled phosphate ion 
selective lab chip sensor was -526 mV. In addition, the 
experimental results showed a good precision, indicating that 
relative standard deviation (RSD) was 3.5%.  

In order to study the long-term stability during 6 days, the 
assembled phosphate ion selective lab chip sensor response was 
continuously observed using the 1.0×10-3 M phosphate solution 
at pH 6.0. The 5 measurements a day were plotted against the 
number of days after the preparation of assembled phosphate ion 
selective lab chip sensor. As shown in Figure 4, the assembled 
phosphate ion selective lab chip sensor provided a stable voltage 
potential for the time periods measured. The assembled 

potentiometric phosphate microelectrode is less sensitive to 
electric fields and therefore measurements do not have to be 
done in a Faraday cage. 
 
Table 1. The evaluation of precision of the phosphate ion-selective lab 
chip sensor. 

No. 1 2 3 4 5 6 7 8 

EMF 
(-mV)

520 524 529 527 521 528 529 526

Mean 
(n=8)

-526 mV 

RSD 3.5(%) 

 

 

 
 
Figure 4. Long-term stability of the phosphate ion-selective lab chip 
sensor. 

 
 

CONCLUSIONS 
In general, electrochemical electrodes have played an 

important role in many surface waters quality monitoring studies 
for decades since their small physical size makes handheld or 
portable devices inexpensive and allows direct, in situ and rapid 
measurement with periodic calibration steps. In addition, metal 
electrodes exhibit fast electron-transfer kinetics and promote 
low background current for many redox systems. However, one 
of common problems of electrochemical electrode is the fouling 
during electrochemical analysis of target compounds. Cobalt 
metal has a selective electromotive force response to 
orthophosphate ions depending on the pH value of the solution. 
Most previous reports on cobalt-based phosphate microelectrode 
used isolate, external and commercial reference electrode. 
However, in this study, combination working and reference 
electrode in a body showed the excellent electrical potential. 
Due to the phosphate selectivity and convenient sensor 
configuration, the assembled potentiometric phosphate 
microelectrode was proved to have a strong potentials for 

(b) 

(a) 
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diverse applications in applied analytical chemistry, clinical, or 
environmental sample analysis. 
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ABSTRACT 
 
Kim, S.; Park, K., and Yang, B.-M., 2017. Validating the applicability of MACCS2 on the assessment of 
radionuclide deposition over the ocean in Fukushima Daiichi nuclear power plant accident case. In: Lee, J.L.; 
Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. Journal of 
Coastal Research, Special Issue No. 79, pp. 55-59. Coconut Creek (Florida), ISSN 0749-0208. 
 
On 11 March 2011, an enormous earthquake and tsunami occurred and caused a severe nuclear accident at the 
Fukushima Daiichi Nuclear Power Plant (FDNPP) in Japan. Following the FDNPP accident, a significant amount of 
radionuclides were released into the environment. The radionuclides were released into the ocean by direct emission 
in liquid form or by atmospheric deposition onto the sea surface. According to the 2013 UNSCEAR report, 
atmospheric deposition of radionuclides significantly contributed to the contamination of the ocean, as did direct 
emission. The MELCOR Accident Consequence Code System 2 (MACCS2) is a code for estimating the off-site 
accident consequences of atmospheric radiological releases; the code utilizes the straight-line Gaussian plume model. 
In this study, to judge the code’s applicability for estimating the radionuclide deposition over the sea surface in the 
Fukushima accident case, we conducted a comparative analysis of the MACCS2 results against previously published 
data. The long-range dispersion patterns from the MACCS2 calculation have a tendency simply to broaden from 
those of the short distance from the FDNPP. From the analysis detailed in this paper, we concluded that MACCS2 is 
applicable only for short-range dispersion (a few tens of kilometers) from an accident site, not for long-range 
dispersion as in the case of the Fukushima accident. The atmospheric deposition of radionuclides is a major cause of 
oceanic contamination; a large percentage of released radionuclides are deposited at long range from the accident site. 
Therefore, we suggest that any simulation code for atmospheric dispersion and deposition over the ocean should be 
based on another model, such as a Lagrangian or puff model, instead of on the Gaussian plume model, especially for 
long-range dispersion assessment.  
 
ADDITIONAL INDEX WORDS: MACCS2, atmospheric dispersion model, radionuclide deposition, ocean 
contamination, Fukushima Daiichi nuclear power plant accident. 
 

 
           INTRODUCTION 

On 11 March 2011, the Fukushima Daiichi Nuclear Power 
Plant (FDNPP) was hit by an enormous earthquake and tsunami. 
Three of the reactors underwent fuel melting and hydrogen 
explosions. A significant amount of radioactive materials were 
released into the atmosphere from the FDNPP and dispersed 
onto the land and the ocean by dry and wet deposition. Also, a 
large amount of radioactive materials were directly emitted to 
the surface water and the ocean. 

According to the 2013 United Nations Scientific Committee 
on the Effects of Atomic Radiation (UNSCEAR) report, the 
atmospheric deposition of radionuclides significantly 
contributed to the contamination of the ocean, as did direct 
emission (UNSCEAR, 2014). The MELCOR Accident 
Consequence Code System 2 (MACCS2) is a code developed by 
the U.S. Nuclear Regulatory Commission (NRC) to estimate off-
site accident consequences of atmospheric radiological releases. 

 
 
 
 
 

Obtaining realistic estimates of radionuclide deposition over 
the sea surface is very important for assessing the contamination 
of the ocean. In this study, we calculated the radionuclide 
deposition using MACCS2 and, to judge the code’s applicability 
for estimating the radionuclide deposition over the sea surface in 
the Fukushima accident case, we conducted a comparative 
analysis of the MACCS2 results with previously published data. 

 
           MATERIALS AND METHODS 

In the present study, the MACCS2 code (WinMACCS version 
3.10.0) was used to estimate the off-site consequences of 
accidental atmospheric radiological releases from the FDNPP. 

 
      MACCS2 Code 

The main phenomena considered in MACCS2 are 
atmospheric transport, dispersion, and deposition under time-
variant (1 h) meteorology, exposure pathways, countermeasures, 
and health and economic consequences. MACCS2 uses the 
straight-line Gaussian plume model with Pasquill-Gifford 
dispersion parameters. The MACCS2 calculations are divided 
into three modules (ATMOS, EARLY, and CHRONC module) 
and three phases  (emergency, intermediate, and long-term 
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phase). The calculations are performed on the basis of an (r, θ) 
grid system centered on the release point. The calculations can 
be performed to extend out to 9,999 km from the release point 
and to divide the compass sector into 64 directions (Chanin and 
Young, 1998; McFadden, Bixler, and Eubanks, 2009). 

 
      MACCS2 Input Data and Parameters 

A number of publications have reported the source term of the 
FDNPP accident. There are two approaches that can be used to 
assess the source term, the inverse or reverse modeling method 
using data measured in the environment, or a simulation of the 
accident progression at the nuclear power plant. Among the 
numerous options published in the 2013 UNSCEAR report 
(UNSCEAR, 2014), UNSCEAR chose to use the source term of 
Terada et al. (2012), which was derived by the reverse modeling 
method. In the present study, we have also chosen to use the 
source term data of Terada et al. (2012).  

The calculations were performed with 64 compass sectors 
(5.625°) out to a distance of 80, 240 and 600 km. The site data 
were taken from the 2010 Japan statistics (Portal site of official 
statistics of Japan, 2010; Ministry of Land, Infrastructure and 
Transport, Japan, 2010). Meteorological data (KMA data) of the 
Fukushima site from November 2010 to October 2011 were 
used for this assessment. Meteorological sampling option code 
(METCOD) 2 (weather bin sampling method) was applied to 
select multiple weather sequences; the representative subset was 
selected by sampling the weather sequences after sorting the 
annual meteorological data, comprised of 8,760 hourly 
recordings, into 36 weather bins. Of these, 16 bins (non-rain 
events) were determined by initial weather conditions (initial 
wind speed and stability class) and 20 bins (rain events) were 
defined by three rain intensity breakpoints and five rain distance 
intervals. 

The number of plume segments was set at 120; each plume 
segment was assumed to be released for 1 h directly followed 
the preceding plume segment, with no time gap or overlapping 
with other segments. The release height was set at 20 m and the 
surface type was considered to be suburban. 

 
     Published Data from the Previous Reports and Studies 

To evaluate the applicability of the MACCS2 code for the 
FDNPP, the MACCS2 results were compared with monitoring 
and simulation data provided by previous reports and studies. 

Measurement data presented in this study were obtained from 
the reports published by the Ministry of Education, Culture, 
Sports, Science and Technology (MEXT) and the U.S. 
Department of Energy (DOE) (MEXT, 2011).  

There has been only a limited amount of observation data of 
radionuclide deposition concentration in the environment 
reported following the FDNPP accident. Especially, it is hard to 
obtain observation data of radionuclide deposition over the 
ocean. Therefore, UNSCEAR had to assess values using the 
source term and atmospheric dispersion model for dose 
assessment. For this purpose, required values were evaluated 
using source term-atmospheric transport, dispersion, and 
deposition modeling (ATDM)-meteorology combinations. Data 
provided in the 2013 UNSCEAR report (UNSCEAR, 2014) 
have been reviewed, analyzed, and cross-checked by experts and 
organizations for high quality. Among the data provided in the 

2013 UNSCEAR report, the results of the Terada-NOAA-Global 
Data Assimilation System (GDAS) combination were used for 
comparison with the MACCS2 results. The NOAA-GDAS 
combination, which applied HYSPLIT for atmospheric 
dispersion modeling, was one of the higher ranked combinations 
among the ten ATDM-meteorology combinations (UKMET-
MESO, UKMET-ECMWF, NOAA-ECMWF, ZAMG-ECMWF, 
etc.). The term “ranked” relates to how well a model is able to 
reproduce the observation values in the environment 
(UNSCEAR, 2014). 

The distribution map of Cs-137 deposition estimated by 
Yasunari et al. (2011) was also used for comparison with the 
MACCS2 results. Yasunari et al. (2011) estimated the total Cs-
137 deposition by integrating daily observed deposition data 
(data obtained from MEXT) in the Japanese prefectures with 
relative deposition distribution patterns from a Lagrangian 
particle dispersion model, FLEXPART. 

 
         RESULTS 

We used MACCS2 to calculate the atmospheric dispersion 
and deposition of Cs-137 and I-131 and conducted a 
comparative analysis of MACCS2 results with previously 
published data. 

 
Surface Deposition of Cs-137 within an 80-km Radius of 
the FDNPP 

Cs-137, which is one of the largest concerns, showed up after 
the FDNPP accident and is worrisome because of its long half-
life (30.1 y) and potential for environmental contamination. It 
was hard to obtain observation data for radionuclide deposition 
over the ocean, so we used monitoring data (MEXT, 2011) of 
deposited Cs-137 on the ground surface for the comparative 
analysis.  

Figure 1a shows the time integrated concentration of Cs-137 
deposition for each spatial grid after the passage of all plume 
segments; results were calculated using MACCS2. These results 
are presented as the averaged values over the (r, θ) grid elements. 
Figure 1b shows the monitoring data of the Cs-137 surface 
concentration within an 80-km radius of the FDNPP on 26 May 
2011 (MEXT, 2011). The values shown in Figures 1a,b do not 
have exactly the same endpoint, to compare each other. As has 
already been mentioned, the values in Figure 1b indicate Cs-137 
concentration at a specific time point, while those in Figure 1a 
show the time integrated concentration. However, the values in 
Figure 1b can be considered to show the accumulated 
concentration of Cs-137 during the period from the beginning 
time of radionuclide release to the monitoring time, because the 
lifetime of Cs-137 is sufficiently long compared with the 
monitoring period and the time of MACCS2 calculation in this 
study. Therefore, we simply compared the data presented in 
these figures, as below.  

According to the monitoring data (Figure 1b), the northwest 
side of the FDNPP was highly contaminated by deposited Cs-
137. The MACCS2 calculation (Figure 1a) predicts that north-
northwest and south-southeast sides of the FDNPP will be 
vulnerable to contamination by Cs-137 deposition in 
consequence of the FDNPP accident. The areas contaminated 
with released radionuclides were highly dependent on the 
prevailing wind direction during the given time period. In the 
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annual meteorological data, winds from the WNW, NNW, and 
SSE directions are dominant and decisively affect the prediction 
of the main contaminated areas.  

 

 

   
 
Figure 1. (a) The calculated time integrated Cs-137 deposition within 
80-km radius of FDNPP using MACCS2. (b) Surface deposition of Cs-
137 [Bq/m2] inside 80 km zone of the FDNPP. Results of airborne 
monitoring by MEXT and DOE (MEXT, 2011). 

 
 
 

As indicated in Figures 1a,b, the results of the MACCS2 
calculation are at a level comparable to that of the monitoring 
data within an 80-km radius of the FDNPP. Based on these 
results, the modeling of the Cs-137 deposition in MACCS2 is 
fairly reasonable within tens of kilometers from the release 
location of radionuclides. 
 
Comparing the Cs-137 Deposition Patterns Calculated Using 
MACCS2, NOAA-GDAS, and FLEXPART 

In fact, obtaining reliable estimates using the atmospheric 
dispersion model is very difficult because of the largely 
unknown source term. In this study, we compared Cs-137 

deposition patterns calculated using MACCS2 with those of 
previous publications. Figure 2a shows the time integrated Cs-
137 deposition pattern within 240 km of the FDNPP as 
calculated by MACCS2 with METCOD2. Figure 2b and Figure 
3 show the Cs-137 deposition patterns obtained from the 2013 
UNSCEAR reports (UNSCEAR, 2014) and Yasunari et al. 
(2011), respectively. As shown in Figures 2a,b and in Figure 3, 
high Cs-137 deposition concentrations were estimated at the 
north-northwest and south sides of the FDNPP in Fukushima 
prefecture. And, the levels of deposited concentration in the 
three simulation results were also comparable within the 
neighboring district of the FDNPP. 

 

 

 
Figure 2. (a) Time integrated Cs-137 deposition pattern within 240 km 
of the FDNPP calculated by MACCS2 with METCOD2. (b) Cs-137 
deposition pattern estimated by the NOAA-GDAS combination 
(UNSCEAR, 2014). 

 
 
 
According to Yasunari et al. (Figure 3), it was estimated that 

the deposition of Cs-137 had mostly occurred over the Pacific 
Ocean at long distances from the FDNPP, while the 
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contamination level of western Japan was relatively low. On the 
other hand, the MACCS2 results (Figure 2a) indicate that the 
pattern of deposited Cs-137 in the long range has a tendency to 
simply broaden from those of the neighboring district of the 
FDNPP (within approximately 100 km distance of the FDNPP). 
According to the MACCS2 results, the deposited Cs-137 was 
estimated to be above 5 kBq/m2 within a distance of 100 ~ 130 
km in the eastern and western regions of the FDNPP and at an 
identical level within a distance of 180 ~ 220 km in the southern 
and northern regions. The MACCS2 results also indicate that 
deposited Cs-137 was estimated to be above 1 kBq/m2 within a 
distance of 450 ~ 500 km in the eastern and western regions of 
the FDNPP and within a distance of 550 ~ 600 km in the 
southern and northern regions. Comparison results show that the 
deposition distribution patterns from MACCS2 are not 
reasonable in the long-range with those from FLEXPART. 

 

 

Figure 3. Cs-137 deposition pattern calculated using the FLEXPART 
(Yasunari et al., 2011).

 
 
 
Comparing the Time Integrated I-131 Concentrations 
Calculated Using MACCS2 and NOAA-GDAS 

Figures 4a,b show the time integrated I-131 concentration in 
air calculated using MACCS2 and obtained from the 2013 
UNSCEAR report (UNSCEAR, 2014), respectively. The time 
integrated concentration of I-131 was clearly overestimated 
beyond about 100 km from the FDNPP in the MACCS2 
calculation (Figure 4a), compared to those of NOAA-GDAS 
(Figure 4b). According to the NOAA-GDAS calculation, a 
significant amount of I-131 moved toward the Pacific Ocean 
from the FDNPP, while the MACCS2 results indicate that the 
pattern of dispersed I-131 in the long range has a tendency to 
simply broaden from those of the short distance from the 
FDNPP, as is shown in Figure 2a. The comparison results show 
that the patterns of dispersed I-131 from MACCS2 are not 
reasonable in the long-range with those from NOAA-GDAS. 
 

           DISCUSSION 
According to the comparison of the MACCS2 calculation 

results and the observation and simulation data, modelings of  
 

 

 
Figure 4. Time integrated I-131 concentration [Bq∙d/m3] in air (a) within 
a 600-km radius of the FDNPP calculated using MACCS2 and (b) based 
on the results from the NOAA-GDAS (UNSCEAR, 2013). 

 
 
radionuclide dispersion and deposition in MACCS2 were found 
to be fairly reasonable within the neighboring districts of the 
FDNPP, while results were not comparable at long range 
(hundreds of kilometers) from the FDNPP. As can be seen in 
Figure 3 and 4b, the contamination mostly occurred over the 
Pacific Ocean at a long distance from the FDNPP; the 
contamination level of western Japan was relatively low. 
According to Yasunari et al. (2011), the mountain ranges in the 
eastern and northeastern parts of Japan partly affected the low 
dispersion of radionuclides to western Japan (the dispersion of 
radionuclides was blocked by mountains). In contrast to the data 
shown in Figure 3 and 4b, obtained using a Lagrangian 
dispersion particle model (Hysplit and FLEXPART), the long-
range dispersion patterns from the MACCS2 calculation have a 
tendency to simply broaden from those of the short distance 
from the FDNPP. There are several reasons that MACCS2 is not 
well suited to model the dispersion at long distance from the 
release point, as is discussed below. 

 Japan has a complex terrain consisting of mountains, rivers, 
valleys, etc.; the FDNPP is located near the ocean. Therefore, 
the atmospheric model should do a good job simulating the 
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effects of the complex terrain and the land-sea breeze. However, 
MACCS2 cannot take account of these effects on atmospheric 
dispersion, because MACCS2 utilizes the straight-line Gaussian 
plume model. Also, it uses meteorological data for one location 
only, the accident site (the release point), so the weather 
condition is spatially uniform over the region of interest. The 
trajectories of the plumes are determined by the wind direction 
at the time of plume release. After the release, all plumes travel 
in a straight line regardless of the spatial or temporal weather 
changes and the surrounding geographical features. 

MACCS2 also has other limitations, which are briefly 
mentioned as follows. MACCS2 has a limited plume release 
duration of several days and uses a 120-hour weather sequence. 
The release of radioactive materials from the FDNPP continued 
for several months, so the time period needs to be extended for 
any realistic mid- and long-term assessment. Also, MACCS2 
does not make it possible to consider temporal changes of the 
release rate of the source term. Not only the total amount of 
radionuclides released but also the temporal patterns of the 
release rate affect the radionuclide dispersion in the environment. 
As can be seen from the case of the FDNPP accident, a 
significant quantity of radioactive materials were released and 
dispersed to the bodies of water, especially the ocean. The 
atmospheric deposition data for radionuclides are used as the 
source term for marine dispersion modeling, with direct 
emission data as the liquid form. According to the 2013 
UNSCEAR report, only a small portion of the total amount of 
radionuclides that entered the northern Pacific Ocean by 
deposition was deposited within 80 km of the FDNPP 
(UNSCEAR, 2014). Therefore, it is important to obtain reliable 
estimates of radionuclide deposition over the ocean, especially 
at long distances from the accident site.  

 
        CONCLUSIONS 

Obtaining realistic estimates of radionuclide deposition over 
the sea surface is very important for assessing ocean 
contamination. Following this comparative analysis, it has been 
determined that MACCS2 is applicable only for short-range 
dispersion (a few tens of kilometers) from the accident site but 
not for long-range dispersion, as in the case of the Fukushima 
accident. This limitation of MACCS2 will also come out in any 
application to accident cases of Korea, because Korea has 
complex terrain similar to the geographic features of Japan. In 
conclusion, we suggest that a simulation code for atmospheric 
dispersion and deposition over the ocean should be based on 
another model, such as the Lagrangian or puff model, instead of 
on the Gaussian plume model, especially for long-range 
dispersion assessment. 
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ABSTRACT 
 
Kim, K.-J. and Jang, A., 2017. The fouling characteristics of NOMs on the microfiltration ceramic membrane. In: 
Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. 
Journal of Coastal Research, Special Issue No. 79, pp. 60-64. Coconut Creek (Florida), ISSN 0749-0208. 
 
The filtration performance and fouling characteristics of mixed natural organic matters (NOMs) on monolith ceramic 
microfiltration (MF) membrane was investigated in a dead-end mode under constant transmembrane pressure (TMP) 
with periodic backwash. Humic acid (HA), bovine serum albumin (BSA), and sodium alginate (SA) were used for 
the investigation of the fouling potential. In a pilot-scale filtration test, the fouling characteristics of NOMs were 
evaluated by the various operation conditions, including solution pH, foulant mixture, and rate of flux recovery. The 
NOMs and mixed NOMs caused severe permeability reduction, and the fouling potential varied significantly with 
diverse pH conditions (5.0, and 7.0). Acidic condition improved the membrane performance but generally resulted in 
more severe physically irreversible fouling than the neutral condition. The fouling characteristics of NOMs such as 
fouling rate and cake growth rate were offset after filtration in the MF ceramic membrane. The membrane fouling 
and cake growth rate of NOMs decreased in the order of BSA>SA>HA at pH 5.0 and SA>BSA>HA at pH 7.0. The 
results indicated that pH and mixed organic compounds had the greater impact on the degree of relative fouling 
characteristics such as reversible fouling (RF) and irreversible fouling (IF) as well as on the fouling rate in MF 
ceramic membrane. 
 
ADDITIONAL INDEX WORDS: Ceramic membrane, fouling characteristics, microfiltration, natural organic 
matters (NOMs). 
 

 
           INTRODUCTION 

Low-pressure ceramic membranes with microfiltration (MF) 
and ultrafiltration (UF) are becoming increasingly popular 
instruments for water and wastewater treatment due to their 
many intrinsic strengths, such as higher resistance and chemical 
stability, as well as higher porosity and hydrophilicity, compared 
to conventional polymeric membranes (Hofs et al., 2011). 
Membrane fouling can cause a marked reduction in product 
water flux and a significant increase in transmembrane pressure, 
resulting in higher operating and management costs (Lee, Amy, 
and Lozier, 2005). Even though membrane fouling by natural 
organic matters (NOMs) remains a significant problem affecting 
the efficiency of low pressure ceramic membrane technology 
with MF and UF (Lehman and Liu, 2009), it remains one of the 
most promising water treatment technologies. 

Membrane fouling by NOMs is generally observed on the 
membrane surface and the pore structure. Fouling is related to 
the development of a gel-cake layer from colloidal and 
particulate organic matter and the adsorption of dissolved 
organic matter (Fan et al., 2001). The development of fouling 
has been studied extensively, including the characteristics of 
organics, operating and feed water conditions, and the 
transmission of organic matter as a function of pH (Cho, Amy, 
and Pellegrino, 1999). Organic matter in surface water and 
treated water are a great nuisance to the membrane treatment 
industry, due to the  

 
 

degradation of water permeability and the serve impact on 
membrane water treatment systems. Many studies have reported 
that NOMs in the influent can have a negative impact on 
polymeric MF and UF membranes as a function of pH, 
including fouling and permeability reduction of the membrane 
(Lee, Amy, and Croue, 2006; Qu et al., 2012). 

The influence of solution pH on the fouling of membranes by 
NOM has been well studied. For example, the adsorption of 
humic acid (HA) and bovine serum albumin (BSA) increased 
with a decrease in pH and adsorption was lower at higher pH 
values due to electrostatic and hydrophobic interactions (Jones 
and O’Melia, 2000). The amount of adsorbed protein increased 
at higher concentrations, longer contact periods, and lower pH, 
but the lowest adsorption was observed at the isoelectric point 
(Aimar, Baklouti, and Sanchez, 1986). Fouling of the membrane 
may determine the functional groups between the membrane 
surface and NOMs. 

Ceramic membranes are a type of artificial membrane made 
from inorganic materials (such as alumina, titania, zirconia 
oxides, silicon carbide or some glassy materials). Although great 
interest has been directed towards the potential applications for 
ceramic membranes, limited information regarding fouling by 
NOMs in water and wastewater treatment has been published. A 
better understanding of mixed NOM fouling on ceramic 
membranes as a function of pH is necessary for effective 
performance and design as it contains the most common three 
forms of organic matter present in most natural water systems. 
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In this study, therefore, HA, BSA, and sodium alginate (SA) 
were microfiltered together as a function of pH using pilot-scale 
ceramic MF equipment to understand the complex phenomena 
of membrane fouling. The permeability and recovery of the 
membrane, as well as various fouling characteristics such as 
fouling rate and cake growth rate were evaluated at pH 5.0 and 
7.0. In addition, membrane fouling mechanisms are discussed. 

 
METHODS 

Membrane Fouling 
Reversible fouling (RF) can be easily removed by physical 

cleaning methods such as by using a strong shearing force or 
backwashing. However, Irreversible fouling (IF) involves strong 
adsorption of particles and so cannot be cancelled by physical 
cleaning. The removal of IF can be affected to various degrees 
by membrane pressure, filtration time, and backwashing 
duration. 

In this study, the permeability reduction define that 
reproducible and non-reproducible by backwashing such as RF 
and IF, respectively. The total fouling (TF) of membrane 
filtration is the sum of RF and IF. TF, RF, and IF are normalized 
by the relative permeability between the initial flux and the flux 
at the end of the filtration cycle. 
 
                               	 	                                           (1) 
                             / 1                              (2) 
                             1 / 1 	                               (3) 
 
where Ja and Jb indicate the relative permeability after and 
before backwashing, respectively. 

The extent of fouling in membrane filtration influences the 
variation of flux, adsorption fouling or transmission of NOM as 
a function of pH and ion strength in the solution. The charge 
condition of NOMs (HA, BSA, and SA) as a function of pH is 
summarized in Table 1 (De la Casa et al., 2008; Simsek-Ege, 
Bond, and Stringer, 2003). The normalized fouling rate (FR) of 
NOMs with filtration time can be presented as 
 

	
	 	

∆
  (4) 

 
where relative permeabilityi

initial and relative permeabilityi
final 

are the initial and final relative permeability values of filtration 
cycle i, and Δt is the filtration time. 

 
Table 1. The charge condition of NOMs as function of pH. 
 

pH 
HA 

(pk 3-4) 
BSA 

(IEP = 4.7) 
SA 

(pk 4-5) 
3 N/A + N/A 

4.7 N/A No charge N/A 
5-6 - - - 
7.5 - - - 

 
Chemicals 

Reagents used for fouling and cleaning in all experiments 
were obtained from Sigma-Aldrich company (USA). HA, BSA, 
and SA were dissolved in distilled (DI) water (concentration for 
50 and 10 mg/L) and adjusted to solution pH using 0.1 M 

solutions of HCl or NaOH. Concentrations for HA and BSA 
higher than the average content of natural water were used in 
order to accelerate the fouling phenomena. The synthetic feed 
water was kept at 4 0C in sterilized glass bottles. 0.5 mM 
NaHCO3 and 10.0 mM NaCl solutions were used to adjust the 
electroconductivities at 1,734 µS/cm. The characteristics of the 
synthetic feed water are summarized in Table 2. 
 
Table 2. The characteristics of the synthetic feed solution. 
 

 TOC 
(mg/L) 

UV254 
 (cm-1) 

SUVAa 

 (L∙(m mg)-1) 

HA 50±0.2 5.921 11.84 
BSA 50±0.3 0.285 0.57 
SA 10±0.3 0.009 0.09 

aThe SUVA value indicated the aromaticity of dissolved organic matter, which 

calculated by UV254 and DOC (UV254/DOC x 100). 

 
Microfiltration Experimental Design 

Filtration experiments were carried out using a monolith 
ceramic MF membrane (nominal pore size 0.2 µm, 55 channels, 
and a membrane surface area of 0.04 m2). All filtration 
experiments were carried out in dead-end mode, in a stainless 
steel filter holder under a constant transmembrane pressure (TMP) 
of 50±0.5 kPa by compressed air. The initial water flux (J0) was 
obtained with DI water. In this experiment, hydraulic 
backwashing with permeate and air scouring was carried out for 
5 sec at a TMP of 50 kPa when the initial permeability was less 
than 30%. After each ceramic MF experiment, the ceramic 
membrane was thoroughly rinsed with NaOCl (3,000 mg/L) for 
10 hr to eliminate irreversible foulants followed by further flux 
recovery using chemical cleaning (Cui and Choo, 2014). After 
that, the pure water flux was measured as the chemical cleaning 
recovery. 
 
Data Analysis 

The concentrations of feed water were determined with a total 
organic carbon (TOC) analyzer (TOC-VCPH, Shimadzu, Japan). 
The absorbance at 254 nm was obtained using a UV-VIS 
recording spectrometer (DR6000, HACH, USA). Prior to 
analysis, all samples were filtered using a 0.45 µm cellulose 
fabric membrane and the analyses were performed twice. 
 

RESULTS 
Changes in Permeate Flow 

Three compounds were used at different pH values (5.0, 7.0) 
to study the effect of the pH of the solution on permeability and 
fouling characteristics. 

Figure 1 shows the relative permeability of individual and 
mixed compounds for HA and BSA at pH 5.0 and 7.0. Pure HA 
shows a minor permeability reduction at both pH values, 
whereas the mixed compounds caused aggravated fouling. At 
pH 5.0, the IF of HA was the highest at 79.4%, and could not be 
restored even after hydraulic backwashing with air scouring. At 
the other condition, the permeability and filtration time of HA 
was significantly higher than at pH 5.0, indicating the change of 
the membrane or organic compound surface charge. 

The permeability reduction of BSA was immediate at both 
pHs. Especially, the permeability decreased sharply close to the 
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IEP of the protein probably due to uncharged protein molecules, 
forming a more compact cake. The IF was higher at pH 5.0 
(94.5%) than at pH 7.0 (86.8%) and could not be restored above 
10% even after hydraulic backwashing. The permeability 
reduction of BSA by pH was greater than that of HA due to the 
change in the net charge of BSA. This deterioration with the 
deposition of foulant on/in the membrane as a function of pH 
could not be removed by hydraulic backwashing either. The two 
organic compounds (HA and BSA) together resulted in a mutual 
fouling phenomenon. As shown in Figure 1, the permeability 
reduction and cake growth rate in the ceramic MF membrane 
considerably differed depending on the pH and the mixed 
organic matter. Even though BSA exists in the mixed solution, 
the permeability reduction and cake growth rate of the two 
NOMs were very similar to that of HA alone. This might be due 
to the low repulsive force of BSA. When the pH value was 
increased to 7.0, the permeability reduction in the mixed 
solution was in the middle of two compounds, which might be 
due to the increased number of BSA charged molecules. Near 
the isoelectric point (IEP), protein aggregation can form easily 
due to the low repulsive force and greater ionization of free thiol 
groups (Kelly and Zydney, 1994), resulting in higher cake 
growth rates. Increased aggregation can explain the lower 
permeability and change in fouling characteristics. In order to 
better understand these phenomena, filtrations were carried out 
using two mixed solutions (HA+SA, BSA+SA, and 
HA+BSA+SA).  
 

 

 

Figure 1. The relative permeability vs. filtration time at pH 5.0 (a) and 
pH 7.0 (b), the cake growth rate vs. relative permeability at pH 5.0 (c) 
and pH 7.0 (d) for HA, BSA, and mixture.

 
 

With HA, SA, and a mixed solution, the polysaccharide (SA) 
was negatively charged in both pH conditions (pH 5.0 and pH 
7.0). Contrary to HA alone, the change in SA was not significant 
between the two pH conditions, with the exception of reversible 
and irreversible fouling (Figure 2). The permeability reduction 
with SA was sharper than with HA due to the hydrophilic 
property of SA and the ceramic membrane. Hence, a more 
accentuated effect of cake filtration was observed in the 

filtration results. The permeability of SA was more significant 
for intermolecular interactions than for membrane-foulant 
interactions due to the predominant property for cake filtration 
(Kim and Jang, 2016). 

 

 

Figure 2. The relative permeability vs. filtration time at pH 5.0 (a) and 
pH 7.0 (b) for HA, SA, and mixture, at pH 5.0 (c) and pH 7.0 (d) for 
BSA, SA, and mixture. 

 
 

The pH of the solution had no considerable effect on the 
permeability of SA. IF at the two pH values were 65.3 and 
62.7%, respectively. However, the rapid formation of a gel layer 
and cake was observed in the neutral condition due to the 
increased number of charged molecules at higher pH. Even 
though HA exists in the mixed solution, the permeability 
reduction was very similar to that of SA alone with increasing 
pH. The result might be interpreted to mean that HA was 
covered with an alginate gel layer when it was mixed and co-
filtered, indicating a porous cake. The phenomenon is more 
noticeable in Figure 3, which shows the initial filtration of the 
mixed solution followed rapidly by cake filtration.  

 

 

 

Figure 3. The cake growth rate vs. relative permeability at pH 5.0 (a) 
and pH 7.0 (b) for HA, SA, and mixture.

 
 
Therefore, a mechanistically similar trend to pure alginate is 

observed with increasing pH due to the inclusion of HA 
molecules from the alginate gel layer. This indicates that the 
fouling characteristics were offset after co-filtration of HA with 
SA. 
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The permeability reduction for the BSA and SA mixed 
solution is shown in Figure 2 (c), (d). The characteristics of the 
cake layer on the membrane surface changed so that the 
permeability reduction was very similar to SA alone and 
decreased slightly at pH 7.0. 
 

 

 

Figure 4. The relative permeability vs. filtration time at pH 5.0 (a) and 
pH 7.0 (b) for HA, BSA, SA, and mixture. 

 
 

This was expected, because the uncharged proteins are 
affected more by pH (values 5.0), and the agglomeration rate on 
the membrane surface was offset by SA (pH 7.0). At the neutral 
condition, the membrane performance for SA and the mixed 
solution decreased. This supports an increase in the number of 
charged molecules and increased ion strength. It also means that 
the charged molecules repel each other as foulant-foulant and 
electrostatic repulsions appear in the solution, causing an 
increase in the agglomeration rate and cake density, especially at 
pH 7.0. The permeability reduction was offset after co-filtration 
of BSA and SA. 

Figure 4 (a), (b) shows the relative permeability of HA, BSA, 
SA, and mixed compounds at pH 5.0 and 7.0. At both pH values, 
the permeability of the mixed solution did not change, but the 
fouling characteristics did. IF at the two pH values were 42.9 
and 76.8%, respectively, and became more severe with 
increasing pH, indicating that the surface charge of the organic 
compounds were changed by the pH. This means that pH has a 
high potential to cause IF. Interestingly, the permeability and 
cake growth rate for the mixed solution were similar to those of 
pure HA. Although the fouling rate was offset after filtration, it 
is clear that the favorable filtration conditions for each organic 
compound in terms of membrane performance do not 
necessarily correspond with the mixed solution. The normalized 
fouling rate obtained from NOMs and mixed solution filtrations 
is shown in Table 3. 
 
Permeability Reduction Reversibility 

The variations in relative irreversible and reversible fouling 
were determined with Equation (2) and (3) are presented in 
Figure 5. Total fouling can be represented by IF and RF. 

As shown in Figure 4, the fouling of an individual compound 
in acidic conditions is considerably more irreversible than in the 
neutral condition. Especially, the IF with HA alone was 
significant at pH 5.0, which is related to HA adsorption onto the 
membrane surface (Jermann et al., 2007). The reversibility of 
BSA determines the IEP pH values (Table 1), which reflect the 
fouling characteristics due to electrostatic interactions between 
the proteins and the membrane. The permeability after filtration 

of proteins at the IEP decreased rapidly compared to the neutral 
condition. This deterioration occurred when the electrostatic 
interaction was very high or the solute was uncharged, and an 
attractive force occurred. 
 
Table 3. The normalized fouling rate of NOMs as a function of pH in 
each filtration cycle. 
 

NOMs 

Fouling Rate (Relative Permeability/min) 

pH 5 pH 7 

1st 2nd 1st 2nd 
HA 0.0124 0.0130 0.0109 0.0086 
BSA 0.1005 0.0730 0.0508 0.0248 
SA 0.0361 0.0227 0.1091 0.0701 

HA+BSA 0.0130 0.0097 0.0170 0.0030 
HA+SA 0.0212 0.0195 0.0729 0.0570 
BSA+SA 0.0319 0.0285 0.0679 0.0603 

HA+BSA+SA 0.0116 0.0221 0.0119 0.0102 
 
Interestingly, the membrane performance of BSA in the 

ceramic MF membrane demonstrated an intense repulsive force 
according to the solution pH and surface charge, and severe 
fouling occurred at the IEP mostly due to adsorption or easy 
aggregate formation as shown by the larger IF (Figure 5). 

During SA filtration, the reversibility with SA showed no 
significant differences between pH 5.0 and 7.0 in contrast to HA. 
A possible interpretation for this result is that the dominant 
fouling mechanism of SA is not adsorption on the membrane 
surface but the intermolecular interaction of SA with cake 
filtration. Under the two pH conditions, the gel and cake layer 
had no effect on modifying the fouling mechanism in the 
ceramic MF membrane. Thus, reversibility makes no difference 
in the IF and RF results. 

 

 

 

Figure 5. Relative irreversible and reversible fouling of NOMs and 
mixtures at pH 5.0 (a) and pH 7.0 (b). 

 
 
A synergy effect occurred with the combination of the 

compounds in all experiments. The change in reversibility for 
HA+BSA and BSA+SA was very similar to pure BSA, and the 
RF increased slightly with pH. The presence of protein causes 
significant IF regardless of pH. A comparison of the 
permeability reduction by the mixed compounds with BSA 
indicated that the variation was not significant compared to pure 
compound filtration. This shows that protein substantially 
affects the foulant-foulant and foulant-membrane interactions, 
causing IF that cannot be removed by hydraulic backwashing. 
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Also, the permeability of the pure compound was not 
significantly influenced by the presence of protein. 

 
DISCUSSION 

The mutual synergy effect from organic compounds in 
membrane fouling shows a significantly different form during 
filtration of mixed compounds compared to individual 
compounds. A possible reason is the chemical interaction of the 
organic compounds as a function of pH in the solution or the 
effects of mutual sterical/physical interactions in the fouling 
layer due to size exclusion and entrapment of the organic matter. 

Regarding the mutual synergy effect, HA molecules are 
composed of many different acidic functional groups such as 
carboxyl acids and phenol. These functional groups can be 
influenced by the acidity of the organic compound and will have 
different charge densities at each pH. Phenolic groups exist in 
non-ionized forms below pH 8.0, with partial ionization of the 
carboxylic groups at pH < 6.0 (Aimar, Baklouti, and Sanchez, 
1986). So, an increase in ionized groups and negatively charged 
molecules can be expected at higher pH values. At pH 7.0, the 
electrostatic repulsive force between HA molecules is very high 
due to the completely deprotonated carboxylic groups (De 
Angelis and De Cortalezzi, 2013). Although HA caused IF by 
adsorption onto the membrane surface, the IF was offset after 
co-filtration with SA due to the rapidly formed cake layer that 
appeared to have easier permeability recovery with hydraulic 
backwashing. Therefore, less irreversible fouling of HA 
molecules occurs due to foulant-foulant interactions. BSA 
induced the mechanism and accelerated membrane fouling in 
co-filtrations with HA and SA, which deteriorated membrane 
performance and maintenance. Near the IEP of the protein, the 
permeability and membrane fouling worsened due to the 
formation of a compact cake as the protein aggregated following 
a conformational change in pH. The permeability of the three 
organic compounds was offset after co-filtration due to a larger 
influence from foulant-foulant interactions than from foulant-
membrane interactions. 
 

CONCLUSIONS 
All organic compounds systematically investigated in this 

experiment caused substantial fouling of the ceramic MF 
membranes. The fouling characteristics and mechanisms were 
determined for the mutual synergic effect of the organic 
compounds and the specific foulant-foulant interactions 
according to pH.  
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ABSTRACT 
 
Lee, E.-J.; An, A.K., and Kim, H.-S., 2017. Effects of coagulant with different basicity on membrane-based 
biological treatment for removing phosphorus. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), 
The 2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 65-69. 
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With growing concerns about water resource or environmental issues such as eutrophication and algae blooms, 
regulation about water quality of effluent has been reinforced in wastewater treatment plants. Membrane bioreactor 
(MBR), integration of membrane and biological processes, is regarded as alternative method due to its high quality of 
effluent. Coagulants are often added into a bioreactor to comply with the rigid standard of phosphorus. Addition of a 
lot of coagulants have potential adverse effects on MBR performance such as membrane fouling and low removal 
efficiency. Therefore, this study attempted to investigate the impact on microorganism or membrane permeability 
when polyaluminium chloride (PAC) was added for phosphorus removal. In batch test, addition of PAC with lower 
basicity interfered with biological decomposition of organic matters. When the selected PAC with the highest 
basicity (71%) was employed in continuous MBR, the process showed stable TMP and high-quality treated water 
due to no negative effect on microorganism.  
 
ADDITIONAL INDEX WORDS: Phosphorus, coagulants, basicity, membrane bioreactor. 
 

 
           INTRODUCTION 

Over the last few decades, rapid industrial development and 
population growth have caused a large amount of wastewater 
and domestic sewage, contributing to eutrophication. Algae 
blooms, also known as green or red tide depending on algae 
species resulting from eutrophication, not only potentially have 
negative influence on human body (Scardala et al., 2011), but 
also on drinking water sources (Huang et al., 2009). With 
increasing use of synthetic detergent in house cleaning, 
phosphorus has been gaining a lot of attention due to its 
significant contribution to eutrophication and algae blooms. In 
terms of phosphorus level of effluent in wastewater treatment, a 
level of between 0.2 and 0.5 mg/L has been reinforced as the 
water quality standard in Korea (Lee, Kim, and Jang, 2016). In 
Europe, the maximum discharge concentration of phosphorus 
level is allowed to be 1 or 2 mg/L (Tarayre et al., 2016). In 
China, the government is attempting to limit the level of 
phosphorus to be 0.5 mg/L (Yang et al., 2011). 

In conventional wastewater treatment, phosphorus is removed 
by biological process with phosphorus release and luxury uptake 
or post-treatment based on coagulation and precipitation. 
Approximately 39% of phosphorus can be removed within 
surplus activated sludge even without a stage for phosphorus 
removal (Tarayre et al., 2016). Nevertheless, to comply with the 
strict regulation in biological treatment, feed water has to 
contain sufficient organic matters for effective phosphorus removal. 

 
 
 
 

 

When wastewater is inappropriate for biological phosphorus 
treatment, synthetic organic substance is added. Chemical post-
treatment is also applied. In most cases, the remaining 
phosphorus is removed via chemical coagulation followed by 
precipitation with metal salts or lime (Verstraete, Van de Caveye, 
and Diamantis, 2009). 

Membrane bioreactor (MBR) process has been attracting 
attention from many researchers and engineers as the state of the 
art technology for municipal wastewater treatment because it 
enables high water quality, small footprint, and high 
concentration of microorganisms. However, such MBR is 
unfavorable to phosphorus treatment due to long solids retention 
time (SRT) which is against removal mechanism based on 
discharging activated sludge containing a large amount of 
phosphorus. Moreover, permeate water without particulates 
makes it difficult to remove phosphorus by post-treatment with 
coagulation or precipitation. Therefore, in the MBR processes, 
coagulants are typically added to the mixed liquor of aerobic 
tank. With regard to relationship between addition of coagulant 
and membrane fouling, there has been controversial opinions. 
Some studies have reported that addition of coagulants will 
retard membrane fouling resulting from increase of floc size and 
reduction in soluble microbial products (SMP) (Lee et al., 2001; 
Sobeck and Higgins, 2002; Wu et al., 2006). However, others 
have reported that metal salts can play a role as foulants which 
are difficult to be eliminated (Lyko et al., 2007; You et al., 
2006). 

Among various metal salts, polyaluminium chloride (PAC) is 
one of the most effective coagulant agents in wastewater 
treatment processes. In generic formula Aln(OH)mCl3n-m of PAC, 
the amount of chloride ion that can affect bacteria negatively can 
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be changed depending on basicity (OH/Al molar ratio). 
Although a few previous studies have mentioned the relationship 
between Al species and basicity (Zhang et al., 2004), to the best 
of our knowledge, how different basicity will influence MBR 
performance remains unclear. Therefore, the objective of this 
study was to determine the effect of PAC with different basicity 
on biodegradation capability of bacteria and MBR performance. 
In addition, the effects of another prevalent coagulant (alum) on 
microorganism activity and membrane fouling were determined 
in this study. 
 

METHODS 
To investigate how alum and three kinds of PAC with 

different basicity might influence chemical phosphorus removal 
or biodegradation capability of bacteria, coagulants was added 
to a reactor containing activated sludge and synthetic wastewater 
with aeration. Dissolved phosphorus (phosphate) not combined 
with coagulants of the reactor was measured at the end of the 
test. Chemical oxygen demand (CODCr) was monitored 
according to reaction time using a Hach-vial and a DR2500 
spectrophotometer. Each sample was prepared by separation 
from the sludge via centrifugation followed by filtration (0.45 
μm). Seeding sludge was obtained from lab-scale MBR process 
accustomed to synthetic wastewater. The synthetic wastewater 
was comprised of glucose, NH4Cl, KH2PO4, NaHCO3, 
FeCl3·6H2O, MgSO4·7H2O, and CaCl2·2H2O. The  properties of 
coagulants are summarized in Table 1.  
 
Table 1. Properties of aluminum based coagulants. 
 

Code        Conc. as Al2O3 (%)   Basicity (%) Density (g/cm3)

PAC-B8                 11 8 1.29 
PAC-B53               11 53 1.26 
PAC-B71               11 
Alum                      11 

71 
- 

1.29 
1.32 

 
The lab-scale MBR system consisted of anoxic and aerobic 

container with hydraulic retention time (HRT) of 3 and 6 hours, 
respectively. This system with flat sheet membrane (0.1 m2) 
made of c-PVC was operated at an average flux of 20 L·m-2·h-1 
with an interval of 8 min of filtration and 2 min of idle. Real 
wastewater of wastewater treatment plant located at 
Sungkyunkwan University was used as feed water. To minimize 
the effects of aeration, a large amount of air scrubbing (9 m3·m-

2·h) was supplied for fouling control with adjusted sludge 
concentration (14,000 mg/L) via periodic discharge of surplus 
sludge. 

At the end or middle of MBR operation, analyses related to 
membrane fouling or microorganism activity were carried out. 
Infrared spectra were acquired through Fourier transform 
infrared spectrometry in an attenuated total reflection mode 
(ATR-FTIR, Nicolet 5700, USA) in order to obtain information 
for organic foulants. The spectrum was recorded from 4000 to 
400 cm-1 with an average of 32 scans and a resolution of 4 cm-1. 
To characterize the chemical compositions of cake layers, X-ray 
fluorescence analysis was performed using a XRF spectrometer 
(S4 Pioneer, Bruker, Germany) after detaching the sludge from 
membrane surface at the end of operation. Extracellular 
polymeric substances (EPS) was extracted using thermal 

treatment (Chang and Lee, 1998; Wang, Wu, and Tang, 2009). 
Briefly, the activated sludge was heated via a water bath 
(100°C). The EPS was then separated from the activated sludge 
by centrifugation. Prepared EPS solution was subjected to total 
organic carbon (TOC) analysis (TOC-VCPH, Shimadzu, Japan). 

To measure bacteria activity for biodegradation, oxygen 
uptake rate (OUR) test was carried out after finishing the MBR 
operation. After activated sludge with synthetic wastewater was 
saturated with oxygen, dissolved oxygen (DO) concentration 
was monitored in a sealed reactor. 

 
RESULTS 

Removal efficiencies of phosphorus and organic matters (by 
chemical and biological treatment, respectively) are shown in 
Figure 1. When coagulants were added, high removal 
efficiencies of phosphorus were observed due to a large amount 
of coagulant compared to theoretically-demanded quantity. 
Phosphorus removal efficiency was slightly increased with the 
addition of lower basicity of coagulants. When PAC-B71 and 
PAC-B71(0.5) were compared, although the former had a two-
fold higher difference in quantity, it only had 10% higher 
phosphorus removal efficiency than the latter. This result was 
due to the fact that aluminum ion had to be combined with 
phosphorus in competition with hydroxide ion. PAC with high 
basicity was supposed to contain more hydroxide ion, which 
could hinder the combination between aluminum and 
phosphorus, resulting in a decrease in phosphorus removal 
efficiency. On the other hand, alum showed a slightly lower 
removal efficiency of phosphorus compared to PAC regardless 
of basicity, although the difference was not statistically 
significant. The concentration of phosphorus was 0.28 mg/L.  
 

 

 

 
Figure 1. Phosphorus and CODCr removal efficiencies with activated 
sludge of 7,500 mg/L (a) or 4,300 mg/L (b). Initial concentration of 
phosphorus and CODCr were approximately 5.6 mg/L and 180 mg/L, 
respectively. Each coagulant was added at Al/P mole ratio of 6.8 except 
that PAC-B71(0.5) was added at Al/P mole ratio of 3.4. 

 

(a)

(b)
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Among coagulants, PAC with the lowest basicity (PAC-B8) 
and alum influenced COD removal efficiency the most 
negatively (Figure 2b). In the case of PAC, low-basicity PAC 
was composed of relatively large amount of chloride ion 
according to the chemical structure of PAC. With decrease in 
basicity, bacteria would be affected by lots of chloride ions. 
Therefore, decreased basicity might adversely influence the 
biodegradation capability of bacteria. Addition of coagulant 
showed a fairly low COD removal efficiencies initially. 
However, the gap was decreased with increasing reaction time 
except for PAC-B8 and alum. In terms of phosphorus removal, 
low-basicity PAC was more beneficial than high-basicity PAC. 
However, PAC with high basicity was suitable for MBR because 
the added coagulants could be contacted with microorganism 
and affect properties of it. 

According to flux equation in terms of transmembrane 
pressure (TMP), viscosity, and resistance based on Darcy’s law, 
when water viscosity is increased by temperature drop or when 
resistance is increased by pore blocking, the TMP has to be 
increased to keep consistent flux. As shown in Figure 2, TMP of 
PAC-B71 started with a similar value to that of no-addition. 
After 15 days of operation, TMP of PAC-B71 was a little higher 
than that of no-addition, implying that potential foulants such as 
EPS and SMP and changed properties of bacteria which could 
be influenced by the addition of PAC-B71 were not significant. 
To further determine the impact of PAC-B71 on membrane 
performance, the temperature of bioreactor was reduced 
intentionally so that it would be a harsh condition for biological 
decomposition of bacteria or membrane fouling control. When 
temperature was decreased to 10°C, TMP surged immediately 
(by approximately doubled value) due to an increase in water 
viscosity. However, there was little difference between the two 
TMPs, indicating that PAC-B71 hardly affected bacteria in spite 
of unfavorable condition. 

 

 

 
Figure 2. TMP variations in lab-scale MBR with or without PAC-B71. 

 
 
The average concentrations of feed and permeate water are 

shown in Table 2. Although no coagulant was added into the 
bioreactor, T-P concentration of permeate was reduced by 39% 
comparing to that of feed due to discharge of surplus activated 
sludge. Addition of PAC-B71 showed appropriately 95% of 
phosphorus removal efficiency and complied with enhanced 
regulation of phosphorus level of effluent in wastewater 
treatment. In the case of organic matters and nitrogen, two MBR 

showed similar removal efficiencies, in line with the results of 
coagulants added batch tests and TMP tendency of MBR.  

 
Table 2. Average water quality of feed and permeate water in MBR with 
or without PAC-B71. 
 

Section CODCr T-N NH3-N NO3-N T-P 
Feed 146 26.2 21.9 0.4 4.25 

No-addition 14 7.6 0.9 5.5 2.6 
PAC-B71 16 8.3 0.4 6.4 0.2 
 
In comparison between alum and PAC-B71 added MBRs, 

quite different increase rates of TMP were observed (Figure 3). 
For about 20 days after starting the operation, both TMP values 
were similar to each other. Thereafter, however, TMP of alum 
added MBR was increased too rapidly and the TMP value 
reached the limit of operational TMP. After the fouled 
membrane was taken out followed by cleaning the membrane 
surface with a soft sponge, the TMP almost recovered. Several 
days after the physical cleaning, the TMP of alum added MBR 
was increased again and the foulants were removed easily by 
physical cleaning. On the other hand, PAC-B71 added MBR 
was operated at stable TMP. Its increase rate was marginal 
compared that of alum added MBR. These results were due to 
the fact that abnormal increase of TMP was mainly resulted 
from cake layers whose formation was closely related to 
properties or by-product of activated sludge (Chu and Li, 2005). 
 

 

 
Figure 3. TMP variations in lab-scale MBR with alum or PAC-B71. 

 
 
Table 3. Average water quality of feed and permeate water in MBR with 
alum or PAC-B71. 
 

Section CODCr T-N NH3-N NO3-N T-P 
Feed 293 24.3 20.7 0.4 4.56 
Alum 13 8.2 0.3 5.5 0.4 

PAC-B71 13 6.9 0.4 5.9 0.3 
 

In both alum and PAC-B71 added MBR, phosphorus was 
removed well because a sufficient amount of coagulant was 
added compared to the theoretical demand for the removal of 
phosphorus (Table 3). Moreover, despite the fact that adding a 
large amount of alum had a negative effect on biological 
treatment as shown in Figure 1b, good removal efficiencies of 
CODCr and nitrogen were observed in both MBRs. This might 
be due to the relatively high concentration of activated sludge 
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and dynamic filter (cake or gel layer on membrane surface) 
which might have reduced the impact on bacteria and removed 
some contaminants, respectively. 

 
DISCUSSION 

Theoretically, one mole of phosphorus combined with one 
mole of aluminum ion will result in the elimination of 
phosphorus. However, aluminum ion can be coupled with 
hydroxide ion whose quantity is larger than phosphorus. 
Moreover, coagulation reaction in bioreactor is more 
complicated and unpredictable due to a large amount of 
colloidal matters, particulates, and sludge. Therefore, when 
PAC-B71 was added (Al/P mole ratio: 3.4) in batch test, 
removal efficiency of phosphorus was only 85.5%. However, in 
the case of continuous MBR operation, in spite of relatively low 
dosage (Al/P mole ratio: 2~2.3), more than 93% of phosphorus 
removal efficiencies was achieved. The difference in removal 
efficiencies was due to the disposal of surplus activated sludge 
and a combination of aluminum hydroxide with phosphorus 
during continuously coagulants added MBR process. 

To determine foulants on the surface of membranes, 
membrane coated gel layers containing colloidal matters and 
cake layers detached from the membrane surface were analyzed 
by FT-IR and XRF, respectively, as shown in Figure 4 and 
Table 4. Broad absorption peaks were observed at around 3286 
and 2924 cm-1 attributable to stretching vibrations of hydroxyl 
functional groups and C-H bonds, respectively (Kumar, Adham, 
and Pearce, 2006; Wang et al., 2008). A little high peak of 3286 
cm-1 in PAC-B71 implied that the addition of coagulants 
affected organic matters decomposition or bacteria properties 
related to soluble microbial products (SMP). However, the 
impact was not large enough to cause abnormal increase in TMP 
or lower the removal efficiencies of water pollutants. Meanwhile, 
two peaks (1636 and 1541cm-1) corresponding to EPS appeared 
with similar strength in both membranes. These results revealed 
that the negative effect of PAC-B71 on microorganism was 
marginal. In addition, the addition of PAC-B71 failed to induce 
EPS, a main foulant of MBR. 

 

 

 
Figure 4. FT-IR spectra of the fouled membrane. 

 
 
Major constituents of both cake layers were oxygen and 

carbon. In the case of PAC-B71, the next dominant composition 
was aluminum whose amount was more than five times of that 
of no-addition. Considering that there was no abnormal increase 
of TMP and that sludge was not attached severely onto the 

membrane surface, aluminum did not play a role as an 
immediate foulant or substance that made cake layers strong. 

 
Table 4. XRF analysis of cake layers on the membrane surface. 
 

PAC-B71 No-addition 
O 57.64 % O 58.35 % 
C 39.27 % C 38.65 % 
Al 1.34 % Fe 0.93 % 
Fe 0.44 % Ca 0.44 % 
Si 0.36 % Mn 0.32 % 
Cu 0.25 % Cu 0.29 % 
Ca 0.16 % Al 0.25 % 

 
A decrease of DO was found in the bioreactor filled with 

activated sludge derived from the aerobic tank of MBR (Figure 
5). In the case of PAC-B71, bacteria were exposed to chloride 
ion during the whole operation. In the case of bacteria after 
receiving damage, they are not supposed to utilize contaminant 
as energy source with oxygen. In several OUR tests, although 
PAC-B71 showed a larger deviation of values comparing to no-
addition, similar decrease rate of DO was observed. In other 
words, bacteria activity was not influenced negatively by the 
addition of PAC-B71 which enabled a stable decomposition of 
organic matters and nitrogen with chemical removal of 
phosphorus. 

 

 

 
Figure 5. OUR test of activated sludge from MBR with or without PAC-B71. 

 
 

As shown in Figure 6c, the cake layer was composed of 
sludge flocs, colloids, and solutes in MBR.  In the case of well-
controlled cake layer with air scrubbing, sludge flocs accounted 
for a small portion of the cake layer (Figure 6d). Abnormally 
formed cake layers were mainly ascribed to insufficient aeration 
or bacteria containing a large amount of EPS, which was located 
on the outside of cells. EPS allowed cells to agglomerate with 
each other and then such sludge flocs were easily attached to the 
membrane surface. When each membrane was taken out from 
the reactor at first surge of TMP, almost the whole surface of 
membrane was covered with sludge in alum added MBR (Figure 
6a). On the other hand, the edge of membrane, a disadvantageous 
position for fouling control with aeration, was merely coated by 
the sludge in PAC-B71 added MBR (Figure 6b). In MBR 
operation, to minimize the effect of aeration on fouling control, 
a considerable quantity of air was supplied. The initial 
concentration of EPS was 65 mg-TOC/g-MLSS. It was 
increased to 98 and 74 mg-TOC/g-MLSS in alum and PAC-B71 
added MBR, respectively. The amount of EPS can be changed 
with various operating conditions such as temperature, SRT, and 
characteristics of feed water. As a result, the EPS of bacteria 
affected by alum was increased more compared to that with the 
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addition of PAC-B71. Therefore, a considerable amount of 
sludge flocs was attached to the membrane surface, resulting in 
a drop in permeability. In this system, there was no anaerobic 
bioreactor for biological treatment of phosphorus. Furthermore, 
microorganisms can be affected by various factors and their 
behaviors are difficult to predict. Therefore, more studies are 
needed to clarify the effect of coagulant on microorganisms and 
MBR performance. 

 

 

 
Figure 6. Membrane surface derived from (a) alum or (b) PAC-B71 
added MBR. Schematic diagrams showing (c) poorly or (d) well 
controlled cake layer. 

 
 

CONCLUSIONS 
To investigate how a large amount of PAC with different 

basicity or alum might influence biological treatment and 
membrane fouling, batch tests and continuous MBR processes 
with coagulants were carried out. While there was little 
difference in phosphorus removal efficiency among PAC with 
different basicity, PAC with low basicity affected 
biodegradation capability of bacteria more negatively. When 
PAC-B71 (highest basicity) was added into the bioreactor, the 
MBR process complied with the effluent quality standard of 
wastewater treatment with severe membrane fouling.  
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ABSTRACT 
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The water depth of Namgang Dam Reservoir is shallow and the water level fluctuation is relatively small, because it 
is located in a midstream plain of the Nam River. These conditions of Namgang Dam led to the growth of Salix 
subfragilis communities. Initially, they were distributed over small areas but over time, they rapidly proliferated to 
cover large areas. They generate large amounts of leaf debris particularly in the dry season, so that water quality 
could be deteriorated. And, in the flood season, they raise water levels by obstructing the water flow in tributary 
streams, this consequently leads to flooding damages. In addition, Salix subfragilis periodically undergoes self-
thinning and the withered trunks and branches turn into driftwood. These problems pose difficulties to dam 
management. By the way, these communities began to wither in areas lower than the highest water level, after a long-
term period of inundation in 2012. To determine the reason for the withering phenomena in this study, the 
relationship between water level(turbidity) and the withering of Salix subfragilis in dam reservoir was investigated, 
and the withering characteristics of Salix subfragilis communities were analyzed through aerial photographys and 
field surveys. Results of this study show that disruption of photosynthesis due to high turbidity during the long-term 
inundation is what was caused their withering.  
 
ADDITIONAL INDEX WORDS: Water quality, flood damage, dam operation, long-term inundation. 
 

 
           INTRODUCTION 

The Namgang Dam (Nam River Dam) in South Korea has a 
relatively low depth and small variation in water level because 
of its location in a midstream plain of the Nam River. The dry 
season in this dam occurs from March to May. At the end of the 
dry season, Salix subfragilis communities begin to grow 
extensively in the reservoir. Their area significantly expanded 
from 0.12 km2 in 2003 to 1.06 km2 in 2010 after a dam 
reinforcement project (Jung et al., 2013). This rapid expansion is 
related to their high speed dispersal rates despite their relatively 
low germination rate (Niiyama, 1990). These expansive Salix 
subfragilis communities generate a large amount of fallen leaves 
and driftwoods due to self-thinning during the fall season similar 
to riparian and aquatic plants as shown in Figure 1. Con-
sequently, water quality at the supply source has deteriorated.  

Generally, Salix subfragilis communities in dam reservoirs 
are advantageous in terms of landscape improvement, landslide 
prevention, ecosystem preservation, provision of habitat etc. 
Thus, various types of research on Salix subfragilis communities 
have been conducted, investigating spawning and nursery 
habitats provided by them and their biological extension (Azami 
et al., 2013; 2015), vegetation changes caused by dam 
construction (Denes and Bruce, 2011; Jonathan and Janelle, 

2001), distribution and characteristics of water level change, and 
Salix subfragilis community formation (Jung et al., 2013). These 
studies mainly dealt with their advantageous effects on 
vegetation changes and ecological adaptation.  

On the other hand, Salix subfragilis communities also pose 
various problems to dam operation, such as deterioration of 
water quality, driftwood formation, flood damage in upstream 
tributaries, etc. Therefore, research is needed to solve these 
problems. However, no study has considered the control of 
extensive Salix subfragilis communities thus far. This concept is 
also difficult to implement in research as it is costly and 
ecological destruction is involved. 

 

    
       (a) May, 2012.                          (b) October, 2013. 

    
          (c) August, 2014.                       (d) August, 2016. 

Figure 1. Changes of Salix subfragilis community (Sangchon area). 
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Figure 1 shows changes of Salix subfragilis communities over 
time in the Namgang Dam. In this study, factors such as water 
level, turbidity, and the area of expansion and withering in the 
Namgang Dam were examined, considering previous withering 
occurrences, to determine a method for controlling the growth of 
Salix subfragilis communities in dam reservoirs. To this end, the 
relationship between operating water levels and withering of 
Salix subfragilis communities was determined in the dam. 

 
          METHODS 

A total of five survey areas were sectioned to investigate the 
formation process and direction of expansion, and to analyze the 
withering range and condition of Salix subfragilis in the 
Namgang Dam Reservoir after 2000, as shown in Figures 2 and 
3. Figure 2 shows the location of the Namgang Dam and a 
topographic map of the dam reservoir, and Figure 4 shows the 
study process. 

 

 

   
      (a) Location of sites.                (b) Topographic map of the study area. 
Figure 2. Maps of the study area. 

 
 
 

 

       
(a) Nam River.   (b) Deokcheon River.  (c) Wansa Stream. 

    
(d) Omi Stream.       (e) Naechon Stream. 

Figure 3. Study sites, Aerial photographs (Taken: May 2015). 

 
 

 

 
Figure 4. Flowchart of the study process. 

 

 
Daily water levels of the Namgang Dam were recorded from 

January 2000 to December 2015. Daily water level from 2000 to 
2010 and from January 2012 to December 2015 are related to 
the formation and expansion of Salix subfragilis communities 
and their withering, respectively. In particular, daily water levels 
from August 23, 2012 to February 22, 2013 (long-term 
inundation) were rechecked because they could have been 
directly linked to their withering. Additionally, turbidity was 
also determined because it potentially inhibited the 
photosynthesis of the Salix subfragilis. Turbidity during the 
rainy season (from July to September 2012) was analyzed for 
occurrence of their initial withering. For these analyses, types of 
land use were arranged for each survey area using digital 
topographic maps, aerial photographs, and bathymetric surveys 
from 2003, 2010, and 2015, after dam construction. Expansion 
range and withering tendency of the communities were analyzed 
for each survey area using land coverage areas and water levels.  

 
          RESULTS 

Hydrological data of the Namgang Dam was evaluated to 
investigate the relationship between the formation of Salix 
subfragilis communities and the water levels from January 2000 
to December 2015. Periodical water levels of the Namgang Dam 
are summarized in Table 1 and Figure 5. 
 
Table 1. Comparison of changes in periodical water level. 
 

Period 2000-2011
2012-2013 

2012-2015 2000-2015 
23rd Aug.-22nd  Feb. 

Water 
 level 
(EL.m)

Min. 33.15 35.94 36.32 33.15 
Max. 44.48 44.29 44.29 44.48 
Mean 37.83 40.95 39.74 38.31 

 
The daily water levels did not recede below 35.0 m after 2003. 

Comparing dispersal and germination time (May) of Salix 
subfragilis seeds with water levels, their communities thrived 
extensively in relatively higher plains of the reservoir in May 
2002 (mean water level of 40.31 m). During the time of the 
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highest water level of 37.36 m in May 2004, seeds from the 
previous dispersion episode were distributed throughout the 
plain of the reservoir, resulting in the current state of extensive 
expansion (Jung et al., 2013). 
 

 

 
Figure 5. Changes in water level in the Namgang Dam (January 2000 - 
December 2015). 

 
 
Table 2 shows changes in the land coverage of the Namgang 

Dam Reservoir. Salix subfragilis communities accounted for 
about 2% of the land coverage in 2003. However, they expanded 
to 18% of land coverage in 2010, and 18% in 2015. This means 
that the land coverage rate of withered communities is similar to 
those of newly generated communities. It can be inferred that 
new Salix subfragilis communities formed in barren plains of 
the reservoir and later expanded despite the large-scale 
withering. 

 
Table 2. Changes in the land coverage rate at the sites (km2 (%)). 
 

Sites 
Year   Total         Water      Bare          Salix communities     
           Area                        Ground   Expansion  Withering

Nam 
River 

2015  2.05(100)  1.53(75)  0.08(4)     0.07(3)       0.37(18) 
2010  2.05(100)  1.13(55)  0.55(27)   0.37(18)        - 
2003  2.05(100)  1.73(85)  0.32(15)       -                - 

Deokcheon 
River 

2015  1.48(100)  1.36(92)  0.04(2)     0.08(5)        0.01(1) 
2010  1.48(100)  0.80(54)  0.62(42)   0.06(4)         - 
2003  1.48(100)  0.91(61)  0.56(38)   0.01(1)         - 

Wansa 
Stream 

2015  1.43(100)  0.32(23)  0.42(29)   0.63(46)      0.03(2) 
2010  1.43(100)  0.19(14)  0.88(61)   0.35(25)       - 
2003  1.43(100)  0.32(23)  1.00(70)   0.10(7)         - 

Omi 
Stream 

2015  0.52(100)  0.11(22)  0.22(42)   0.14(28)      0.04(8) 
2010  0.52(100)  0.05(9)    0.29(56)   0.18(35)       - 
2003  0.52(100)  0.19(36)  0.32(61)   0.02(3)         - 

Naechon 
Stream 

2015  0.51(100)  0.04(9)    0.26(52)   0.15(30)      0.05(9) 
2010  0.51(100)  0.03(7)    0.38(74)   0.10(19)       - 
2003  0.51(100)  0.06(12)  0.45(88)        -              - 

Total 
2015  5.99(100)  3.36(56)  1.02(17)   1.10(18)      0.51(9) 
2010  5.99(100)  2.20(37)  2.73(45)   1.06(18)      0.00(0) 
2003  5.99(100)  3.21(54)  2.65(44)   0.12(2)        0.00(0) 

 
Figures 6-10 comprise topographic maps and land coverage 

maps of the five survey areas, showing the distribution of Salix 
subfragilis communities as regards their formation, expansion, 
and withering. Topographical maps are shown below the design 
high water level in the Namgang Dam. Land coverage maps 
show the distribution of 2003 and 2010 arranged to represent the 
formation of Salix subfragilis communities, and the land 

coverage maps of 2015 represents the withering of Salix 
subfragilis communities.  
 

 

   
(a) Topographic maps. 

     
(b) 

Figure 6. Topographic map and land coverage maps of Nam River 
(Sangchon area). 

 
 

Figure 6 shows topographic maps and land coverage maps in 
the Nam River, Salix subfragilis communities were distributed 
in flat areas at 38.0-40.0 m with shallow water as shown in 
Figure 6a. As shown in Table 2 and Figure 6b, they were not 
established until 2003 and accounted for 18% of land use in 
2010, but were reduced to 3% due to withering in 2015. As 
shown in Figure 6b Salix subfragilis communities were 
distributed in areas at 38.0 m or higher in 2010. They were 
nearly withered in areas below 39.0 m in 2015. 
 

 

     
(a) Topographic maps. 

 
(b) 

Figure 7. Topographic map and land coverage maps of Deokcheon River 
(Geumseong area). 

 
 

Salix subfragilis communities in Deokcheon River were 
distributed in steep areas at 35.0-40.0 m with deep water as 
shown in Figure 7. As shown in Table 2 and Figure 7, their 
distribution was insignificant at 0.3% of land use in 2003, but 
reached 4% in 2010 and 5% in 2015. In 2015, 1% was withered, 
but new communities were expanded partially. As shown in 
Figure 7b, Salix subfragilis communities were distributed in 
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areas at 36.8 m or higher in 2010. They were not nearly withered 
in areas below 39.0 m in 2015. 
 

 

     
(a) Topographic maps. 

 
(b) 

Figure 8. Topographic maps, land coverage maps, photographs, and 
cross-section of Wansa Stream (Sinheumg area).

 
 
 

 

              
(a) Topographic maps. 

 
(b) 

Figure 9. Topographic maps, land coverage maps, photographs, and 
cross-section of Omi Stream (Simokdool area).

 
 

In the Wansa Stream, Salix subfragilis communities were 
distributed in flat areas at 39.0-40.0 m with shallow water as 
shown in Figure 8. As shown in Table 2 and Figure 8, their 
distribution expanded from 7% in 2003 to 24% in 2010, but to 
46% in 2015 towards the upstream region. In 2015, 2% was 
withered. As shown in Figure 8b, Salix subfragilis communities 
were distributed in areas at 39.0 m or higher in 2010. They were 
partially withered in areas (waterway side) below 39.0 m in 
2015. In the Omi Stream and Naechon Stream, they were shown 

to have a tendency similar to that of the Nam River, Deokcheon 
River, and Wansa Stream, as shown in Figures 9 and 10. 
 

 

   
(a) Topographic maps. 

 
(b) 

Figure 10. Topographic maps, land coverage maps, photographs, and 
cross-section of Naechon Stream (Dangchon area).

 
 

DISCUSSION 
Figure 11 summarizes the turbidity and daily water levels 

from July 2012 to February 2013. Highly turbid water of over 30 
NTU occurred for 16 days because of eight rainfall events from 
July to September 2012, and the daily water levels was 
maintained at 41.0 m from August 23, 2012 to February 22, 
2013 (180 days). During this period, 0.51 km2 of Salix 
subfragilis communities withered because their photosynthesis 
was inhibited, similar to previous studies on inundation 
involving Salix under high turbidity (30 NTU or more) (Havens 
et al., 2001; Havens, 2003; Havens et al., 2004; Kim et al., 
2013). Area of withered Salix subfragilis accounted for 8% of 
land coverage in 2015. This is probably because photosynthesis 
was inhibited by suspended solids, high turbidity, and long-term 
inundation. The area of withered Salix subfragilis was 0.51 km2 
in 2015, accounting for 48% of the total area of Salix subfragilis 
communities at 1.06 km2 in 2010. These results will be useful in 
controlling Salix subfragilis communities in the Namgang Dam 
Reservoir in the future. 

Figure 12 shows changes in the land coverage of the five 
survey areas. Because new Salix subfragilis communities 
formed in the upstream region of the Namgang Dam such as the 
Wansa Stream and Naechon Stream, the area of dispersion was 
slightly expanded by about 0.04 km2 despite the withering.  

As shown in Table 2 and Figure 12, although half of Salix 
subfragilis communities withered in 2015, communities 
expanded in the upstream region resulting in an overall increase. 
In this way, these communities cause the water level to rise by 
obstructing the flood flow, resulting in flood damages in 
tributaries. Therefore, measures need to be taken to control these 
communities. 
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Figure 11. Observed values of water level and turbidity (July 2012~ 
February 2013).

 
 
 

 

   
(a) Nam River.           (b) Deokcheon River.      (c) Wansa Stream. 

     
(d) Omi Stream.        (e) Naechon Stream.   

Figure 12. Area changes of land coverage in sites. 

 
 

          CONCLUSIONS 
This study investigated the changes in Salix subfragilis 

communities in the Namgang Dam considering their formation, 
expansion, and withering. When water levels were low, Salix 
subfragilis communities began to grow and continued doing so 
for three years after dam construction through seed dispersion 
from small Salix subfragilis communities near the dam reservoir. 
Eventually, they expanded as time lapsed and thrived in the 
reservoir. After extensive expansion, they suddenly withered 
because their photosynthesis was inhibited by a long-term i
nundation accompanied by high turbidity during a floods. The 
results of this study and previous studies suggest that deliberate 
withering of Salix subfragilis communities can be induced by 
periodic inundation to control their growth and expansion.  

Salix subfragilis communities in the Namgang Dam have 
served various purposes such as landscape improvement and 
ecosystem preservation. However, they also create difficulties, 
such as water pollution in the dam reservoir and rising water 
levels in tributaries. Therefore, countermeasures should be 
suggested to control Salix subfragilis communities to benefit 
ecosystem preservation, water quality management, and dam 

operation and to reduce flood damage. 
 

          ACKNOWLEDGMENTS 
This work was supported by the Doctor’s course supporting 

project, Gyeongnam National University of Science and 
Technology Grand 2014. 

 
LITERATURE CITED 

Azami, K.; Asako, F.; Takashi, A.; Yuko, T.; Shigekazu, N., and 
Kazumi, T., 2013. Conditions of establishment for the Salix 
community at lower-than-normal water levels along a dam 
reservoir shoreline. Landscape and Ecological Engineering, 
9(2), 227-238. 

Azami, K.; Higuchi, T.; Konishi, C.; Hashimoto, H.; Osugi, T.; 
Takashi, A., and Nakai, K., 2015. An inundated Salix stand 
provides spawning and nursery habitat for native fish in a 
periodically flooded reservoir zone. River System, 21(4), 
229-240. 

Denes, B. and Bruce, A.R., 2011. Environmental impact of 
flooding in the main (small wood) reservoir of the 
Churchill Falls Power Plant, Labrador, Canada. III. 
Environmental impact zones and direct and indirect 
changes. Journal of Water Resources and Protection, 
2011(3), 160-165 

Havens, K.E., 2003. Submerged aquatic vegetation correlations 
with depth and light attenuating materials in a shallow 
subtropical lake. Hydrobiologia, 493, 173-186. 

Havens, K.E.; Jin, K.R.; Rodusky, A.J.; Sharfstein, B.; Brady, 
M.A.; East, T.L.; Iricanin, N.; James, R.T.; Harwell, M.C., 
and Steinman, A.D., 2001. Ecosystem and its response to a 
controlled manipulation of water level. The Scientific 
World, 2001(1), 44-70. 

Havens, K.E.; Sharfstein, B.; Brady, M.A.; East, T.L.; Harwell, 
M.C.; Maki, R.P., and Rodusky, A.J., 2004. Recovery of 
submerged plants from high water stress in a large 
subtropical lake in Florida, USA. Aquatic Botany, 78, 67-
82. 

Jonathan, L.H. and Janelle, L.C., 2001. Water table decline 
alters growth and survival of Salix gooddingii and Tamarix 
chinensis seedlings. Forest Ecology and Management, 140, 
239-247. 

Jung, H.R.; Kim, K.H.; Park, J.H., and Lee, S.B., 2013. 
Distribution and characteristics on water level change and 
Salix subfragilis community formation in Namgang-dam. 
Journal of the Korean Society of Environmental 
Restoration Technology, 19(3), 1-15 (in Korean). 

Kim, J.T.; Kim, E.J.; Kang, J.G., and Yeo, H.K., 2013. Variation 
on the growth rate of plants by submersion of high turbidity 
(A case study on Salix species). Journal of Korea Water 
Resources Association, 46(9), 957-967 (in Korean). 

Niiyama K., 1990. The role of seed dispersal and seedling traits 
in colonization and coexistence of Salix species in a 
seasonally flooding habitat. Ecological Research, 5, 317–
331. 

 

0

50

100

150

200

250

300

350

400

450

500

34

36

38

40

42

44

46

48

50

52

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
12

20
13

20
12

20
12

20
12

T
u

rb
id

it
y 

(N
T

U
) 

(m
g/

L
)

W
at

er
 L

ev
el

(E
L

.m
)

Time (Year / Month)

Daily Water Level(EL.m)
Mean Water Level (EL.m) (2012.8.23~2013.2.22)
Turbidity (NTU)(mg/L)
Mean Turbidity (NTU)(mg/L)

0
20
40
60
80

100

2015 2010 2003

A
re
a 
(%

)

Year

0
20
40
60
80

100

2015 2010 2003A
re
a 
(%

)

Year

0
20
40
60
80

100

2015 2010 2003

A
re
a 
(%

)

Year

0
20
40
60
80

100

2015 2010 2003

A
re
a 
(%

)

Year

0
20
40
60
80

100

2015 2010 2003

A
re
a 
(%

)

Year

Water 
Salix community 
Salix withering  
community 
Bare ground 



 

 
 

Journal of Coastal Research SI 79 75-79 Coconut Creek, Florida 2017

____________________ 
DOI:  10.2112/SI79-016.1  received 30 September 2016; accepted in 
revision 31 October 2016. 
*Corresponding author: jjtt23@skku.edu 
©Coastal Education and Research Foundation, Inc. 2017 

A Study on Scale Determination of FO-RO Hybrid Process Based 
on FO Recovery Rate 
 
Geon-Youb Kim†, Jun-Won Jeong†, Min-Gue Kim†, Hyung-Soo Kim†, Ji-Hoon Kim†*, and Hyung-Sook 
Kim§ 

 
 
 
 

 
ABSTRACT 
 
Kim, G.-Y.; Jeong, J.-W.; Kim, M.-G.; Kim, H.-S.; Kim, J.-H., and Kim, H.-S., 2017. A study on scale determination 
of FO-RO hybrid process based on FO recovery rate. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. 
(eds.), The 2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 75-79. 
Coconut Creek (Florida), ISSN 0749-0208. 
 
Recent studies have been actively conducted on forward osmosis-reverse osmosis hybrid process combining seawater 
desalination and wastewater reuse technology. It uses seawater as draw solution and reclaimed wastewater as feed 
solution in the FO process. Although it is possible to save operating costs in forward osmosis-reverse osmosis hybrid 
process, organic matter contained in treated water of forward osmosis may have a negative effect on the coastal 
environment. Therefore, studies are needed to evaluate the removal efficiency of organic matter in forward osmosis 
process and to enable the commercialization of forward osmosis process. Furthermore, the forward osmosis-reverse 
osmosis hybrid process is a region-specific technology because most wastewater treatment plants and seawater 
desalination facilities are not constructed together yet. Mass balance has not been considered in full scale plants. In 
this study, we determined material balance of forward osmosis-reverse osmosis hybrid process based on recovery 
rate of forward osmosis membranes, and estimated the scale. The results indicated that the recovery rate of the 
reverse osmosis process could be increased to 69.44% in case of 3 vessels connected in a series. The amount of 
wastewater that must be treated by the forward osmosis process was approximately 16,735 m3/day, indicating that 
mass balance can be set. In addition, the reverse osmosis and forward osmosis processes can be configured through 
simulations. 
 
ADDITIONAL INDEX WORDS: Desalination, water reuse, recovery rate, forward osmosis, organic matter. 
 

 
INTRODUCTION 

Water is an essential component in our lives. It is needed for 
domestic, agricultural, and industrial processes. Water is one of 
the most abundant resources on earth (Husnain et al., 2015). 
However, available fresh water accounts for < 1% of all water 
resources. Global water demand has reportedly increased 3 fold 
from 1950 to 1990. The demand for water is estimated to double 
from its current level in the next 35 years (Katebian et al., 2016). 
Global water scarcity has worsened annually due to population 
growth and rapid industrialization. Approximately 40% of the 
world's population lack of drinking water (Bdour, Hamdi, and 
Tarawneh, 2009; Gleick, 2000). Therefore, developing new 
water resources such as desalination and wastewater reuse to 
effectively use limited water resources is urgently needed (Choi, 
Kim, and Hong, 2016; Lyu et al., 2016; McGinnis and 
Elimelech, 2008). 

Desalination is a technique of coping with water scarcity by 
desalinizing seawater, which accounts for 97.5% of water on 
earth without influencing drought (Khawaji, Kutubkhanah, and 
Wie, 2008).  

It has the advantage of securing a large amount of water 
resources without causing environmental destruction associated 
with conventional resources management such as dam 
construction (Gerrity et al., 2013). 

 
 

Recent research has increasingly focused on a hybrid process 
of forward osmosis (FO) with reverse osmosis (RO) desalination 
technology with wastewater reuse using forward osmosis 
membranes (Boo, Elimelech, and Hong, 2013). This technology 
has the advantage of lowering the concentration of feed water 
flowing to the RO process by osmotic pressure without driving 
pressure. It uses seawater as draw solution and reclaimed 
wastewater as feed solution in the FO process, thus increasing 
the recovery rate of the RO process, and reducing the scale of 
the process (Hoover et al., 2011; Linares et al., 2014). Although 
it is possible to save operating costs in FO-RO hybrid process 
because dilution effect causes a decrease in osmotic pressure 
when using FO treated water and diluted seawater in the 
desalination process, organic matter contained in FO treated 
may have a negative effect on the coastal environment when it is 
concentrated in desalination plants and then discharged to the 
coast. Therefore, reclaimed water can be a solution for water 
scarcity as alternative water source when it is used as FO feed 
water. However, it is necessary to examine treated water quality 
standards by considering the effect on the coastal environment. 

RO desalination process is a commercialized technology with 
established design guidelines and operational know-how. 
However, intensive studies are needed for application of the FO 
process to the desalination process. In addition, wastewater 
reuse using seawater as draw solution is still in the early stage of 
technology development. Limited studies have been conducted 
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on basic performance evaluation of forward osmosis membranes 
and factors affecting permeability (Hancock et al., 2013). In 
addition, no company can provide a large amount of FO vessels 
or modules. Several studies will be required before FO 
membranes are commercialized.  

Design parameters for each process are required in the FO-RO 
hybrid process. In contrast, projection program software such as 
IMSDesign by Hydranautics Company and ROSA manufactured 
by Dow Chemical Company have been developed for the RO 
process because its design parameters have been accumulated 
during many years of operation. However, Design parameters 
have yet to be established for the FO process. The objective of 
this work was to evaluate the removal efficiency of organic 
matter in FO process and to propose a method for designing the 
FO-RO hybrid process by calculating the scale of the FO 
process using the established design parameters and RO 
projection program. 

 
METHODS 

Figure 1 shows a schematic diagram of the FO experimental 
equipment and conceptual diagram for each process to treat the 
concentrated water again. Series connection showed a 
continuous decrease in permeability by dilution and fouling of 
the draw solution. Stage arrangement removed the effect of the 
decrease in the concentration of the draw solution (Figures 1b,c). 
The thin-film composite (TFC) flat sheet membrane (Toray 
Chemical Korea Inc., Japan) cell consists of square channels that 
allow feed solution and draw solution to flow separately. Each 
channel is 7.7 cm long, 2.6 cm wide, and 0.3 cm deep. It 
provides an effective membrane area of 20.02 cm2 and a flow 
path sectional area of 0.78 cm2.  
 

 

 
Figure 1. Schematic diagram of lab-scale system; (a) FO membrane 
filtration system, (b) series connection process, (c) stage arrangement 
process. 

 

Changes in the weight of draw solution per minute were 
measured using electronic scales (FX-5000i, A&D Company, 
Limited., Japan) connected to a computer. In order to circulate 
draw solution measured by an electronic scale, a gear pump 
head (MG317XK, Omp, China) was connected to a separate 
controller for use. The circulation flow rate and cross-flow 
velocity were adjusted using a variable area flowmeter (F-450, 
Blue-White Industries, Ltd., USA). The temperature of each 
water tank was adjusted to 25℃ using a heater. A heat sensor 
was directly connected to the tank. The water tank for feed 
solution was stirred with an agitator (SPG Co., Ltd., Republic of 
Korea) to maintain homogeneity.  

The FO membrane element was assumed as a spiral wound 
type with a length of 1 m and an effective membrane area of 40 
m2 for scale determination. 1 FO membrane’s active layer 
contacted the feed solution channel in the cells but 2 FO 
membrane’s active layers contacted the feed solution channel in 
the spiral wound type, 50% of feed flow rate was applied to the 
water volume calculated in the cells. 

RO projection program (IMSDesign 2015, Hydranautics a 
Nitto Group Company) was used to estimate the scale of the FO 
process based on the scale of the RO process in the FO-RO 
hybrid process. In order to estimate the dilution rate of the RO 
feed water (FO diluted draw solution) by the FO process, the 
projection was performed by dividing the TDS of the RO feed 
water from 35,000 mg/L to 20,000 mg/L in increments of 1,000 
mg/L. The volume of the RO process was determined at 30,000 
m3/d with recovery rate of 50% as baseline data the average flux 
rate, flux decline, fouling factor, and salt passage (SP) increase 
were set at 16.9 LMH, 5% per year, 1, and 7% per year, 
respectively. The type of the feed water was set by 
microfiltration (MF)/ultrafiltration (UF) treated water in view of 
process characteristics.  

The basic setting with 1-pass and 1-stage was applied to the 
process. Energy recovery device was added. SWC6 MAX was 
selected as a RO membrane because of its high water 
permeability. Element quantity and pressure vessel × element 
were set at 1,806 and 301 × 6, respectively. To perform the scale 
assessment, water flux (JV, L m-2 h-1, abbreviated as LMH) of 
the FO membrane was determined using the following equation: 
 

	
∆

∆
      (1) 

 
where ΔV was the volume (L) of treated water across the FO 
membrane, Δt was the filtration time (hr), and Aeff is the 
effective membrane area (m2). 
 

ANALYSIS 
Total dissolved solid (TDS) meter (HQd Portable Meter, 

HACH, USA) was used to measure the concentration, 
production, and dilute draw solution of seawater. In addition, 
suspended solid (SS) was measured to examine the 
characteristics of secondary effluent as feed water. Turbidity 
was measured using a turbidimeter (2100AN, HACH, USA).  

With regard to organic pollutants in water, dissolved organic 
carbon (DOC) was measured using a total organic carbon 
analyzer (TOC-LCPN, Shimadzu, Japan). Fluorescence 
excitation emission matrix (FEEM) was analyzed using a 
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spectrofluorometer (RF-6000, Shimadzu, Japan). Fourier 
transform infrared spectroscopy (FT-IR) analysis was performed 
with a Tensor 27 IFS-66/S from Bruker Optics. UV absorbance 
at 254 nm was measured using an ultraviolet-visible 
spectrophotometer (DR6000, HACH, USA). Table 1 shows the 
characteristics of feed and treated water. 

 
Table 1. Characteristics of feed and treated water. 
 

Item                         Turbidity             DOC             UVA254              SS 
                                  (NTU)              (mg/L)             (m-1)              (mg/L) 
Feed water                  4.730                  2.9                0.091               10.5 
Series connection       0.048                  0.6                0.006                 - 
Stage arrangement      0.046                  0.5                0.007                 -  
 

RESULTS 
Two simulations of series connection and stage arrangement 

were performed for 30 hours, as shown in Figure 2a. When the 
feed water was treated by filtration, the flux of 2 processes 
decreased to approximately 27.1% (series connection), and 15.7% 
(stage arrangement), respectively. Currently, the economic 
efficiency of the FO-RO hybrid process cannot be analyzed 
because FO membrane is not commercialized yet. Thus, this 
study did not consider stage arrangement. Therefore, the scale 
was estimated by applying the series connection process to the 
FO process scale assessment. In order to calculate the scale, the 
average flux values according to changes in the concentration of 
draw solution were used. Results were shown in Figure 2b.  

 

 

 
Figure 2. Variation of flux decline with filtration time; (a) flux decline 
with time, (b) average flux of series connection with draw solution TDS. 

 
 

Results of RO projection were shown in Figure 3. Based on 
the projection data, 4 factors (feed pressure, pass net driven 
pressure, specific energy, and max flux rate) were affected by 
influent water TDS. Overall, each value was linearly decreased 
with decreasing influent water TDS. 

In order to estimate the treatment scale of FO plant 
corresponding to RO desalination plant with a capacity of 
30,000 m3/d, the decrease in TDS of the RO influent water was 
converted to an increase in RO recovery rate. The necessary FO 
permeate volume was calculated by recalculating such 
projection data. Results were shown in Figure 3d. The results of 
recovery rate and FO permeate requirement were used to 
calculate the FO process scale with recovery rate of previously 
estimated FO membrane vessel.  

For scale determination, connecting vessels from stages 1 to 3 
in series were calculated from polynomial obtained from flux 
decline test (Table 2). The scale was expanded by element and 

vessel based on operating data using cells to calculate the 
recovery rate to replicate the actual processes. The recovery rate 
was calculated by multiplying the average flux by the effective 
membrane area divided by the flow rate with the initial flux of 
FO membrane of 28.55 LMH.  

In addition, the concentrations of draw solution TDS and flux 
were calculated by recovery rate and polynomial J = 6.8912 + 
0.001C - 1×10-8C2 (J: flux; C: TDS) in Figure 3b, respectively. 

 

 

   

      
Figure 3. Results of RO projection by reducing influent water TDS from 
35,000 mg/L to 20,000 mg/L; (a) feed pressure, (b) specific energy, (c) 
max flux rate, (d) RO recovery rate and the requirement of FO permeate 
water. 

 
 
Table 2. Estimated value of efficiency of FO vessel in series connection. 
 

Item                    Flux                 Recovery Rate        Draw Solution TDS 
                          (LMH)                      (%)                           (mg/L) 
1st vessel            27.70                      18.56                          29,522 
2nd vessel           25.65                      18.00                          25,018 
3rd vessel           23.74                      16.67                          21,443 
 

Figure 4 showed the results of estimating the FO process scale 
using the polynomial y = -0.0013x + 97.311 in Figure 3d and 
Table 2. When the vessel was applied alone, it was possible to 
increase the recovery rate of the RO desalination plant with a 
capacity of 30,000 m3/d to approximately 58.93%. 
Approximately 7,967 m3/d of FO treated water volume was 
required. In this case, the required FO feed water was 
approximately 42,927 m3/d. About, 34,960 m3/d of concentrated 
water was generated because the recovery rate of the first vessel 
was 18.56%. When the vessel was connected in 2 series, it was 
possible to increase the recovery rate of the RO process to about 
64.79%. About 13,206 m3/d of FO treated water volume was 
required. In view of the recovery rate of 36.56% as the sum of 
the first and second vessels, the required FO feed water was 
approximately 36,122 m3/d. About 22,916 m3/d of concentrated 
water was generated. When the vessel was connected in 3 series, 
it was possible to increase the recovery rate of the RO process to 
approximately 69.44%. Approximately 16,735 m3/d of FO 
treated water volume was required. In view of the recovery rate 
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of 53.23% as the sum of the 3 vessels, the required FO feed 
water was approximately 31,440 m3/d. About 14,705 m3/d of 
concentrated water was generated.  
 

 

 

Figure 4. Changes in the amount of water volume for FO feed, permeate, 
and concentrate with increasing number of series connection. 

 
 

DISCUSSION 
On the basis of the estimated average flux and draw solution 

TDS with filtration test, this study evaluated the flux, recovery 
rate, and draw solution TDS when connecting the vessel from 1 
to 3 in series connection. According to the results, recovery rate 
of FO process was decreased with increasing frequency of the 
series connection due to membrane fouling.  

Results of the fluorescence EEM spectra (FEEM) with the 
presence or absence of FO filtration in the feed water were 
shown in Figure 5. The EEM spectra can be divided into 5 
regions as follows: Region I (Ex/Em: 220-250 nm/280-330 nm), 
Region II (Ex/Em: 220-250 nm/330-380 nm) corresponding to 
aromatic proteins, Region III (Ex/Em: 220-250 nm/380-580 nm) 
corresponding to fulvic acid-like (FA) substance, Regions IV 
(Ex/Em: 250-470 nm/280-380 nm) corresponding to soluble 
microbial products (SMPs), and Region V (Ex/Em: 250-470 
nm/380-580 nm) corresponding to humic acid-like (HA) 
substances (Henderson et al., 2009).  

As shown in Figure 5a, the aromatic protein, FA substances, 
SMPs and HA substances in feed water showed high intensities. 
After filtration, the intensity decreased significantly, especially 
for HA (Figures 5b,c). The feed water had a maximum 
fluorescence at Ex = 230 nm and Em = 340 nm (intensity: 
544.8). The 2 samples of maximum peak were found in the 
treated water at Ex = 220 nm and Em = 300 nm (intensity: 431.7) 
and Ex = 220 nm and Em = 295 nm (intensity: 389.4). On the 
other hand, the 2 processes were well treated in regions II, III, 
IV and V. The decrease of peak intensity in series connection for 
aromatic protein (Ex/Em 230/340 nm), FA (Ex/Em 255/420 nm), 
SMPs (Ex/Em 270/335 nm) and HA (Ex/Em 310/385 nm) 
substances were 85.5%, 85.7%, 37.3% and 91.9%, respectively. 
For stage arrangement, the decreases of peak intensity were 
84.1%, 83.2%, 49.0% and 92.0%, respectively. Thus, the 

organic foulants on FO membrane surface are associated with 
aromatic protein, HA, FA and SMPs. Moreover, these 
substances may cause significant adverse effects on 
ocean/coastal environment.  

 

 

     
Figure 5. Fluorescent characteristics of effluent organic matter (EfOM) 
of (a) feed, (b) permeate with series connection, (c) permeate with stage 
arrangement. 

 
 

The organic components on membrane surfaces were analyzed 
using FT-IR. Figure 6 showed the FT-IR spectrum of virgin 
TFC membrane. Seven strong peaks occurred at the location of 
691 cm-1, 834 cm-1, 1,106 cm-1, 1,151 cm-1, 1,242 cm-1, 1,487 
cm-1 and 1,585 cm-1 on virgin membrane surface, respectively.  

However, after operation for series connection and stage 
arrangement with feed water, the specific peaks of virgin 
membrane almost disappeared on the FT-IR spectra. In case of 
fouled membranes, functional groups in the feed water showed 
peaks at wavelengths of 3,300 cm-1 (O-H stretch of 
polysaccharides), 2,920 cm-1 (humic substance of aliphatic C-H 
stretch), 1,640 cm-1 (C=O bond representing the primary amide 
of protein), and 1,100 cm-1 (asymmetric CO-O-C stretch) (Chon 
et al., 2012; Tian et al., 2013).  
 

 

 
Figure 6. FT-IR spectra of virgin and fouled membrane surfaces in series 
connection and stage arrangement operation. 

 
 

FT-IR analysis indicated that stage arrangement showed 
higher peak values in the regions of foulants such as protein and 
polysaccharide due to accumulation of foulants by differences in 
water flux. As a result, it is considered that membrane fouling 
affects FO recovery rate, and scale assessment. 
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In addition, the amount of required FO feed water was linearly 
decreased (y = 48,343 – 5,763.5x) with increasing number of 
series connections in Figure 4. The concentrated water had a 
tendency of decrease exponentially (y = 54,096 e-0.433x). The 
efficiency dropped by the dilution and fouling of the draw 
solution with increasing number of stages because the amount of 
required FO treated water had a tendency of increase 
logarithmically (y = 7,935.5 ln(x) + 7,896.5). Therefore, the 
design should be implemented in keeping with economic 
efficiency obtained from decreased RO process scale or 
production costs in view of unit cost for the FO membrane, 
operating cost for the series connection process, and treatment 
cost for treating FO concentrated water.  
 

CONCLUSIONS 
In this study, we evaluated the removal efficiency of organic 

matter in FO process and estimated the scale of FO-RO hybrid 
process based on the recovery rate of FO membrane. Aromatic 
protein, HA, FA and SMPs substances may cause adverse 
effects on coastal environment. The flux and recovery rate were 
calculated by simulation experiment with series connection and 
stage arrangement. Projection was performed with a capacity of 
30,000 m3/d using different TDS concentrations of influent feed 
water. Based on the projection, the flux and the recovery rate of 
vessels for each stage were estimated by selecting series 
connection method suitable for the FO-RO hybrid process. The 
facility capacity of the FO process was also calculated. 
Currently, it is impossible to estimate the supply price for proper 
evaluation because the FO membrane has not been 
commercialized yet. Therefore, it is impossible to analyze the 
economic efficiency of treatment processes of the RO process, 
FO process, or FO concentrated water. However, it is possible to 
set material balance and construct processes by these methods in 
the future. Moreover, application data on medium and large 
plants from pilot scale studies would facilitate projection 
programs such as RO process. 
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ABSTRACT 
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A two year time-series of 137Cs concentration is presented from the ocean surface observed at sites 20 km radius from 
Fukushima Daiichi Nuclear Power Plant (FDNPP). The data used in this study were publicly released by the Tokyo 
Electric Power Company (TEPCO) and are available on websites of TEPCO. Publicly released data on 137Cs 
radioactivity in seawater near the power plant strongly suggest a continuing release of radionuclides to the sea. The 
137Cs radioactivity in the harbour water was substantially higher than that of seawater outside and remained relatively 
stable after June 2011. The consistent gradient of radioactivity between observed results at outer sea sites a 20 km 
radius from FDNPP indicates that radionuclides are still being released continuously from somewhere in the vicinity 
of the reactor housings. The relatively stable 137Cs radioactivity of the harbour water cannot be explained without a 
continuous input of radioactivity into the harbour. Assuming a steady state, there is a continuous input to the harbour 
and hence a continuous release to the outer sea. 
 
ADDITIONAL INDEX WORDS: Marine pollutant, environmental dispersion, radioactivity in the  ocean. 
 

 
             INTRODUCTION 

As a result of the Fukushima Daiichi Nuclear Power Plant 
(FDNPP) accident in 2011, large amounts of radionuclides were 
released into the marine environment via atmospheric deposition 
(Morino, Ohara, and Nishizawa, 2011) and direct discharges of 
contaminated water (Tsumune et al., 2012).  

The direct release had a large effect on the coastal 
environment (Tsumune et al., 2012); however, the period of 
intense release was relatively short and the open nature of the 
Fukushima coast resulted in rapid flushing of radionuclides 
away from the coastal seawater (Yoshida and Kanda, 2012). 
Owing to the rapid flushing, radioactivity in coastal seawater 
declined sharply in April and May of 2011; however, the decline 
was apparently curbed after June and the remaining radioactivity 
at a relatively higher level near the power plant indicates a 
continuous release of radionuclides from the power plant 
(Buesseler, Aoyama, and Fukasawa, 2011). Additionally, 
radioactivity in coastal sediments and marine biota was still 
present in 2012, and may be the result of a continuous input of 
radionuclides from the plant and/or from river and groundwater 
discharge (Buesseler, 2012). 

Contaminated water monitoring has been carried out in the 
vicinity of the FDNPP by the Tokyo Electric Power Company 
(TEPCO) and Japan Nuclear Regulatory Authority (NRA). In 
late March and early April 2011, extremely high concentrations 
of 131I, 134Cs, and 137Cs in seawater (up to about 100 MBq/m3)   

 
 
 

were observed near the FDNPP. Levels of the FDNPP-derived 
radionuclides in surface waters rapidly decreased until the end 
of April 2011 to about 100 kBq/m3. 

Although the rate of decrease of the 137Cs concentrations in 
seawater declined after May 2011, higher 137Cs concentrations 
occurred at stations in the coastal zone until the end of February 
2012. Continuous release of the contaminated water was 
considered to be the source of the higher 137Cs levels in coastal 
waters. The 137Cs concentrations in seawater decreased 
considerably in 2013, but the FDNPP-derived 137Cs has been 
still detectable in the coastal zone near the FDNPP. The 
persistence of high 134Cs and 137Cs levels in the ocean offshore 
Fukushima is one of the lines of evidence of a small but 
continued source from the NPP (Buesseler, Aoyama, and 
Fukasawa, 2011; Kanda, 2013). One of the best estimates of 
continued leakage uses the exchange rate of harbor water with 
seawater at the NPP and the time history of Cs in these waters, 
yielding an estimate of about 0.2–0.3 TBq per month of Cs 
entering the ocean at the end of 2012 (Kanda, 2013). 

In this paper, we examine temporal variations of 137Cs 
concentrations in coastal waters near the FDNPP until the end of 
January 2013 using the TEPCO data (TEPCO, 2012) and the 
Ministry of Education, Culture, Sports, Science and Technology 
(MEXT), Japan (MEXT, 2012), and discuss possible leaking 
pathways of contamination of the marine environment. 

 
      Environmental Pathway 

The environmental pathway analysis, which in most cases 
uses the source term assessment as an input, may involve an 
iterative procedure for making estimates of exposure rates and 
of environmental concentrations of radionuclides. In a full-scale 
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dose reconstruction study, the number of estimates of exposure 
rates and environmental concentrations has gradually expanded, 
and their quality is improved as: (1) the full source term is taken 
into consideration, (2) the results of detailed studies of the 
characteristics of the site with respect to the environmental 
behavior of the released radionuclides are used, (3) all 
environmental pathways that could lead to radiation exposures 
are considered, and (4) all available historical measurements of 
environmental radiation are used to bypass environmental 
transfer models or to validate those models. 

The FDNPP is located on the east coast of the island of 
Honshu, 200 km northeast of Tokyo. Radioactive pollution of 
the marine environment has occurred through: (1) direct leakage 
of highly-contaminated water used to cool the damaged reactors, 
(2) voluntary discharge of low-contaminated water to increase 
the on-site storage capacity for highly-contaminated water, (3) 
transport of radioactive pollution by rainwater run-offs of 
contaminated soils, (4) radioactive fallout of the atmospheric 
plume on the surface of the Pacific up to tens of kilometers from 
FDNPP, and (5) highly-contaminated groundwater ongoing 
discharge.  Submarine groundwater discharge represents a long-
term source of radionuclides to the ocean, in particular from the 
contaminated FDNPP site. 
 
Observed Data 

During the autumn of 2013 two violent typhoons (Man-Yi 
and Wipha), in Figure 1 led to heavy rainfall that caused water 
to overflow over the barriers designed to protect tanks of 
radioactive water. In spite of this incident, additional leaking of 
the contaminant water from the water tank did not occur. Heavy 
rainfall led to an increase of the groundwater level, which was 
higher than the adjacent sea surface height (Figure 2). 

 

 

 
 

Figure 1. Typhoon track through the nearby FDNPP in 2013. 

 

TEPCO has completed most of the 1.5 km sunken wall of 
frozen soil around the stricken reactors to keep groundwater out. 
It has also built subdrain wells around the buildings to pump up 
the tainted groundwater for treatment and discharge into the 
Pacific. Recently TEPCO officially announced that the ice wall 
cannot stop FDNPP groundwater. Therefore, the results 
demonstrated in this study are the present progressive. 

 

 

 
Figure 2. Observed data of tide, groundwater level and precipitation in 
FDNPP. 

 
 
Almost daily sampling has been carried out by TEPCO since 

late March 2011 at two stations (T1 and T2) near outlets of 
discharge from the FDNPP, whereas sampling at stations within 
the 20 km zone from the FDNPP started in April 2012 on a 
roughly weekly basis. The sampling stations used in this 
analysis are shown in Figure 3.  

 

 

 
 

Figure 3. TEPCO and MEXT has observed sites. 

 
 

For the emergency environmental monitoring as the first stage, 
the 137Cs activity of seawater was directly measured by gamma-
spectrometry. During the period from March to September 2011, 
the detection limit for samples collected at T1 and T2 stations 
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was set at 10 kBq/m3. Since October 2011, the detection limit 
was lowered to around 1 kBq/m3. 137Cs activity measurements 
with a detection limit of around 1 kBq/m3 started at south 
coastal stations (T3 and T4) in October 2011. At the second 
stage, since April 2012, measurements with a lower detection 
limit of 2 Bq/m3 have been carried out. 

 

 

 
Figure 4. Radioactivity concentration in ocean surface water. 

 
 
Temporal variations of 137Cs concentrations in coastal waters 

in the vicinity of the FDNPP (stations T1 and T2) during the 
period from October 2011 to the end of 2013 are shown. The 
137Cs levels in December 2013 were in the range from 0.26 to 
4.4 kBq/m3, which is about two to three orders of magnitude 
greater than the background levels. On the other hand, the 
concentrations of the FDNPP-derived 137Cs in open ocean 
surface waters off Fukushima generally decreased to 5 Bq/m3. 

In June 2013 the rates of decrease of the coastal 137Cs levels at 
stations T1 and T2 slowed down. We calculated apparent half 
lives (AHL) of 137Cs in the coastal waters for two periods; the 
AHLs at the T1 and T2 stations during the period from October 
2011 to May 2013 were 10.6 ± 1.1 and 7.0 ± 0.6 months, 
respectively, whereas after June 2013 they changed to 12.8 ± 1.7 
and 23 ± 16 months, respectively. 

 

 

 
Figure 5. Radioactivity concentration during 2012 to 2013. 

 
 
The observed stations by TEPCO are divided into five groups 

considering the physical characteristics of the ocean current. 
Five groups are represented as follows: (1) observation stations 
located near FDNPP, (2) located at the north of FDNPP, which 
is affected by the Oyashio current, (3) located at the south 

affected by the Kuroshio Current, (4) located at the east of 
FDNPP, and (5) within a 5 km radius and the east side. Figure 4 
shows the concentration of cesium in ocean surface water, where 
each group is marked with different color. 

 
Table 1. Statistic concentration of five groups. 

 

Group  N Ave.  Med.  Stdev. 
Near the FDNPP 124 1.100 0.730 0.860 
Southern   259 0.190 0.130 0.200 
5km inside  228 0.057 0.038 0.070 
Northern  129 0.035 0.030 0.027 
Eastern  148 0.017 0.012 0.020 

 
Figure 4 clearly shows the spatial gradient of the 

concentration of cesium in the ocean surface because the 
detection limit was lowered to around 1 kBq/m3 after October 
2011. This spatial concentration gradient was noted throughout 
the observation period. The consistent gradient of radioactivity 
strongly indicate that leaking of radioactive material are still 
being from somewhere FDNPP where the highest concentration 
was observed. Figure 5 shows the spatial gradient from 2012 to 
2013. Table 1 show the number of data, average concentration, 
median concentration and standard deviation, and it is seen that 
the spatial concentration gradient is statistically valid. 
 

 

 
 

Figure 6. Artificial habour facility of FDNPP and observed sites. 

 
 
As shown in Figure 6, the power plant has an artificial 

harbour facility composed of a pair of piers for maritime 
transportation. Seawater for cooling purposes was designed to 
be drawn from intake canal areas in the harbour. Two intake 
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canal areas are located in front of the housings for the reactor 
units, one in the southern part of the harbour for Units 1, 2, 3 
and 4, and another in the northern part for Units 5 and 6. Thus, 
the harbour water can be separated into two areas: the Unit 1–4 
intake canal area (blue text), the main harbour area and the Unit 
5–6 intake canal area (red text) and outside harbor (black text). 

 

 

 
Figure 7. Radioactivity Concentration at harbor. 

 
 

Table 2. Statistic concentration of each group. 
 

Group  N Ave.  Med.  Stdev. 
Inside pier  455 55.40 45.00 70.400 
Inside harbor 104   4.31   4.05   2.240 
Outside harbor   19   1.81   1.70   0.735 

 
The intake canals are surrounded by piers and connected to 

the main harbour water through curtain wall facilities. Water in 
the main harbour area is exchanged with outer seawater through 
a harbour passage.  

 

 

 
 

Figure 8. The location of subdrain system near reactor facility. 

 

While seawater intake for the damaged Units 1 through 4 has 
been stopped, cooling water is still taken continuously from the 
intake canal for the two undamaged reactors (Units 5 and 6). 
The cooling water for these units is then released to the outer sea 
through a discharge gate located north of the plant. 

Figure 7 shows the concentration of three groups of 
observation stations with different colored symbols. A relatively 
small number of observed data can be used at the outside of 
harbor. Nevertheless, three groups are showing a clear spatial 
concentration gradient. The highest concentration was at the 
Unit 1-4 intake canal area (blue dot). The irregular change of 
concentration of radioactivity at those monitoring points located 
closer to the reactor housings strongly indicates that events of 
radioactivity input are occurring. Thus, both the gradient and the 
fluctuation in 137Cs radioactivity support the view that 137Cs is 
still being released to the intake canal. Assuming a steady state, 
the relatively stable 137Cs radioactivity of the harbour water 
cannot be explained without a continuous input of radioactivity 
into the harbour. The released radioactivity in the main harbour 
area is exchanged with outer seawater through a harbour passage. 

The subdrain system is a group of wells installed near the 
reactor building, which had to be restored after damages in the 
March 2011 accident. The subdrain system will pump up 300 to 
500 tons of groundwater per day preventing it from entering the 
reactor facilities. The location of the subdrain system is shown 
in Figure 7 where drained groundwater is also monitored and the 
results provided by TEPCO (Figure 8). 

 

 

 
Figure 9. Radioactivity concentration in groundwater near reactor 
facility and precipitation. 

 
 
Figure 9 shows the concentration of radioactivitiy of 

groundwater that drained subdrain system near the reactor 
building. The highest concentration was noted at the No. 1 
observed site and was consistently larger than at T1 and T2 in 
the outer sea (Figure 4) and the Unit 1-4 intake canal (Figure 7). 
Also, Tables 1 and 2 show a clear statistically spatial 
concentration gradient from the Unit1-4 intake canal (inside pier) 
to the Pacific Ocean. Thus we can assume a possible leakage 
pathway, and the majority of the radioactive water originates 
from damaged reactor unit 1. The seawater intake for cooling 
the damaged reactor flows into the groundwater, and this 
radioactive water flows into the Unit 1-4 intake canal. From the 
Unit 1-4 intake canal, radioactive water diffused into the main 
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harbor and subsequently out to the sea through the harbor 
passage. There is no documented information about the release 
through the pier and groundwater leaking into the Unit 1-4 
intake canal. However, the gourndwater level changes according 
to the tide level in Figure 2 and the spatial gradient of 
concentration shows the unknown damage or cracks caused by 
the earthquake. 

 
DISCUSSION 

In this study we review the observed data of radioactivity in 
ocean, inside the FDNPP harbor and groundwater near the 
reactor building. The spatial gradient of radioactivity is 
relatively stable from 2012 to 2013 from the Unit 1-4 intake 
canal to the Pacific Ocean and cannot be explained without a 
continuous input of radioactivity into the harbor through the 
groundwater. Recently, an ice wall to prevent groundwater 
outflow has failed and thus the situation referred to in this study 
currently persists. 
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ABSTRACT 
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A large amount of radioactive material was released to the atmosphere and to the sea by the Fukushima nuclear 
accident in 2011. Most of the radioactive materials released into the air were moved to the Pacific Ocean due to the 
westerly jet stream, and some of them dispersed on land in Japan and were deposited in the area northwest of the 
Fukushima Daiichi power plant. A lot of radionuclides transported to the Pacific Ocean were deposited on the sea 
surface by a dry/wet deposition process, seawater and seabed sediments along the coastline of Fukushima Prefecture 
were contaminated. All of this deposition occurred in the early phase of the accident from March 11 to March 25 
before the direct discharge into the sea on March 26. In this study, a three-dimensional atmospheric dispersion model 
has been used to evaluate the characteristics of the dispersion and deposition of radioactive materials released into 
the atmosphere, especially 137Cs with its long half-life is considered. It is inferred that the measurements of 137Cs in 
seawater of the Pacific Ocean in 2011 originated from atmospheric deposition, because 137Cs directly released into 
the sea could not have reached the central part of the Pacific Ocean at that time.  
 
ADDITIONAL INDEX WORDS: Radioactive materials, Pacific Ocean, atmospheric dispersion, deposition. 
 

 
           INTRODUCTION 

On March 11, 2011, a nuclear accident at the Fukushima 
Daiichi nuclear power plant in Japan was triggered by the 
Tohoku earthquake and tsunami. The earthquake caused a 
tsunami to hit the Japanese coastline. Offsite power and 
emergency diesel generators were damaged by the earthquake 
and tsunami, and the cooling systems did not operate normally 
due to the electric power loss. The reactors exploded due to the 
failure of removing latent heat in the core after the shutdown. 
From this explosion, a large amount of radionuclides was 
released into the air and sea.  

In the early phase of the accident from 12 to 25 March, lots of 
radionuclides were released into the air and transported to the 
inland parts of Japan and to the Pacific Ocean. Especially, 137Cs 
with a long half-life of about 30.2 years was deposited in the 
part of Japan to the northwest of the Fukushima nuclear site, 
contaminating in the land of there. However, most of 
radionuclides were released into the air and moved to the Pacific 
Ocean; they were deposited on the sea surface (Kawamura et al., 
2011; Honda et al., 2012).  

TEPCO (Tokyo Electric Power Company) reported in April, 
2011 that highly contaminated water, used for stabilizing the 
nuclear power plants, was discharged directly into the sea. 
However, atmospheric deposition on the sea surface was an 
important factor contaminating the seawater and seabed near 

 
 
 
 

 

Fukushima before direct discharge to the Pacific Ocean. 
Radionuclides released to the atmosphere were transported 
eastward by a strong jet stream and reached the coast of North 
America in four days (Takemura et al., 2011). In addition, water 
used to cool the damaged nuclear reactors leaked flowing into 
the ocean (Perianez, Suh, and Min, 2012). Thus, two 
radionuclide sources into the ocean from Fukushima must be 
considered: direct discharge of contaminated water, over a 
period of several months with peak releases at the end of March 
and beginning April 2011, and deposition of radionuclides on 
the sea surface from the atmosphere.  

In this study, a three-dimensional atmospheric dispersion 
model named LADAS (Lagrangian Atmospheric Dose 
Assessment System) has been used to evaluate the 
characteristics of the dispersion and deposition of radioactive 
materials released into the atmosphere (Suh et al., 2009). The 
calculated air concentrations of 131I and 137Cs were compared 
with measurements of the CTBTO (Comprehensive Nuclear-
Test Ban Treaty Organization) on global scale (Christoudias and 
Lelieveld, 2013). Also, atmospheric depositions on the sea 
surface were estimated and compared with measurements in 
certain locations.  

 
METHODS 

After the Fukushima accident, a significant amount of 
radioactive material was released into the air. Between March 12 
and April 6, 2011. In the early phase of the accident, from 
March 15 to 31 in 2011, 131I and 137Cs were deposited on the sea 
surface due to aeolian fallout, mainly in a direction northeast of 
Fukushima. Therefore, atmospheric depositions of 131I and 137Cs 
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entered into seawater and sediments near the Fukushima sea and 
the Pacific Ocean. The 137Cs atmospheric fallout rate, as a 
function of time and space, was calculated using an atmospheric 
transport model named LADAS (Suh et al., 2009).  The model 
was designed to estimate air concentrations and dry deposition 
as well as wet deposition at distances of up to several thousands 
of kilometers from the source point in a horizontal direction. 
The concentration in the Lagrangian particle model is calculated 
in the domain of interest by counting the number of particles in 
an arbitrary control volume. Removal processes into the 
atmosphere are also considered with the dry/wet deposition and 
radioactive decay in the model. A detailed mathematical 
description of this model is contained in references (Suh et al., 
2009).  

This model is connected with three-dimensional 
meteorological forecasts from the KMA (Korea Meteorological 
Administration). The time interval and the horizontal resolution 
of the meteorological data are 3 hours and, 0.375o latitude, 
0.5625o longitude, respectively. The spatial domain for the 
simulations extends from 0o to 360 o and from 90o S to 90o N. 
The source rate released into the air is one of the important 
factors used to estimate the air concentrations and depositions. 
The total release amount of 131I and 137Cs to the air has been 
investigated by some scientists using reverse or inverse method 
(Chino et al., 2011; Katata et al., 2012; Stohl et al., 2012; 
Terada et al., 2012). UNSCEAR (UNSCEAR, 2014) estimated 
that the total release of 131I was within the range of about 100 to 
about 500 PBq (1Peta=1015), and the release of 137Cs was 
generally in the range 6-20 PBq. In this study, the source terms 
for 131I and 137Cs released into the air used Terada’s estimations 
(Terada et al., 2012). These values had good accuracy because 
they used many measurements in Japan after the accident.  

 
RESULTS 

Simulations were performed to estimate the air concentrations 
and depositions from 12 March to 30 April, 2011. The 
calculated air concentration profiles of 131I are presented in 
Figure 1. After the Fukushima accident, radionuclides were 
detected through air monitoring positions of the CTBTO around 
the world (Christoudias and Lelieveld, 2013). The comparative 
results of calculations and measurements are shown in Figure 2. 
From these comparisons of simulations and measurements, the 
developed model was successfully validated, and it could then
  

 
 

 
Figure 1. Calculated air concentration profiles of 131I near a surface. 

 

 

 
Figure 2. Comparative results of simulated and observed air 
concentrations for 131I and 137Cs. 

 
 
be used to understand the overall dispersion patterns of 
radionuclides spreading throughout in the world. The radioactive 
plume was transported to the east off the Fukushima site by a 
westerly jet stream. In addition, radionuclides were detected in 
North America during the period of 17-21 March, in European 
countries during the period of 23-24 March, and in Asia during 
the period of 24 March to 6 April, 2011. This event was well 
represented in the numerical model, and the simulation results 
generally showed a good agreement with the observations of  the 
CTBTO. 

Also, atmospheric depositions due to dry and wet processes 
have been evaluated, especially 137Cs which has a long half-life 
is considered. The simulated atmospheric depositions of 137Cs 
are shown in Figure 3.  Overall patterns of depositions presented 
the similar air concentration profiles and a great deal of 137Cs  
fell onto the sea surface of the Pacific Ocean.  
 

 

   
(a) At 20:00 (UTC) 30th March, 2011 

Figure 3. Calculated atmospheric depositions of 137Cs. 
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The atmospheric  depositions of 131I and 137Cs on land and 
ocean are presented together with the other estimations in Table 
1. Differences among the total depositions as taken from three 
studies are due to the utilized source term rates of 131I and 137Cs. 
Kawamura et al. (2011) used source rates of 131I and 137Cs of 
about 1.53 x 1017 Bq and 1.3 x 1016, respectively. Kobayashi et 
al. (2013) used source terms of  131I and 137Cs of 2.0 x 1017 Bq 
and 1.3 x 1016, respectively. However, in this study, the source 
rates of 131I and 137Cs used about 1.2 x 1017 Bq and 8.8 x 1015, 
respectively based on Terada’s estimations (Terada et al., 2012).  
It is clear that a lot of 131I and 137Cs were deposited on the sea 
surface of the Pacific Ocean. 

 
DISCUSSION 

Numerical simulations were carried out to assess the air 
concentrations and depositions of 131I and 137Cs released to the 
atmosphere after the Fukushima Daiichi nuclear accident. The 
results of the numerical simulations were compared with the  

 
Table 1. Amounts of 131 I and 137 Cs deposited on land and ocean (Bq). 
 

Radionuclide                       131I                                       137Cs  
                             Land     Ocean      Total        Land     Ocean      Total  

Kawamura(2011)  6.7ⅹ1016   5.7ⅹ1016   1.2ⅹ1017     6.0ⅹ1015   5.0ⅹ1015   1.1ⅹ1016 

Kobayashi(2013)  7.4ⅹ1016   9.9ⅹ1016   1.7ⅹ1017     5.8ⅹ1015   7.6ⅹ1015   1.3ⅹ1016 

This study             1.6ⅹ1016   5.8ⅹ1016    7.5ⅹ1016     1.8ⅹ1015   6.0ⅹ1015   7.8ⅹ1015 
  

temporal variation of air concentrations measured by the 
CTBTO. Comparative results showed good agreements in some 
places, but they had slight differences for certain locations. The 
differences between the calculations and the measurements are 
due to the meteorological data and the relatively coarse 
resolution of the model. Also, atmospheric depositions of 
radioactive materials were spread over a wide area of the Pacific 
Ocean.   

The 137Cs plume from the direct release to the sea moved 
from the Fukushima coast to the eastward with Kuroshio current. 
Then it moved relatively slowly with the North Pacific Current, 
it took 4–5 years to arrive at the US west coast with 137Cs levels 
of 0.3 Bq/m3. In 2022 all the North Pacific Ocean will be 
covered with Fukushima 137Cs at concentrations bellow 0.1 
Bq/m3 (Povinec et al., 2013). However, the radionuclides were 
measured in surface seawater of the North Pacific Ocean in 2011. 
It was inferred that 137Cs measured in seawater of the Pacific 
Ocean was due to atmospheric depositions.  

Aoyama, Tsumune, and Hamajima (2013) reported that 137Cs 
was detected at all stations that collected more than 100 
seawater samples in the North Pacific Ocean in April and May 
2011. The activity of 137Cs in the seawater of the Pacific Ocean 
ranged from 1 to 2 Bq/m3 before the Fukushima accident. The 
dispersion profiles of 137 Cs due to the direct release into the sea 
was simulated using a three dimensional marine dispersion 
model named LORAS (Lagrangian Oceanic Radiological  
Assessment System) (Min et al., 2014). The calculated results 
are presented with measurements from Aoyama, Tsumune, and 
Hamajima (2013) in Figure 4. The 137Cs plumes of the direct 
release did not reach the central part of the Pacific Ocean due to 
the relatively slow current, and measured concentration of 137Cs 

could be explained as being due to atmospheric deposition. The 
simulated atmospheric depositions of 137Cs are compared with 
measurements on the sea surface (Aoyama. Tsumune, and 
Hamajima, 2013) and the results are shown Figure 5.  It is clear 
that measurements of 137Cs in the seawater of the Pacific Ocean 
in 2011 originated from atmospheric deposition, because 137Cs 
directly released into the sea could not have reached the central 
part of the Pacific Ocean at that time. Therefore, the atmospheric 
model should be considered and linked with the marine 
dispersion model to more exactly evaluate the oceanic 
dispersion of radionuclide. 

 
CONCLUSIONS 

A three dimensional atmospheric dispersion model has been 
used to evaluate the behaviour of radionuclides in the air and 
deposition effects on the sea surface after the Fukushima accident. 

 

 

 
(a) April in 2011 

 

 

(b) May in 2011 
 
Figure 4. Calculated concentration profiles of 137Cs in seawater in April 
and May, 2011. Red dots are measurements of Aoyama, Tsumune, and 
Hamajima (2013). 

 
 

 

 
 

Figure 5. Comparative results of simulations and measurements of 137 Cs 
in seawater. 
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The calculated air concentrations of 137Cs were compared with 
the measurements of the CTBTO and the simulated results 
generally showed good agreement with the observations. Also, 
the atmospheric depositions were calculated to understand the 
dispersion patterns and to explain measurements of 137Cs in the 
Pacific Ocean, 2011. It is clear that the presence of 137Cs in the 
seawater of the Pacific Ocean in 2011 originated from 
atmospheric deposition. From this study, it can be concluded 
that atmospheric and marine dispersion models have to be linked 
to more exactly investigate the oceanic dispersion of 
radionuclide.  

Another simulation will be performed using the current data, 
which have relatively fine resolution, and this will be linked to 
the atmospheric dispersion model. An integrated radiological 
assessment system in Korea has been constructed to protect 
humans and the environment against a nuclear accident in 
neighboring countries or anywhere in the world.  
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ABSTRACT 
 
Lee, J.-H.; Jeong, K.-S.; Kang, J.; Park, K.-S., and Woo, H.J., 2017. Benzene, toluene, ethylbenzene, xylene, and 
styrene (5VOCs) distributions at the barrier island system in the Nakdong River estuary, South Korea. In: Lee, J.L.; 
Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. Journal of 
Coastal Research, Special Issue No. 79, pp. 89-93. Coconut Creek (Florida), ISSN 0749-0208. 
 
Total Volatile Organic Compounds (TVOCs) were extracted from 18 surface sediment samples collected in and 
around barrier island system in the Nakdong River Estuary (NRE) on the southeastern Korean Peninsula in May 
2015. TVOC emissions from sediments were measured using a Thermal Desorption System-Gas Chromatograph-
Mass Selective Detector (TDS-GC-MSD) for 30 min at 25°C at the National Center for Inter-university Research 
Facilities (NCIRF), Seoul National University, South Korea. The thermal extractor (Gerstel, Germany) was equipped 
with an adjustable oven (temperature, 25–350°C) to heat a glass tube containing the sample. TVOC concentrations 
ranged from 2.6 to 64.9 ng/g-dry weight (average, 13.2 ± 13.8 ng/g-dry weight), with benzene in the range 0.6 to 0.8 
ng/g-dry weight (average, 0.7 ± 0.1 ng/g-dry weight), toluene in the range 0.4 to 1.3 ng/g-dry weight (average, 0.9 ± 
0.3 ng/g-dry weight), and xylene in the range 0.0 to 0.8 ng/g-dry weight (average, 0.2 ± 0.2 ng/g-dry weight). No 
evidence of ethylbenzene or styrene was found at the sampling sites. TVOC concentrations were highest at Sinjado 
zone, at 64.9 ng/g-dry weight. This area corresponds to back-barrier fringe marsh sediments sorted by location and 
terrain. Although TVOC levels in many sediments were below the detection limit, this method can be used to 
estimate their behavior in marine environments. This monitoring in the NRE can draw the necessity of safety 
management and Sediment Guidance Values (SGVs) establishment as to contributing to remediation of contaminated 
sediments. 
 
ADDITIONAL INDEX WORDS: BTEX, Busan, PCA, sediment guidance values, tidal current vector. 
 

 
          INTRODUCTION 

The Nakdong River Estuary (NRE) is a typical example of an 
artificial throughput-manipulated estuary. The Noksan Dam, 
built in 1934, blocks the flow of the West Nakdong River, while 
the Nakdong River Dam and seawall were completed in 1987 to 
regulate emissions of the Nakdong River (known locally as the 
Eulsuk River). The natural river flows and upstream of saltwater 
intrusion (marine) have been controlled by two large dams and 
seawalls for the last half-century (Williams, Dellapenna, and 
Lee, 2013). Consequently, the saltwater wedge that once 
reached approximately 40-km upstream is now occluded at the 
dam, considerably reducing the tidal prism. Several large 
industrial complexes have developed in and around the Nakdong 
River Estuary and the reclaimed coastal land over the past half-
century. Hydraulic circulation in the estuary has been 
significantly modified by the variations in river discharge, as 
well as geomorphic configurations such as the development of a 
series of barrier island system (Chung et al., 2016). 

Sediments in the tidal flat are not well studied as a source of  
 
 
 

 

Volatile Organic Compounds (VOCs) (Dewulf et al., 1996). 
However, it is important to consider that they can act as a source, 
as well as sink, of organic compounds. Different methodologies 
have been developed for assessment of the types and amounts of 
VOCs present in sediments. Globally, the criteria for Quality 
Management (QM) in marine sediments are not usually included 
in VOC standards, as there is generally little basis for the 
development of such standards. Table 1 shows the Effects 
Range-Low (ERL) and Effects Range-Media (ERM) selected as 
the basis from Class A to Class C for Sediment Guidance Values 
(SGVs) in saltwater (marine) sediments (Long et al., 1995; Long, 
Ingersoll, and MacDonald, 2006). The SGVs used in the 
protection of ecological resources are a responsibility of the 
Division of Fish, Wildlife and Marine Resources (DFWMR); the 
most recent version is dated January 1999. Class A sediments 
are considered to be of low risk to aquatic life. Class B 
sediments are slightly to moderately contaminated, and 
additional testing is required to evaluate the potential risks to 
aquatic life. Class C sediments are considered to be highly 
contaminated and likely to pose a risk to aquatic life. All values 
are dry weight values rounded to two significant digits. 

A number of methods for assessing VOCs in sediments are 
available, with most involving taking the sample into a 
laboratory and using head-space and purge-and-trap techniques, 
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and several involving the use of solvents such as methanol to 
extract VOCs from samples (Bianchi, Varney, and Phillips, 
1991; Campillo et al., 2004; Fu et al., 2005). The most common 
assessments of VOCs in sediments include TVOCs (the sum of 
VOCs between C6 and C16), 5VOCs (benzene, toluene, 
ethylbenzene, xylene, and styrene), and natural VOCs at a 
temperature of 25°C. A wide variety of VOCs have been 
detected in sediments, such as 5VOCs and mono-aromatic 
compounds. This study evaluated for ecological assessment the 
residual TVOCs and 5VOCs distribution in sediments in and 
around the barrier island system in the NRE on the southeastern 
Korean Peninsula. 
 
 
Table 1. Sediment Guidance Values (SGVs) in saltwater (marine) 
sediments (Long et al., 1995). 
 

Compounds Class A 
ng/g 
(ppb) 

Class B 
ng/g 
(ppb) 

Class C 
ng/g 
(ppb) 

Deriva-
tion 

Benzene <460 460–1,400 >1,400 A1) 
Toluene <800 800–3,300 >3,300 A 
Ethylbenzene <100 110–750 >750 A 
Xylene <91 91–640 >640 A 

1)A: Equilibrium partitioning based on 2% Total Organic Carbon (TOC) 
in values rounded to two significant digits. 

 
         METHODS 

A total of 18 surface sediment samples were collected from 3 
zones at the barrier island system, including 12 samples from 
Eulsukdo (abbreviated ES), 3 from Jinwoodo (abbreviated JW), 
and 3 from Sinjado (abbreviated SJ) zone, between May 5 and 8, 
2015 using the method described in the United States 
Environmental Protection Agency (US EPA) manual. 

 
Sampling 

Samples (~1 kg) were collected at depths of up to 1.0-cm 
from the sediment surface with a pre-cleaned spoon and stored  
 

 

 
Figure 1. Regional distribution of investigated sediments in and around 
barrier island system in the Nakdong River Estuary (NRE) of the south-
eastern Korean Peninsula (Satellite source: KOMPSAT-2 image, South 
Korea). 

 

in a dark icebox (<4°C) until delivery to the laboratory. Samples 
were air-dried in the dark and sieved through a <0.2-mm mesh 
to remove coarse rock particles and residual roots. In particular, 
one sample collected at ES-R zone contained reed vegetation 
from the protected delta fringe marsh (Figure 1). 
 
Organic Geochemistry and Sediments Size Analyses 

For particle size analysis, 5-g raw sediment samples were 
placed in a 1-L beaker and treated with 10% hydrogen peroxide 
(H2O2) and 0.1-N hydrochloric acid (HCl), to completely 
remove organics and carbonates. The treated samples were 
separated into fine and coarse fractions by wet sieving using a 4-
Φ (62-µm) sieve. The coarse fraction was sieved again for 15 
min using a ro-tap sieve shaker mounted with sieves of 0.5-Φ 
net intervals, and weight percentages were calculated for each 
particle size class. Statistical variables, such as the mean, sorting, 
skewness, and kurtosis, were obtained based on the graphic 
method (Folk, 1957). 

To analyze Total Organic Carbon (TOC), 1-N HCl (10-mL) 
was added overnight to powdered sediments (0.5-g) to remove 
carbonate materials. The samples were then redried and 
reweighed, with the difference in weight providing the value of 
TOC. A few milligrams of treated sediments were placed in an 
aluminum tin capsule; TOC, Total Nitrogen (TN), and Total 
Sulfur (TS) were measured using an elemental analyzer. To 
ensure the reliability of the analytical data, a soil reference 
material (Part No. 338 40025, Thermo Fisher Scientific, 
Waltham, MA, USA), a 2,5-bis(5-tert-butyl-benzoxazol-2-yl) 
(BBOT) Soil Reference Material (SRM) (Part No. 338-35210, 
Thermo Fisher Scientific), and a standard reference material 
from the National Institute of Standards and Technology (NIST) 
of the United States, were also analyzed. 
 
Extraction and Preparation of VOCs Using TDS-GC-MSD 

A Thermal Extractor (TE) (Gerstel, Germany) was used to 
measure VOCs emissions from surface sediments at a 
temperature of 25°C. The TE is shown in Figure 2. Figure 3 
shows a schematic diagram of the mode of operation. The TE is 
equipped with an adjustable oven (temperature range: room 
temperature ~ 350℃) that was used to heat a glass tube (length: 
178 mm; diameter: 13.6-mm) containing the sediment sample. 
The sample size was limited to a maximum of 70-mm by both 
the diameter of the tube and the heatable length of the oven. 
Pure nitrogen was then passed through the glass tube; in normal 
use, the entire gas flow passes over the adsorbent material. 
Sediment samples (10-mm × 50-mm × 7.6-mm, W × L × T) 
were placed in the glass extraction tube, and the VOCs content 
purged under a pure nitrogen gas stream at a constant flow using 
a Tenax TA tube and 2,4-DNPH cartridge. The emission rate 
considers the area specific emission factor and air exchange rate 
ratio of the volume of clean air brought into the TE per hour, 
and the free emission TE volume measured in identical units 
(mg·m−2·h−1). The TE process was undertaken at 25°C for 30 
min. The sample volume was 1 L. Air sampling was performed 
at a flow rate of 39 mL min−1 for approximately 30 min. Due to 
the small volume of the glass tube and the high nitrogen gas 
flow rate, the air exchange rate was 90 h−1. VOC concentrations 
were analyzed using a Thermal Desorption System-Gas 
Chromatograph-Mass Selective Detector (TDS-GC-MSD) at the 
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National Center for Inter-university Research Facilities (NCIRF), 
Seoul National University, South Korea (Lee and Kim, 2012). 

 

 

 
Figure 2. Schematic diagram of Thermal Extractor (TE). 

 
 
 

 

Figure 3. (a) Schematic diagram of Thermal Desorption System (TDS) 
and (b) glass tube and sample with Thermal Extractor (TE) (Gerstel, 
Germany). 

 
 
 
Statistical Analysis 

The dimensionality of isomer-specific variables was reduced 
through Principal Component Analysis (PCA) using the 
standardized data. The Principal Components (PCs) were 
retained if the eigenvalue was greater than 1. Ward's method 
was used for cluster analysis, which selects a pair of clusters to 
be merged based on the sum of squares instead of linking the 
clusters according to the distance between them. SPSS 14.0K 
(USA) was used for these multivariate statistical analyses. 

 
         RESULTS 

The results showed that organic contents, sediment types, 
TVOCs and 5VOCs concentration in the sediments. 

 
Organic Compounds and Mean Size of Sediments 

The sediments (N = 18) ranged from 4.58 to 7.60-Φ (average, 
6.04-Φ) in mean grain size and were composed of various 
sediment types including mud (M), sandy silt (sZ), sandy mud 
(sM), slightly gravelly sandy mud ((g)sM), and muddy sand (mS) 
at the barrier island system in Nakdong Estuary. The TOC 
concentrations of the sediments ranged from 0.02 to 1.80%/g-

dry weight (average, 0.28%/g-dry weight), with the minimum 
value observed at sample zone ES-0 and the maximum at ES-R. 
The results showed that TOC levels were considerably lower 
than those found in open sea. A useful application for C/N ratios 
is as a proxy for paleo-climatic data, with different values 
indicating whether the sediment cores are terrestrial- or marine-
based. The Total Nitrogen (TN) and TOC ratios (average, 5.88) 
imply that the organic matter in the study area was of marine 
origin, which is indicated by ratios between 4 and 10 (Prahl et 
al., 1994; Silliman, Meyers, and Bourbonniere, 1996; St-Onge 
and Hillaire-Marcel, 2001). Physical characteristics, such as 
particle size and sediment geochemical characteristics (e.g., 
TOC), depend on the investigation site. In general, the TOC 
content is closely related to the particle size and deposition rate, 
and disintegration in the sediment. Fine-grained particles have a 
larger surface area for adsorption of organic matter (Lambert, 
1967) (Table 2). 
 
 
Table 2. Concentrations of carbon (TOC), nitrogen (TN), and sulphur 
(TS), and mean sediment size distributions (N = 18). 
 

Zone 
TOC
(%) 

TN 
(%) 

C/N 
Ratio 

TS 
(%) 

Mean 
Size 

(Φ) 

Sediment 
Types after 
Folk (1968) 

and Sub-
Environmental 

Conditions 

ES 
(N=12)

0.06-
0.40 

0.01-
0.05 

3.97-
10.23 

0.20-
1.29 

5.52-
7.60 

M, sZ, sM, 
and Protected 
Delta Fringe 
Marsh 

SJ 
(N=3) 

0.02-
0.26 

0.01-
0.04 

2.15-
6.17 

0.19-
0.24 

5.57-
6.60 

sM, (g)sM, 
and Back 
Barrier Fringe 
Marsh 

JW 
(N=3) 

0.13-
0.25 

0.02-
0.04 

4.39-
6.51 

0.22-
0.24 

4.56-
5.88 

sM (g)sM, 
mS, and Back 
Barrier Fringe 
Marsh 

 
 
Concentration and Distribution of TVOC and 5VOC 

An example VOCs trace for the sample from the ES-R site is 
shown in Figure 4. The TVOC concentrations in the sediments 
were found across a wide range from 2.57 to 64.86 ng/g-dry 
weight (average, 13.24 ng/g-dry weigh). The TVOCs level in SJ 
zone (average, 32.82 ng/g-dry weigh) were about two- to four-
fold higher than those found in ES (average, 7.79 ng/g-dry 
weigh) and JW zone (average, 15.46 ng/g-dry weigh). TVOCs 
level were significantly higher at two sites (ES-R and -4) in ES 
zone, probably due to the deposition of sediments in the 
topographical areas surrounded by reeds. Compared to the SGVs 
in saltwater (marine) sediments (Long et al., 1995; Long, 
Ingersoll, and MacDonald, 2006), the samples contained 
concentrations about 600–4,000 times lower than specified 
guidelines for Class A sediments in saltwater (marine) sediments 
(benzene, <460 ng/g; toluene, <800 ng/g; xylene <91 ng/g). 
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Figure 5 shows changes in concentrations of TVOCs with 
TOC and mean sediment size. TVOCs concentration increased 
at the SJ zone. In the SJ-1 and SJ-3 sites, TVOC concentrations 
were 23.75 and 64.86 ng·g−1-dry weight, respectively, and this 
showed no relationship to the TOC concentration or the mean 
sediment size. This suggests that TVOCs concentration were 
more affected by other sedimentological factors than TOC and 
mean size. 
 

 

 
Figure 4. Example trace of Volatile Organic Compounds (VOCs) 
extracted during 50 min in situ from sediments (N = 18). 

 
 

 

 
Figure 5. (a) Changes in Total Volatile Organic Compounds (TVOCs) 
concentrations with Total Organic Carbon (TOC) and mean size of 
investigated sediments. (b) Signatures found in different samples 
expressed as the sum of all VOCs type per sample in ng·g−1-dry weight 
(Satellite source: KOMPSAT-2 image, South Korea). 

 
 

DISCUSSION 
Figure 6 shows the numerical models of tidal currents without 

river flow to assume definition of distribution and emission 
sources of isomers, modified from Jeon, Park, and Ryu (2004). 
The water flow can be seen throughout the channel; the usual 
flow rate was around 0.5 m·s−1, and leakage from upstream was 
observed. When the ebb and flow through the channel shows an 
overall outflow of water, flow rates were in the range of about 
0.2–0.3 m·s−1. Therefore, the SJ and JW zones could be 
deposited marine algae and very fine sediments. 

 

 
 

 
Figure 6. (a) Maximum tidal current vector in the flood of spring tidal 
current and (b) in the ebb of spring tidal current without river flow 
conditions, modified from Jeon, Park, and Ryu (2004). 

 
 
Almost all of the samples were located at similar points on the 

distribution chart (positive values on the x- and y-axes) (Figure 
7). The loadings and scores from the PCA indicated that TVOCs 
were grouped according to xylene, toluene, and benzene 
properties. Groupings in three circles are related to: (1) VOCs; 
(2) sediments (mean size); and (3) organic geo-chemicals. 
However, a sample was also collected from the terrestrial 
environment, and a similar range of VOCs was measured, 
except for some sizes. Therefore, the profile differed among the 
marine samples, allowing identification of a diagnostic signature. 

 

 
Figure 7. Principal Component Analysis (PCA) for sediment samples in 
the score plot showing the grouping of sites according to sediment 
properties. 
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          CONCLUSIONS 
The purpose of this study showed that TE coupled with a 

vacuum sampling system and TDS-GC-MS analysis is a 
sensitive technique for measuring in-situ VOCs in and around 
barrier island system in the NRE on the southeastern Korean 
Peninsula. This methodology allows a large number of VOCs to 
be quantified simultaneously and permits estimation of fluxes. 
The results of this study show that sediments have a significant 
effect on VOCs. TVOCs and 5VOCs emission were 
significantly affected by their behavior in marine environments, 
and are representative of the characteristics of the sampling 
location. TVOCs in sediments are a major problem, and high 
local concentrations require consideration. Although TVOCs 
level in many sediments were below the detection limit, this 
method can be used to estimate their behavior in marine 
environments. 

The sediments sampled from the JW and SJ zones are little 
effect on current. Therefore, very fine suspended sediments are 
thought to be deposited from the open sea such as marine algae. 
It may also be possible to track sub-surface contamination, 
moving as a non-aqueous phase layer within an aquifer, 
provided the contaminant has some volatility and there is no 
impermeable barrier between the layer and the surface. 
Groupings in three circles are related to: (1) VOCs; (2) 
sediments (mean size); and (3) organic geo-chemicals. This 
preliminary result of the grouping of standardized data using the 
PCA method can be improved by taking into account the 
correlation between score plot showing the sites and sediment 
properties in and around barrier island system in the NRE on the 
southeastern Korean Peninsula. This monitoring in the NRE can 
draw the necessity of safety management for coastal structures 
around barrier island system and SGVs establishment as to 
contributing to remediation of contaminated sediments. The 
further studies are required to determine the effects of pollution 
on the origin of the VOCs (advance signature proxy, 
composition, provenance, and definition). It is necessary to 
continue measurement for sediments and water in brackish water 
zone around barrier system and to compare the results of 
prediction flow of tidal current vector at these locations with on-
site occurrence monitoring results. 
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ABSTRACT 
 
Yang, C.-S. and Ouchi, K., 2017. Application of velocity bunching model to estimate wave height of ocean waves 
using multiple synthetic aperture radar data. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 
2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 94-98. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
The purpose of this study is to investigate the images of ocean waves produced by synthetic aperture radar (SAR) 
through the image modulations based on the normalized radar cross section (NRCS) and wave orbital motions, leading 
to the estimation of ocean wave height. The former is known as the tilt or NRCS modulation and the latter as velocity 
bunching. In general, the dominant contribution to the image modulation of range travelling waves is the NRCS 
modulation, and that of azimuth travelling waves is the velocity bunching mechanism. In this study, these two wave 
imaging mechanisms are investigated using the airborne Pi-SAR (Polarimetric-Interferometric SAR) X-band VV-
polarization images of ocean waves around the Miyake Island, Japan. Two images in a same region were produced at 
approximately 20 minutes interval from two orthogonal directions. One image shows the images of dominant range 
travelling waves, and the other shows a different wave pattern of azimuth traveling waves. This difference can be 
caused by the different image modulations of NRCS and velocity bunching. In this study, 18 sub-images are extracted 
from the two sets of Pi-SAR data, and the directional wave spectra of these sub-images in the orthogonal look directions 
are compared. We have estimated the dominant wavelength from the images of range waves, and the wave phase 
velocity from the dispersion relation; the image intensity is also computed by using the velocity bunching model and 
compared with the data. The comparison of the results strongly suggests that the latter images of azimuth waves are 
produced by velocity bunching. Furthermore, it is shown that the wave height of 1.4 m estimated from the velocity 
bunching model is similar to the height of 1.5 m simulated using the MM5 numerical weather model and data 
assimilation by JWA (Japan Weather Association). 
 
ADDITIONAL INDEX WORDS: SAR, wave height, ocean waves, velocity bunching, Pi-SAR. 
 

 
INTRODUCTION 

Analysis of ocean waves using synthetic aperture radar (SAR) 
images is an important issue in oceanography, not only for an 
academic interest but also for validation and improvement of 
wave forecasting models, the utilization in shipping industry, and 
maritime disaster prevention. Since the launch of the SEASAT 
satellite with a L-band SAR in 1978, considerable effort has been 
made to understand the SAR imaging mechanisms of ocean 
waves, and a large number of publications are available. The 
waves that primarily cause variations in SAR image scattered 
from the ocean surface are the Bragg-waves in which wavelength 
is matched to the projection of the SAR electromagnetic 
wavelength onto the local ocean surface. Consequently, the 
principal mechanisms of imaging ocean wave by SAR are 
considered to be well understood.  

According to the present knowledge, there appear 4 major 
image modulations to contribute to SAR image formation of 
ocean waves as shown in Figure 1 (Hasselmann et al., 1985). The 
first is the RCS (radar cross section) or tilt modulation which is 
largest for range travelling waves and vanishes for azimuth 
travelling waves (Alpers, Ross, and Rufenach, 1981) as illustrated 
in Figure 2. The second is the velocity bunching modulation 
arising from the wave motion (Alpers and Bruening, 1986; Alpers 
and Rufenach, 1979; Ouchi and Burridge, 1994; Swift and Wilson, 
1979). This modulation is inherent to SAR, and it is largest for 
azimuth waves and vanishes for range waves. The third and fourth 
are the modulation by range bunching which is largest for range 
waves (Gower, 1983; Ouchi, 1988) and the weak hydrodynamic 
modulation associated with the small-scale waves (Hasselmann et 
al., 1985). It is generally agreed that range and azimuth travelling 
waves are images predominantly by the RCS/tilt modulation and 
the velocity bunching modulation respectively. While, the range 
bunching and hydrodynamic modulations are small compared 
with the former two (see Figure 2). Among these modulations, 
velocity bunching still requires some attention, because the theory 
is not yet, in a strict sense, confirmed directly by experiment. 
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Figure 1. Four major image modulations responsible for the SAR images 
of ocean waves, including the RCS/tilt, velocity bunching, range 
bunching, and weak hydrodynamic modulations. 

 
 

 
Figure 2. Relative contributions of the four image modulations in terms 
of azimuth angles, where 0 (and 180) and 90 degrees correspond 
respectively to azimuth and range travelling ocean waves. 

 
 

In the present article, we will show an example of velocity 
bunching in the images of ocean waves in the waters around the 
Miyake Island, Japan, acquired by the airborne X-band Pi-SAR 
(Polarimetric-Interferometric) SAR (Kobayashi et al., 2000), and 
suggest a method of wave height estimation using both the images 
observed at two orthogonal directions and velocity bunching 
simulation. In the followings, a brief account on the image 
modulation by velocity bunching is first given for it is the basis 
of the present paper, followed by the summary of Pi-SAR system 
and wave data. The wave height estimation is then presented and 
comparison of the results are made with those by the MM5 
numerical weather model of JWA (Japan Weather Association). 
Conclusions and references are given in the final sections. 

 
          METHODS 

Velocity bunching is caused by the orbital velocity of moving 
ocean surface waves (Alpers and Bruning, 1986; Alpers and 
Rufenach, 1979; Lyzenga et al., 1985; Ouchi and Burridge, 1994; 
Swift and Wilson, 1979). It is well known that the motion of 
targets during azimuth integration time (approximately 0.5-2.5 s 
for spaceborne SARs depending on SAR parameters) gives rise 

to image degradation and azimuth image shift, the latter of which 
is caused by the slant-range component of target’s velocity 
(Ouchi, 1985; Raney, 1971). For a wave height  of a sinusoidal 
form 

 
, cos	                      (1) 

 
where  and  are the azimuth spatial variable and azimuth time 
respectively,  is the wave height, 2 /  is the 
wavenumber with L being the wavelength, and 0 is the wave 
angular frequency. The principal scatterers (small-scale Bragg 
waves) do not move with the wave phase velocity, but are in the 
up-and-down motion according to the wave orbital motion. The 
slant-range velocity component  of these scatterers can be 
derived by differentiating Equation 1 as 
 

, cos sin	           (2) 
 
where  is the incidence angle. Then, the images of scatterers are 
shifted in the azimuth direction by different distance 
corresponding to Equation 2. As a result, a wave-like image may 
be formed, and the peaks and troughs of the image may not 
correspond to the ocean wave, or even double-peaks may appear 
within a single wavelength cycle as illustrated in Figure 3. Thus, 
the image modulation by velocity bunching is highly non-linear, 
depending on the parameters of SAR geometry and ocean waves 
(Kanevsky, 1993).  

Derivation of the image modulation by the wave orbital 
velocity of Equation 2 is rather lengthy, and is beyond the scope 
of the present paper of limited space. For details, readers are 
referred to the literature (Ouchi and Burridge, 1994), in which the  

 
 

 

 
 

Figure 3. Image modulation by velocity bunching caused by the orbital 
motion of ocean waves. 
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Figure 4. Pi-SAR X-band and L-band antennas. 

 
 
final expression is given by 

	
         1 2∑ cos	 1 ⁄            (3) 

 
where  is the nth-order modulation transfer function (MTF), 

 is the wave phase velocity, < > indicates taking the ensemble 
average, and ,  and  are the mean image intensity, platform 
velocity, and image spatial variable in the azimuth direction 
respectively. The MTF is defined by 

 
1 4 sin	 4⁄ exp 2⁄   (4) 

 
In Equation 4,  is the Bessel function of the nth-order,  is 

the azimuth resolution cell,  is the integration time, and the 
effect of defocusing has been corrected (Ouchi and Burridge, 
1994; Raney and Vachon, 1988). 
 
Pi-SAR System and SAR Data 

Since 1995, National Institute of Information and 
Communications Technology (NICT) and Japan Aerospace 
Exploration Agency (JAXA) have collaborated to develop an 
airborne high-resolution multi-parameter synthetic aperture radar. 
This synthetic aperture radar is a dual-frequency radar operating 
at X-band and L-band frequencies with polarimetric functions 
(Kobayashi et al., 2000). The X-band system also has an 
interferometric mode by which topographic mapping of the 
ground surface can be made as in Figure 4. The developments of 
the X-band and L-band parts were carried out by NICT and  

 

 

 
Figure 5. Flight paths (top) and the sub-areas for the full flight images 
(bottom) in and around Miyake-Oshima, Japan on February 28, 2004. In 
the bottom figure, each color represents flight directions and the box in 
black line shows the research area. 

 
 
JAXA respectively. Note that currently new Pi-SAR2 (X-band) 
and Pi-SAR-L2 (L-band) airborne SARs are in operation 
individually by NICT and JAXA respectively (Nadai et al., 2009; 
Shimada et al., 2013). 
 

Table 1. Main characteristics of Pi-SAR system. 
 

Parameter X-band SAR 
Center Frequency 9.55 GHz 

Peak Power 6.3 Kw 
Bandwidth 100 MHz 

Antenna (L x W) 1.05 m x 0.19 m 
Incidence Angle 10 to 75 degree variable 

Observation Modes 2 CH Polarimetry or 
Interferometry 

4 CH Polarimetry 6 CH Polarimetry 
And Interferometry 

Swath Width (slant) 20.6/42.9 km 9.4/20.4 km 5.6/12.9 km 
Range Resolution 1.5/3 m 1.5/3 m 1.5/3 m 

Azimuth Resolution 1.5/3 m 
Sampling frequency 123.45/61.725 MHz 
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Figure 6. Pi-SAR X-band images for both flights as in Figure 5 (top). 

 
 
 

 

 
Figure 7. Two images and 18 sub-image areas for the research area. 

 
 

          RESULTS 
The wavelengths (λ) of Pi-SAR were 3.14 cm and 23.6 cm for 

the X-band and L-band respectively. The horizontal resolution 
was 1.5 m for the X-band and 3 m for the L-band with fully 
polarimetric modes (by transmitting/receiving horizontal and 
vertical polarized waves). The X-band Pi-SAR also had an 
interferometric function to provide elevation profiles of the 
ground using two antennas through X-band observations. Table 1 
shows the major specifications of Pi-SAR. 

During the data acquisition on February 28, 2004, the Pi-SAR 
made flights above Miyake-Oshima at approximately 180 km 
south from Tokyo, Japan along flight paths at right angle as 
shown in the top of Figure 5. Figure 6 shows the X-band images 
at each flight.  

The subject area is within a box in the right map of Figure 5 
around the Miyake Island. Two images of the same zone were 
produced at approximately 20 minutes interval from two 
directions at right angles. Using those images, 18 sub-images 
shown in Figure 7 are selected and the corresponding image 
spectra of ocean waves are generated for analyses.  
 

DISCUSSION 
Figure 8 shows an example of Pi-SAR images and image 

spectra for the site 15 (34° N and 139.5° E) as shown in the box 
15 of 18 sub-images. We have estimated the dominant 
wavelength from the image of range waves, and the wave phase 
velocity from the dispersion relation. One image (left) shows 
dominant range waves travelling 90° off the Pi-SAR azimuth 
direction, but the other image shows a different wave pattern. This 
difference can be caused by the different image modulations of 
RCS (flight 1) and velocity bunching (flight 2).  

Using these estimated wave parameters, the image intensity is 
computed from Equation 3 for different wave heights. 
Specifically, the mean wavelength and phase velocity are 
extracted from the image spectrum of the flight 1 with 103 m and 
12.68 m/s, respectively, and the image intensities obtained for 
several wave heights are compared with those of the flight 2. As 
can be seen in Figure 9 the best fit appears for the wave height of 
around 1.4 m. 
 

 

 
Figure 8. Pi-SAR images (top) and spectra (bottom) for two flights over 
the site 15 of 18 sub-images affected by velocity bunching. 

 
 

 

 
Figure 9. Theoretical results <I>/<I_0> and comparison with the 
<I>/<I_0> of Flight 2. 
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Figure 10. Wave and wind data off Miyake-jima, simulated by JWA. 

 
 

However, there is a certain error between the measured 
wavelength and the velocity bunching model. 

For the validation of the result, the MM5 numerical weather 
model and data assimilation executed by JWA are used here 
because in-situ data are not available. The results of the numerical 
models show the wind speed of 7 m/s, and the wave heights 
between 1.51 m to 1.55 m as shown in Figure 10. These wave 
height values are within those estimated by the velocity bunching 
model. 
 

CONCLUSIONS 
In the present article, we analyzed airborne Pi-SAR 

(Polarimetric-Interferometric SAR) X-band images, produced at 
approximately 20 minutes interval from two directions at right 
angles. The two images show different dominant wave patterns 
modulated by RCS (range travelling waves) or velocity bunching 
(azimuth travelling waves), representing the evidence of velocity 
bunching. We have estimated the mean wavelength and phase 
velocity from the images of range waves, and applied the theory 
of velocity bunching to calculate the image intensity of azimuth 
travelling waves. The comparison of the intensities was used to 
estimate the wave height of 1.4 m. The difference of wavelength 
will be investigated more through field experiments in the future. 
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ABSTRACT 
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Sea surface wind plays an important role in oceanic phenomena and coastal environment. There are many sources of 
meteorological data available, both global and regional, and they differ not only in spatial and temporal resolution, 
but also in the number of observations included in the reanalysis and in the method of data assimilation used. The 
performance of the weather research and forecasting (WRF) model and its variational data assimilation system 
(WRFDA) with two global reanalyses (ERA-Interim and NCEP FNL) used as initial and lateral boundary conditions 
has been assessed during the period from January to December of 2014. Both WRF model simulations using the 
ERA-interim and the NCEP FNL are in good agreement with observations, with correlation coefficients for 10-m 
wind speed ranging from 0.81 to 0.88 and from 0.77 to 0.88, respectively. Both the ERA-Interim and the NCEP FNL 
are good choices for the model’s initial and lateral boundary conditions, while the ERA-Interim simulation showed 
better results for surface pressure, wind direction and speed. As a result, the ERA-Interim simulation shows better 
results for the significant wave height and mean wave period. The results of this study should provide some guidance 
for the improvement and development of WRF simulation, skill assessment of numerical weather prediction systems, 
and guidance for further research. Furthermore, the reanalyses can be useful for offshore and coastal researchers in 
estimating extreme sea states and designing specific offshore and coastal structures.  
 
ADDITIONAL INDEX WORDS: Global reanalyses, hindcast, wind, wave. 
 

 
           INTRODUCTION 

Sea surface wind plays an important role not only in the 
oceanic circulation but also in oceanic phenomena and the 
coastal environment, including wind waves and swells. There 
are many examples of global reanalysis of sea surface wind 
using a combination of state-of-the-art models and data 
assimilation methods: the NCEP/NCAR (National Center for 
Environmental Prediction/ National Centers for Atmospheric 
Research) global reanalysis (Kalnay et al., 1996), the European 
Centre for Medium-Range Weather Forecasts (ECMWF) ERA-
Interim (Dee et al., 2011), Japan Meteorological Agency (JMA) 
JRA-55 (Kobayashi et al., 2015), and the National Aeronautics 
and Space Administration (NASA) Modern-Era Retrospective 
Analysis for Research and Applications (MERRA; Rienecker et 
al., 2011) These global reanalysis data have proven successful in 
determining the wind and wave climate over the past 40-50 
years. However, global reanalysis data have a limitation for 
detailed analyses of local scale because they are designed and 
executed with low resolution. As a result, the regional 
enhancement of the available global reanalysis data has become 
an important task. 

 Regional reanalyses have been produced for areas covering 
the Arctic, Europe, North America, and Southern Asia: The  

 
 
 
 

Regional Reanalysis simulations for Southern Europe based on 
the RAMS model (Pasqui et al., 2004), the North American 
Regional Reanalysis (Mesinger et al., 2006), and the South 
Asian Regional Reanalysis (Kar, Routray, and Mali, 2012). 
However, there is no regional reanalysis project in the East 
Asian region, particularly around the Korean Peninsula. The 
purpose of this study is to investigate the performance of 
dynamical downscaling obtained from two global reanalyses as 
forcing of wave model to simulate realistic wave parameters 
around the Korean Peninsula. 
 

METHODS 
The Advanced Research core of WRF (ARW; Skamarock et 

al., 2008) version 3.7.1 and its own data assimilation system 
known as WRFDA as used to obtain the high-resolution 
atmospheric reanalysis data. The three-dimensional variational 
data assimilation technique was adopted to improve the model’s 
initial conditions and to generate the final high-resolution 
analysis. A summary of the model configuration parameters and 
physical schemes used is given in Table 1. The atmospheric 
modeling domain for this study (Figure 1) was configured to 
encompass the East Asian region including Korea. The domains 
have a grid spacing of 20 km and 4 km with 60 vertical levels 
and a model top of 50 hPa. 

 The real-time analysis field obtained from the global final 
analysis (FNL) run by the NCEP with 1° resolution and the 
ECMWF ERA-Interim models with 0.75° resolution was used to 
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provide atmospheric forcing and initial conditions for soil 
moisture and temperature. The NCEP FNL analysis was 
obtained from the NCEP Global Data Assimilation System 
(GDAS; Kanamitsu, 1989). Because it was the final run, the 
analyses include all of the late-arriving conventional and 
satellite data. The ERA-Interim analysis is based on a four-
dimensional variational analysis (4DVAR) with a 12-h analysis 
window. To represent the coastal wind patterns more accurately, 
the NCEP daily global sea surface temperature (SST) analysis 
(RTG_SST_HR) was used in the meteorological model. The 6-h 
SST data interpolated from the RTG_SST_HR used as initial 
condition. In situ observational data used for assimilation and 
model verification include surface observations from 236 
stations distributed throughout the model domain, along with 78 
radiosonde stations. The in situ surface observations contain 
hourly 2-m temperature and humidity, 10-m wind, and pressure 
data. The radiosonde profiles include 12-h temperature, 
humidity, and wind at vertical levels extending from the surface 
up to about 10 hPa. 
 
Table 1. Weather Research and Forecasting Model (WRF) configuration. 
.  

Option                                  Configuration 
Physics         Microphysics                         WSM5 (Lim and Hong, 2005) 
                     Longwave radiation               RRTMG (Iacono et al., 2008)  
                     Shortwave radiation               RRTMG (Iacono et al., 2008) 
                     Planetary boundary layer       YSU PBL  

(Hong, Noh, and Dudhia, 2006) 
                     Surface layer                         Monin–Obukhov (Janjic, 2002) 
                     Land surface model                Noah LSM (Mitchell, 2005) 

                  Cumulus                                 Kain–Fritsch (Kain, 2004) 
Grid              Horizontal grid spacing          20 km, 4 km 
                     Vertical levels                         31 levels with top at 50 hPa 
WRFDA       Surface assimilation option    2 

 

 

 
Figure 1. Weather Research and Forecasting Model (WRF) domains 
used for model integration. Domain 1 with 20 km horizontal resolution 
(left); Domain 2 with 4 km horizontal resolution (right). The locations of 
buoys used to validate model outputs are shown in Domain 2.

 
 
The model was reinitialized daily with the NCEP FNL and 

ERA-Interim providing initial and lateral boundary conditions 
and was run for 30 h. Because forecast errors increase with time 
dramatically after one day, even with frequent data assimilation, 
a one-day reinitialization was chosen, and available 
observational data were assimilated every 6 h including the 
initial hour. The results from the first 6 h of each run were used 

as model spinup and were removed from consideration; the 
remaining one-day periods were pieced together to form a 
continuous time series. Two sets of simulations were performed 
for the same period and model settings, one using the ERA-
Interim reanalysis as initial conditions, and the other one using 
NCEP FNL data. The results were then compared to 
observational data using grid-to-point analysis. 

The hindcasts generated by global atmospheric reanalyses are 
used to develop a long-term hindcast wave database by using the 
WAVEWATCH III (WW3) third-generation spectral wave 
model (Tolman, 2009). The computational grids of WW3 were 
constructed by utilizing 30 arc-second KorBathy 30s bathymetry 
data, the bathymetry data of the Earth Topography 1 arc-minute 
global relief model (ETOPO1), and the electronic navigational 
charts produced by the Korea Hydrographic and Oceanographic 
Administration (KHOA). The present hindcast was performed 
using two grid resolutions, a coarse grid with 1/12° resolution 
and a finer with 1/60°, for both latitude and longitude. 

 
RESULTS 

Wind speeds and wind directions measured at the buoy sites 
against the corresponding gridded hindcast data produced using 
the NCEP FNL (Table 2) and the ERA-Interim (Table 3) were 
compared. For each reanalysis data set, 10-m wind speeds were 
compared to the observed values at the buoys shown in Figure 1 
via statistical parameters including mean bias error (MBE), 
root–mean–square error (RMSE), correlation coefficient (R), 
and slope and intercept of the regressed line. For the FNL (Table 
2), the range of wind speed correlation is 0.77−0.93, while the 
ranges of MBE and RMSE are 0.31−1.92 m s−1 and 2.24−3.20 
m s−1, respectively. Buoys and the reanalysis of the NCEP FNL 
correlate closely, as expressed by a slope as high as 0.84 and an 
intercept less than 1.43  m s−1.  

 
Table 2. Statistical parameters for the reanalysis of 10-m wind speed in 
2014 from the NCEP FNL including mean bias error (MBE), root–
mean–square error (RMSE), correlation coefficient (R), and slope and 
intercept of the regressed line. 
 

Location    Buoy     Intercept   Slope    R          MBE     RMSE   No. of  
                            (m s−1)                               (m s−1)   (m s−1)     Pairs 
ES         21229     1.22          0.71      0.80     0.63        2.31       8680 
ES         22105     1.40          0.70      0.79     0.40        2.96       8019 
ES         22106     1.34          0.76      0.80     0.28        3.03       8498 
ES         22107     1.30          0.84      0.86   0.31        2.93       7782 
SS         22103     0.91          0.80      0.84     0.35        2.26       8475 
SS         22104     1.43          0.73      0.78     0.32        2.59       8491 
YS           22101     0.24          0.75      0.81     1.08        2.24       8639 
YS         22102     0.00          0.81      0.85     1.10        2.30       8571 
YS         22108     0.59          0.78      0.85     0.63        2.31       8426 
YS         22183     0.08          0.65      0.77     1.92        3.20       8354 

Note: YS: Yellow Sea; SS: South Sea; ES: East Sea 
 

Considering all the statistical parameters, the ERA-Interim 
has a better overall performance in terms of the 10-m wind 
speed (Table 3). The MBE is 0.0−1.58 m s−1 and RMSE is 
1.95−2.91 m s−1, lower than the NCEP FNL simulation. The 
correlation coefficients for each location is greater than 0.80 for 
the ERA-Interim, showing a better quality. For the 10 buoy 
stations, the ERA-Interim simulation has a larger correlation 
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with observed wind speed and exhibits smaller intercept, MBE, 
and RMSE values. In addition, the ERA-Interim slopes 
approximate 1. The wind rose plots shown in Figure 2 include 
the observed and hindcast data over the Yellow, South, and East 
seas in 2014. For the two sets of simulations, the one-year 
hindcast tended to have good agreement with observations, 
producing an accurate distribution of wind direction. However, 
the two sets of simulations generated wind that was significantly 
more northwesterly than that from the observations around the 
Korean Peninsula. 
 
Table 3. Statistical parameters for the reanalysis of 10-m wind speed in 
2014 from ERA-Interim including mean bias error (MBE), root–mean–
square error (RMSE), correlation coefficient (R), and slope and 
intercept of the regressed line. 
 

Location    Buoy     Intercept   Slope    R          MBE     RMSE    No. of  
                            (m s−1)                               (m s−1)   (m s−1)     Pairs 
ES         21229     1.01          0.74      0.82     0.61        2.19       8680 
ES         22105     1.20          0.73      0.81     0.36        2.87       8019 
ES         22106     1.14          0.80      0.83     0.24        2.91       8498 
ES         22107     0.94          0.86      0.88     0.00        2.89       7782 
SS         22103     0.70          0.85      0.86     0.19        2.10       8475 
SS         22104     1.00          0.80      0.83     0.27        2.31       8491 
YS           22101     0.29          0.81      0.82     0.64        1.95       8639 
YS         22102   0.19          0.88      0.86     0.83        2.03       8571 
YS         22108     0.52          0.83      0.87     0.40        2.08       8426 
YS         22183     0.00          0.72      0.80     1.58        2.83       8354 

Note: YS: Yellow Sea; SS: South Sea; ES: East Sea 
 

 

 
Figure 2. Comparison of 10-m wind roses between observations (middle 
panel) and the one-year hindcast in 2014 using ECMWF ERA-Interim 
(left panel) and NCEP FNL (right panel) over the (a) Yellow Sea, (b) 
South Sea, and (c) East Sea. The station locations are marked by dots in 
Figure 1. 

 
 
Over the Yellow Sea, the high frequency of northerly winds 

was captured effectively, although the hindcasts generated wind 

that was significantly more north–northwesterly (Figure 2a), 
while the NCEP FNL overestimates more than the ERA-Interim. 
Both the ERA-Interim and NCEP FNL reproduce well the main 
directions, although they overestimate the northwesterly 
component and they underestimate the southwesterly component 
over the South Sea (Figure 2b). The two sets of simulations tend 
to overestimate the northwesterly components over the South 
Sea, although the NCEP FNL overestimates the measured wind 
for strong northwesterly components more and underestimates 
southwesterly components more than the ERA-Interim. A 
comparison with the observations in Figure 2b revealed that the 
wind roses of the hindcasts and the South Sea observation 
approximate each other.  

Over the East Sea (Figure 2c), the wind speed and direction 
from the hindcast were similar to those observed, although the 
west–northwesterly (southwesterly) wind was overestimated 
(underestimated). Although the results of the wind rose plots 
from the two sets of hindcasts are slightly different from 
observation, both the ERA-Interim and the NCEP FNL are good 
choices for the model’s initial and lateral boundary conditions, 
while the ERA-Interim simulation showed better results for 
surface pressure (not shown), wind direction and speed. 
However, the results are restricted to the few oceanic buoys 
where in-situ data are available, limiting their applicability to 
larger ocean regions. 

A statistical comparison of the significant wave measured at 
the buoy sites against the corresponding gridded hindcast data 
was performed using standard parameters in addition to 
comparison of maximum wave height (Table 4). The total 
number of comparisons for each simulation time was 8760. The 
wave forced by the two simulations are underestimating the 
maximum wave height at 15 of the 17 stations. Heo and Ha 
(2016) showed that simulated waves both maximum and 
significant wave heights are proportional to those measured, 
simulated heights are slightly underestimated as compared to 
those observed. Specifically, the wave forced by the ERA-
Interim simulation appears to underestimate more than the 
NCEP FNL simulation. However, the wave obtained from the 
ERA-Interim simulation correlated very well with all the 
observations, showing a lower RMSE for the significant wave 
height (Hs) than the NCEP FNL simulation. The Hs RMSE range 
from 0.25 m to 0.60 m in the NCEP FNL simulation is higher 
than the ERA-Interim range of 0.18 m to 0.45 m. The correlation 
coefficients of the wave generated from the ERA-Interim 
simulation for each station are 0.1−0.4 higher than that of the 
NCEP FNL simulation. This inconsistent result of the maximum 
and significant wave heights originate from the different 
characteristics between the two global reanalyses. The 
downscaling from the ERA-Interim tends to underestimate an 
extreme wind speed over the study region, especially typhoon 
and bomb cyclone cases in 2014. Interestingly, the performance 
of the reanalyses for the extreme wind cases does not directly 
relate to their spatial resolutions.  

To identify the degree of accuracy for the storm conditions, 
Figure 3 illustrates the Hs during high-wave events generated by 
bomb cyclones in October−November 2014 over the East Sea, 
for the NCEP FNL and ERA-Interim simulations and at the 
buoys. It can be seen that although time series of simulated Hs 
presented attenuated peaks, they are properly positioned in time. 
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This result indicates that all the simulations are able to represent 
the presence of severe atmospheric events in the region, albeit 
with reduced accuracy for the maximum wave height. In 
particular, on November 13–14, 2014, a deep, intense cyclone 

 
(a) Donghae buoy (KMA) (b) Ulleungdo buoy (KMA) 

(c) Pohang buoy (KMA) (d) Geojedo buoy (KMA) 

(e) KOGA-E01 buoy (KHOA) (f) KOGA-E02 buoy (KHOA) 

Figure 3. Time series of significant wave heights and peak wave periods 
observed from buoys versus hindcasts from NCEP FNL and ERA-
Interim using hourly data in 2014.

 
 
developed over the East Sea producing strong winds and gusts. 
After the occurrence of the strongest gusts, wave heights began 
to increase, reaching the maximum significant height recorded 
over the eastern and southern coasts of Korea. Numerical 
simulations carried out forcing with NCEP FNL and ERA-

Interim simulations, producing an underestimated wave peak. It 
can be seen that simulated heights forced by the NCEP FNL 
simulation present good agreement with the observations for the 
peak wave. However, the peak wave notwithstanding, it is 
evident that simulated heights and mean wave period forced by 
the ERA-Interim simulation shows a better performance than the 
NCEP FNL simulation. 
 

          DISCUSSION 
The downscaling of ERA-Interim using WRF with 20 and 4 

km horizontal resolutions shows a significant improvement in 
the 10-m wind. The ERA-Interim simulation shows better 
results for the significant wave height and mean wave period. 
However, the peak wave height simulated with the ERA-Interim 
is more underestimated than the height simulated with the NCEP 
FNL. The results of this study should provide some guidance for 
the improvement and development of WRF simulation, skill 
assessment of numerical weather prediction systems and 
guidance for further research. In addition, further study is still 
needed to properly address the downscaling of energetic 
atmospheric phenomena such as explosive cyclones and 
typhoons, which may require a scale-selective approach to 
downscaling.  

 
          CONCLUSIONS 

Some characteristic aspects of wave modeling using high 
resolution atmospheric reanalysis around the Korean Peninsula 
were examined using WRF as an atmospheric model and WW3 
as a wave model. The major goal was to rank global reanalyses 
and the dynamical downscaling that are available for the region 
with the ultimate goal of providing more accurate hindcasting 
and forecasting of the sea state. Both WRF model simulations 
using ERA-interim and NCEP FNL are in good agreement with 
observations, with wind speed correlation coefficients ranging 
from 0.81 to 0.88 and from 0.77 to 0.88, respectively (Tables 2 
and 3). Although the 10-m wind reproduced from the two sets of 
hindcasts are slightly different than observations, both the ERA-

Table 4. Comparison of maximum wave height between hindcasts from NCEP FNL and ERA-Interim and observations, and statistical parameters for 
significant wave heights based on the root–mean–square error (RMSE) and correlation coefficient (R) in 2014. 
 

Station                          Location                            Maximum Wave Height(m)                        RMSE(m)                                       R 
Lon.(oE)     Lat.( oN)        NCEP FNL   ERA-Interim     OBS       NCEP FNL   ERA-Interim       NCEP FNL   ERA-Interim 

KOGA-E01           131.54          38.00                  5.11                4.86            6.52             0.39                0.28                     0.95                0.96 
KOGA-E02           130.57          37.72                  4.75                4.51            5.14             0.35                0.28                     0.95                0.97 
Ulleungdo              131.11          37.46                  4.14                3.93            5.40             0.39                0.31                     0.93                0.96 
Donghae                129.95          37.48                  4.08                3.83            4.10             0.34                0.26                     0.95                0.95 
Pohang                   129.78          36.35                  3.44                3.21            4.10             0.33                0.26                     0.94                0.94 
Geojedo                 128.90          34.77                  1.79                1.61            1.90             0.37                0.32                     0.76                0.80 
Yeongok                128.89          37.87                  3.07                2.87            3.30             0.25                0.18                     0.92                0.95 
Toseong                 128.58          38.28                  2.89                2.76            3.00             0.26                0.20                     0.86                0.87 
Sancheok               129.23          37.40                  3.04                2.83            3.20             0.29                0.20                     0.90                0.92 
Heulam                  130.85          37.54                  3.23                3.03            4.70             0.43                0.29                     0.92                0.93 
Guam                     130.80          37.48                  4.51                4.28            3.80             0.60                0.45                     0.80                0.81 
Jukbeon                 129.39          37.10                  2.85                2.72            2.90             0.31                0.21                     0.87                0.89 
Guryongpo            129.59          36.00                  3.02                2.62            2.10             0.39                0.28                     0.81                0.83 
Hupo                      129.49          36.72                  3.08                2.84            3.20             0.30                0.21                     0.88                0.90 
Jangan                    129.29          35.30                  2.95                2.80            2.10             0.26                0.19                     0.89                0.90 
Pusan Buk             129.13          35.10                  2.59                2.53            3.30             0.36                0.30                     0.86                0.89 
Pusan Nam            128.96          35.02                  2.20                2.20            1.70             0.27                0.21                     0.80                0.83 
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Interim and NCEP FNL are good choices for the model’s initial 
and lateral boundary conditions. The overall impression of the 
open ocean wind field of the ERA-Interim hindcast is a marked 
improvement compared to the NCEP FNL hindcast. However, 
the NCEP FNL hindcast represented well the observations for 
energetic atmospheric conditions.  

The significant wave height of the ERA-Interim hindcast has 
a smaller error than the NCEP FNL hindcast which was evident 
in most of the statistical parameters (Table 4). The heights 
simulated by the NCEP FNL exhibit more accuracy for 
energetic atmospheric conditions, but the simulated heights and 
mean wave period forced by the ERA-Interim shows a better 
performance than the NCEP FNL simulation for the other 
conditions. Although we compare the two global reanalyses 
datasets, we conclude that the ERA-interim usually represents a 
good starting point for dynamical regional downscaling of 10-m 
wind and wave fields.  However, the NCEP FNL yields a better 
representation of sea state in abnormal atmospheric conditions. 
Nevertheless, the analysis of peak wave periods revealed that 
considerable work remains for identifying certain discrepancies 
between measured and simulated data. This hindcast study is 
useful for offshore and coastal researchers in the development of 
reliable estimates of extreme wind, wave, surge and current for 
the design of specific offshore and coastal structures. 
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Based on the 5 periods of satellite images, land use structure and changes of 3 cities in the Jiangsu coastal area were 
analyzed, and the relationship between land use structure and environmental factors was analyzed by "CLUE-S 
model + Logistic regression". The results showed that, for land use change in the past 15 years, the changes in 
cultivated land, grassland and construction land were the highest. Land use change is mainly located in urban and 
surrounding areas, followed by farmland mainly located in the coastal zone. This study uses GIS spatial analysis and 
CLUE-S + Logistic regression model analysis, correlation analysis and regression analysis, to identify factors that 
impact land use in the coastal areas of Jiangsu and the driving mechanisms for this change. A dynamic model of land 
use, forecast and evaluation was used to understand environmental effects over the next 5–10 years in the Jiangsu 
coastal area. 
 
ADDITIONAL INDEX WORDS: Land use, Jiangsu coast, driving force, CLUE-S model, logistic regression. 
 

 
           INTRODUCTION 

The coastal zone is a region where land and ocean interact, 
and has important economic values and ecological functions. 
Bao and Gao (2016) found that the coastal zone environment is 
complex and changeable, the ecological environment is fragile, 
and the area is impacted. Coastal land use/Cover Change (LUCC) 
is an important component and driving force of ecological 
environmental changes in the area. There is more research on 
land use change of the coastal zone in foreign countries, such as 
the LACOAST plan of Italy, conducted in order to provide 
reliable information for the integrated management of the 
coastal zone (Loudjani et al., 1999). Dobson et al. (1995) use 
the United States C-CAP plans to use TM Landsat, SPOTHRV 
and other remote sensing data and aerial photographs to monitor 
the change of the United States Coast wetlands and adjacent 
land. Kutzner et al. (2007), Li and Ye et al. (1997), and Zhu, He, 
and Zhang (2001) have also carried out a lot of coastal land use 
and cover change research in China, with study areas being 
mainly concentrated in the Yellow River, the Yangtze River, the 
Pearl River Delta and the Bohai rim region. Some research is 
mainly focused on the ecological environmental effect of land 
use change (Ou et al., 2004; Peng, Wang, and Liu, 2003), while 
there has been less research focused on the characteristics and 
driving mechanism (Bao and Gao, 2016; Xu et al., 2012) of land 
use change in the coastal area. 

 
 
 

Land use change and dynamic analysis are based on the 
identification and selection of driving force factors, which are 
usually analyzed from the perspective of nature, society and 
economy. Hietel, Waldhardt, and Otte (2004) think that the 
influences of land use change are divided into physical factors 
and structural factors. Land cover change has more frequent and 
more abundant physical factors and structural factors affecting 
land cover changes in the larger smaller period.  

 

 

 
Figure 1. The location of study area. 

 
 
The Jiangsu coastal area is located in the east of Jiangsu, 

between 31°41′N~35°07′N, 119°06′E~121°56′E, in an area of 
9149 km2 with a coastline of 954 km. In recent years, the 
economic and social development in coastal areas of Jiangsu 
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Province, city and accelerating the process of industrialization, 
human relations increasingly tense, large-scale beach 
development on the ecological environment in coastal areas 
caused by stress, the coastal wetland ecological environment 
problems gradually disappear, nature conservation and 
biodiversity conservation area is reduced and the more serious, 
the potential risk is very prominent. The ecological environment 
has become an unavoidable reality. Therefore, it is important to 
carry out an environmental impact assessment of land use 
change and associated environmental effects over 15 years to 
predict changes and possible environmental impact in the next 
5–10 years for planning of development and land policy. 
 

         METHODS 
The CLUE-S (Conversion of Land Use and its Effects at 

Small region extent) model is a well-developed model to study 
of LUCC. The CLUE-S model is from the research group on 
land use change and impact of Holland University of 
Wageningen. And the CLUE-S model is developed on the 
CLUE model. The CLUE-S models along with the logistic 
regression analysis are commonly used methods of evolution 
and simulation of spatial land use. The model is true of the 
sequence analysis that dependent variable which is binary 
variable as well as the independent variable is continuous 
variable. In the CLUE-S model, the logistic regression analysis 
is gradually returning to the driving factors of land use spatial 
layout, which is based on a certain set of land use spatial layout. 
So it is can be used to explain the relationship between the land 
use types and the driving factors. 

The logistic regression formula is 
 

Log 	 	 , , ⋯ , ,     (1) 

 
where, 	is the probability that i may appear in each grid, and X 
indicates the driving factors of each alternative and ß is the 
regression coefficient of each influencing factor. The logistic 
stepwise regression method can be used to screen the 
influencing factors on land use spatial layout, select factors that 
influence land use and eliminate factors that are not significant 
at the same time. 

In the regression effect of the test, the Logistic stepwise 
regression method is different than other regression methods and 
cannot be tested by a more general and effective method of R2. 
At present, the ROC (Relative Operating Characteristics) 
method and Kappa index test method proposed by R.G. Pontius 
are used to test the results of the logistic stepwise regression 
method. 
 
ROC Curve Test 

Pontius and Schneider (2001) proposed the ROC curve test 
method that is a comprehensive index reflecting the correlation 
and the differences in continuous variables. And it is the 
relationship between the correlation and the difference by the 
composition method. It sets out a number of different critical 
values by setting continuous variables, and then calculates a 
series of correlations and differences. Then the correlation is the 
vertical coordinate and the (1-difference) is for horizontal 

coordinates. The accuracy of the test increases with the area 
under the curve. In the ROC curve, the point near the upper left 
of the map is the critical value of the correlation and the 
difference. 

 
Kappa Index Test 

The Kappa index was used to test the fit of the simulation 
results quantitatively: 

 

	 	 ,                      (2) 

 
where, PO is the proportion of the correct simulation, PC is 
expected to be the correct simulation of the proportion of 
random cases, and PP is the correct simulation of the proportion 
of the ideal classification. In general, when Kappa ≥ 0.75, the 
consistency of the two types of land use maps is high, and the 
change is not obvious; when 0.4 ≤ Kappa ≤ 0.75, consistency is 
common and the change is more obvious; when Kappa ≤ 0.4, 
the consistency is very poor and the change is very different. 
 
Prediction of Land Use Change Scale Based on the GM (1, 1) 
Model 

In the non-spatial analysis module of CLUE-S model, the 
gray model can be used to forecast the demand of land use type. 
The GM (1, 1) model is established using the differential 
equations of discrete sequences. The characteristics of the model 
mainly have two aspects: one is that the discrete value that is 
calculated by the continuous variable in the process of its 
variation, so the data can be processed by differential equations. 
Another is that it calculates the cumulative number through the 
gray model, and then through the differential equation to deal 
with the number of sequences generated. This method can 
eliminate the influence of a majority of random errors. 

The modeling principle of the GM (1, 1) prediction model is 
to assume that there is a set of original sequences: 

 

1 , 2 ,⋯ , ,   (3) 

 
where, X k 0,k	 	1,2,⋯ , n.  
X  is a cumulative generating sequence of X : 
 

X 	 	 X 1 , X 2 ,⋯ , X n ,                   (4) 

 
where, X k 	 	∑ X i	 	 ,k	 	1,2,⋯ , n. 
Z  is the next generation sequence of  Z : 
 

											Z 	 	 Z 1 , Z 2 ,⋯ , Z n ,  (5) 

 

where,	Z k 	 	 x k 1 x k , k = 1,2,…,n. 
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Table 1. The simulation prediction and error analysis of 2011(Unit: HA). 
 

Project Observed Value Fitted Values Difference Change Rate (%) 
Cultivated Land 1672125 1690693 -18568 -1.11 

Garden Plot 56200 56817 -617 -1.1 
Woodland 27575 27605 -30 -0.11 
Grassland 12925 12165 760 5.88 

Land Used for Building 704400 678447 25953 3.68 

 
Table 2. The simulation results of various types of land area (Unit: HA). 
 

Year Cultivated Land Garden Plot Woodland Grassland Land Used for Building Water Area Others 

2016 1696250 56900 30900 10950 729375 611550 372500
2017 1697700 55550 30125 10725 740150 606575 367600

2018 1699025 54225 29350 10500 751025 601575 362725
2019 1700175 52900 28625 10275 762000 596575 357875

2020 1701175 51625 27875 10075 773050 591550 353075

 
 
This can be obtained by the GM (1, 1) model: 
 

X k aZ k 	 	b  .                               (6) 
 

GM (1, 1) Prediction Model of Land Class 
According to the above modeling method, the grey GM (1, 1) 

prediction of cultivated land in the study area was carried out. 
The parameter values a = 0.00 and b = 0.00 can be obtained by 
the prediction model. The time response function follows as 

x k 1 	 	 x 0 a .       (7) 

 
The grey prediction formula is obtained, following as 
 

x k 1 	 	 x k 1 a .                (8) 

 
RESULTS AND DISCUSSION 

According to the grey prediction formula, we can make k = 0, 
1, 2 and so on. Then it can calculate the total amount of 
cultivated land, garden land, forest land, grassland, construction 
land, water area and so on of 2020. This study was conducted in 
2011 to verify the algorithm; the results are as follows (Table 1). 
By calculating the mean square deviation ratio c = 0.00 < 0.35, 
the small error probability p = 1.00 > 0.95, the model precision 
can reach the level of the gray level model, and the model can be 
used to predict the other land area. By establishing the grey GM 
(1, 1) model of cultivated land, garden land, woodland, 
grassland, construction land, water area and other types, the 
acreage of each land type can be predicted by the grey GM (1, 1) 
model from 2016 to 2020, with the results shown in Table 2. 

 
Spatial Analysis of Land Use Change based on the Logistic 
Method 

Using the Jiangsu coastal area, this study extracted 6 kinds of 
driving factors, as shown in Table 3. The selected driving factors 
can influence land use change in the study area in a short time, 
even if the influence is changed and the change of the jump type 
is not incremental. For example, height in a short period of time 

will not change a lot and is relatively stable, and therefore 
impact on land use change is relatively stable. Since the impact 
of a road on land use change is large, its completion will have a 
great impact on the study of regional land use change. 
 
Logistic Regression Analysis 

The logistic regression model is a nonlinear classification 
statistical method, and it is more suitable for regression analysis 
of two categories of the dependent variables (0 or 1). The model 
is used to analyze the driving forces of land use, and the 
influence of the driving factors on the transformation of land use 
type is expressed in the form of regression equations. In the 
CLUE-S model, the 6 driving factors are normalized into the 
grid data by using ArcMap tools, as shown in Figure 2. 
 
Simulation Validity Test 

When testing the logistic regression results, the R2 method 
cannot be used as the other regression models. Because of this, 
the ROC method is widely used at present. The method is 
suitable for the prediction of the logistic model. The method 
represents 2 possibility tables, each representing different 
hypotheses that represent the possibility of a certain type of land 
use. Generally speaking, any model can be selected to test the 
effectiveness; the best result is a value of ROC of 1, while the 
lowest is a value of 0.5.  

 
 

Table 3. Driving factors of land use change. 
 

Driving Factors Description 

GDP Total GDP of the center of each grid 

Population 
The number of people in the center of each 

grid 

Distance from town The distance from the center of each grid to 
the town 

Distance from highway 
The distance from the center of each grid to 

the highway 

Altitude Altitude value of the center point of each grid
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Figure 2. Land use change driving factor grid map. 

 
 
 
 

 

 

 

 
 

Figure 3. ROC curves of simulated land use types. 

 

Analysis can be completed in the SPSS software ROC test. 
The ROC value, if the value is greater than 0.7, demonstrates 
that the simulation results of the regression model are better. 

At present, the ROC method is commonly used to test the 
results of the logistic regression. Generally speaking, any model 
can be used to test the validity of the model. The best results 
have a value of ROC of 1, while the worst results have a value 
of 0.5. The ROC test can be completed in SPSS software to 
obtain the ROC value. Values greater than 0.7 demonstrate that 
the regression model is better. The ROC curve of each land use 
type is shown below (Figure 3). 

The above ROC values for land use types were the following: 
0.625 for arable land, 0.758 for garden, 0.843 for woodland, 
0.807 for grassland, 0.672 for construction land and 0.725 for 
water. The ROC value of each land use type in this research area 
is more than 0.6, which indicates that there is a good correlation 
between the driving factors and the land use pattern. 
 
Dynamic Simulation of Land Use Spatial Pattern 

This simulation is based on land use in coastal areas of 
Jiangsu Province in 2009 and the natural and social economic 
driving factors in 2009. We selected the best simulation scale, 
then performed a logistic by step regression. We obtained the 
quantitative relationship between the driving factors of land use 
and land use distribution. Then the demand area of each land use 
type was predicted and determined according to the grey model. 
On the basis of this, the CLUE-S model was used to simulate 
land use pattern in the coastal areas of Jiangsu. 

There was model selection of the above 6 driving factors, 
After setting the above parameters, then the CLUE-S model can 
be run. The data was converted into grid format files, that is, the 
generation of spatial visualization of the target year of land use 
pattern simulation map (Figure 4a). 
The simulation map can be verified by the land use map from 
2013. In ArcGIS, a subtraction can be made for the land use type 
simulation map and the actual land use map in 2013, and the 
value of the 0 grid should be extracted. 

Then the model can obtain the correct simulation of the grid 
number 131195, accounting for 140337 of the total number of 
grid 93.49%, namely PO = 0.9349. In this study, we selected 6 
land use types, so the correct rate of each grid in the case of 
stochastic simulation was PC = 1/7. The correct simulation rate 
of ideal classification was PP = 1. The formula can be obtained 
by a numerical simulation, and the Kappa index was 0.924. The 
setting of each parameter was reasonable, and the CLUE-S 
model can better simulate the change of land use types in the 
study area. 
 
Simulation Results 

Because of the effectiveness of the CLUE-S model in 
simulating the spatial pattern of land use in the study area has 
been verified, it can simulate the spatial pattern of land use in 
2020. The above parameters and data were entered into the 
model, and the model was used to obtain the land use simulation 
map for 2020 (Figure 4b). 
 
Effects of Land Use Change on Soil Erosion in the Coastline 

The Jiangsu coastal section can be divided into 3 types: Sandy 
Coast, Bedrock Coast and Muddy Coast, according to the 
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material composition. Characteristics can be divided into basic 
stability, erosion and silt of three types: (1) the stability of the 
muddy coast has two sections in the north to south. The north 
branch is located in the estuary of XiShu and Xing Zhuang, and 
the length is 32km. The south branch is located the Qidong 
mouth and HaoZhi harbour and is ~55km. (2) Erosion of the 
muddy coast also has 2 sections of the north and south. The 
north branch is located in the estuary of XiShu and Xing Zhuang 
and is ~197km, and the southern part of the east of Haimen port 
to Qidong port branch pole is ~29km. (3) The silt coast is 
distributed in the Sheyang estuary to the DongZao harbor, about 
570.6 km. From the natural background, the coastal area of 
Jiangsu is dominated by the accumulation of silt, which accounts 
for more than 60% of the total length of coastline. 

 
 

 

  
 

Figure 4. Land use type simulation map in 2013 (a) and 2020 (b). 

 
 
 

   CONCLUSION 
This study is based on 5 periods of Satellite data, using the 

"CLUE-S model + Logistic regression method" to analyze land 
use change in the Jiangsu coastal area, as well as the correlation 
between land use change and driving factors and the simulation 
and prediction of the land use changes in the next 5–10 years. 
This study has the following two conclusions:  

(1) From the 15 year period from 1996 to 2011, areas of 
cultivated land, grassland, urban village and industrial land, 
transportation land, unused land showed an increasing trend, and 
garden, woodland, and water conservancy facilities land showed 
a decreasing trend, from the point of view of new type 
conversion. The cultivated land was converted mainly from 
garden, woodland, grassland, construction land, water and other 
land and new construction land was converted mainly from 
farmland, garden, woodland, grassland, water and other land. 

(2) Testing by correlation method, with a correlation index 
ROC = 0.6 and Kappa = 0.9, there is a good correlation between

 the selected driving factors and land use types and thus the 
driving factors on land use change in Jiangsu coastal areas have 
a strong effect, and population growth and economic 
development has played an important role in land use change. 
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ABSTRACT 
 
Kim, D.H.; Park, K.C.; Kim, I.; Lee, J.L., and Lee, J., 2017. Calculation of rip current warning index by a vector rose 
diagram. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety 
Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 109-113. Coconut Creek (Florida), ISSN 0749-
0208. 
 
Rip currents, which are sea tides that can carry swimmers into deep water beyond the breaking points, pose an 
immense security risk to beachgoers around the world. In Korea, rip current forecasting is divided into four warning 
levels: notice, watch, warning, and danger. However, the numerical results are represented by current vectors, and an 
additional process is necessary for converting these vectors into a predictive model. The primary goal of this study is 
to present a method that illustrates how to convert numerically simulated vectors into a rose diagram and how to 
divide this diagram into four warning levels for rip currents. The proposed method was validated by analyzing the 
correlation between warning indexes calculated from the present approach and those obtained from the NERiPs. The 
study was conducted at Haeundae Beach located in Busan, Korea. Different from the NERiPs, which is simply used 
to forecast the warning levels by the incident-wave conditions, this wave-induced currents model considers 
morphological effects. 
 
ADDITIONAL INDEX WORDS: Forecast, undertow, mass flux, numerical model, VERiPs, NERiPs. 
 

 
INTRODUCTION 

Rip currents occur where alongshore gradients in radiation 
stress exist due to the differential wave dissipation over shallow 
bars and deep rip channels (Bowen and Inman, 1969). In recent 
years, the term “rip currents” has been common in various 
media. 120 people in 2007, 150 people in 2008, 150 people in 
2009, and 100 people in 2010 were swept away by rip currents 
and rescued at the Haeundae Beach. Thus, rip currents have 
become a well-known issue during the summer season in Korea. 

Researchers have performed various numerical simulations of 
rip currents (Choi, 2015; Choi, Park, and Yoon, 2011; Fang et 
al., 2011; Lee and Lee, 2011). In addition, different rip current 
warning indexes have been developed by Lascody (1998), Lee et 
al. (2013), and Lushine (1991) to enhance public safety at 
beaches. However, until recently, these studies have not been 
combined with each other. The Korean Meteorological 
Administration (KMA) set up an automatic forecasting system at 
four different beaches (Haeundae Beach, Jungmun Beach, 
Naksan Beach, and Daecheon Beach) for public safety (Lee, 
Yoo, and Lee, 2014), as shown in Figure 2. The incident wind 

wave conditions were simulated using the Coastal WaveWatch 
III (CWW3), and wave-induced currents and forecast warning 
levels (notice, watch, warning, and danger) were provided 72 
hours in advance, every day (Eom et al., 2014). However, the 
numerical results were obtained in the form of vectors; thus, it 
was difficult to divide vector results into four levels visually. 
For this reason, a rose diagram, illustrated from the current 
vectors, was taken into account to solve this problem. 

The primary goal of the present study is to introduce a visual 
model that demonstrates the four warning levels for rip currents. 
We combined a warning index with a numerical model for a rip 
current anticipating system, HAE(海) Current Model 
(HAECUM), to provide rip current information for the detailed 
zones. 

 
MODEL DESCRIPTION 

The simulation in the numerical forecasting framework 
comprises several stages: bathymetric mapping, wave 
deformation, and near-shore wave-induced circulation. The 
initial step demonstrates the seafloor relief as contour lines give 
navigational data with respect to the submerged depth at every 
shoreline. The second step includes a wave transformation 
model that predicts the changes in the wave height and the 
course from deep water to shallow seaside water by using a 
derived hyperbolic mild-slope equation. The third step is a  
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Figure 1. Information about Haeundae Beach: (a) map of Korea, (b) location of Haeundae Beach and 2 m isobaths, (c) southeast coast of Korean 
peninsula, (d) area of each zone. 

 
 

 

 
Figure 2. Rip current forecasting information from the KMA system: 
(a) numerical results, (b) warning indexes. 

 

phase-averaged shallow water model that is used to predict 
wave-induced currents in the coastal water. The current model 
was applied to this study. The flow velocity and the water level 
due to the tide-induced combined flows were determined by 
solving the depth-integrated equations of mass and motion (Lee 
and Lee, 2001). The result of this model is an undertow because 
the undertow can show a better trend of the rip current than the 
surface current (Kim, Lee, and Lee, 2016) 
 

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, and opens southward, as shown in Figure 1c. 
Owing to the large population of Busan City, the beach gets 
many visitors throughout the year. During the summer vacation 
season, 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 ~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 because the wave current is the result 
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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 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). In 
this study, we divided Haeundae Beach into four zones (Figure 
1d), as shown in Table 1. The water depth in each zone was less 
than 4 m. 

 
Table 1. Detail area for each zone. 
 

Zone 1 Zone 2 Zone 3 Zone 4 
Dongbaek Park 

~ 
Glory Condo 

Glory Condo 
~ 

Meeting Plaza 

Meeting Plaza 
~ 

Paledecz 

Paledecz 
~ 

Mipo Harbor 

 
METHODS 

Throughout the research, a rip current warning indexation 
system had been developed to account for both numerical 
results and Nearshore Rip current Prediction System (NERiPs) 
results. The numerical results were processed to obtain a 
velocity radius that considers the detailed zones. The results of 
NERiPs were compared with the indexes developed in this 
study. 

 
Introduction of NERiPs 

NERiPs is a rip current prediction system that has been 
developed by Lee et al. (2013) based on the wave heights, 
periods, and angles (Equation 1). The base of the system is as 
follows: 

 
R ∙ ∙                          (1) 

 
where  is the NERiPs index and  is the function of each 
of the three considered parameters. These parameters , , and 

 are the wave height, period, and angle obtained offshore, 
respectively. 

NERiPs has been developed to provide a rip current warning 
index from the wave information. This guidance still appears to 
be acceptable for the warning purpose because it was tuned 
through comparison with the field observation data of the study 
site. Equation 2 below uses some constants to apply wave 
deformation from the topography. 

 

R . 1 tanh             (2) 

 
Where  is the main wave angle to the nearshore direction of 
Haeundae Beach. 

 
 
 

Rose Diagram Analysis 
The numerical results were difficult to quantify at once. As a 

result, this section suggests a method of utilizing the rose 
diagram analysis. This analysis is based on the rose diagram 
results for several steps: performing a numerical simulation, 
extracting the current vectors, and obtaining the radius of the 
velocity. The first step yields a current model result for each 
grid. The second step extracts the current vectors whose depths 
are less than 4 m. The last step selects a significant current 
velocity that does root mean square for each angle (Figure 3). 
 

 

 

Figure 3. Flowchart for calculating the velocity radius (R ).

 
 

Velocity Radius Analysis for Each Zone 
We performed a sensitivity analysis and analyzed the daily 

velocity radii according to the forecasting data. The sensitivity 
analysis was conducted for several conditions whose wave 
heights were 0.50 m, 0.75 m, 1.00 m, 1.25 m, 1.50 m, wave 
periods were 4 s, 6 s, 8 s, 10 s, 12 s, and wave angles were 0°, 
±15°, ±30° from the main wave angle. Zone 1 had a high 
vulnerability at -15° from the main wave angle, zone 2 had a 
high vulnerability at -30°, and zone 3 had a high vulnerability 
from -15° to -30°. Moreover, -15° was the maximum 
vulnerability exhibited among these zones. The last zone, whose 
waves came from the southeast, had a low vulnerability because 
of a jetty. Kim, Lee, and Lee (2016) presented detailed 
sensitivity analysis results. 
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Introduction of Velocity Radius Index 
The VElocity Radius Index Prediction System (VERiPs) is a 

rip current warning index that was developed in this study 
(Equation 3). It is based on the numerical simulation. The base 
of the index is as follows: 

 
R ∙ R    (3) 

 
Where  is the warning index range of VERiPs. R  and R  are 
also warning index ranges where R  considers the current 
velocity radius obtained from the rose diagram analysis and R  
considers the current direction of each vector. R  can represent 

∙  in the process of the rose diagram analysis, and it 
is calculated from the offshore wave condition. It is worth 
mentioning here that without R , indexes can show only 
currents. 
 

DEVELOPMENT 
In this section, two different rip current warning indexes were 

calculated using CWW3 data from July 12, 2015, to August 22, 
2015, except for July 16, 21, 22, and 23 and August 21 because 
of data loss. These indexes have been representing rip current 
prediction in common. However, the results of the NERiPs can 
represent a specific beach zone, whereas the results of the 
VERiPs represent a majority of the beach area. 

We used simulated data of Haeundae Beach for development. 
The simulated data were calculated at 9 am, 12 pm, 3 pm, and 6 
pm in that season (Figure 4). Hence, we performed the 
calculations to measure two different indexes at the same time. 

 
Comparison without Direction Effect 

Figure 5 shows the results of the NERiPs representing the 
occurrences of rip currents. All zones exhibited the same trend 
in terms of	R . However, zone 4 demonstrated a high range of 
fluctuation in the velocity radius. When a rip current occurred in 
the ocean, sometimes the velocity radius was not high. Because 
of this issue, R  did not consider the current directions of the 
numerical solution. 

 
Comparison with Direction Effect 

Here, we combined R  and R . R  has one value for each 
zone and a value for the whole area. However, current 
directions have values for every grid. Therefore, this study 
needs to measure the direction effect. In addition, the rip current 
is dangerous when the current velocities are high. Thus, we 
defined  as in Equation 4 below to consider the current 
direction and velocity for every grid. 

 
∑

∑
   (4) 

 
Where  and  are the current velocity and direction for each 
grid, respectively.  is representative of the direction of 
vectors. Finally, R  is calculated as in Equation 5 below. 

 

R 1 tanh                           (5) 

 
 

 

 

Figure 4. Daily CWW3 data in Haeundae Beach (July 12, 2015 to 
August 22, 2015): (a) wave height, (b) wave period, (c) wave direction. 

 
 

 

 

Figure 5. Results of NERiPs and R  value of VERiPs for every detailed 
zone. 

 
 

Where  is the main wave angle to the offshore direction of the 
Haeundae Beach. 

The results of this study are depicted in Figure 6. The figure 
shows both the NERiPs level and the VERiPs level. Results of 
the VERiPs included the effect of the current velocities and 
directions, which could show the condition of the current field. 
Moreover, the figure also illustrates the current velocities in the 
simulated area. When the first part of the rip current occurred, 
typhoon came to the Haeundae Beach at which the NERiPs 
presented a warning. In fact, the NERiPs presented a high level 
of warning at the same time because of the current directions. 
For this reason, the VERiPs was able to represent the danger of 
rip currents at the beach as well as the danger of long-shore 
currents. In Figure 7, a linear relationship between the NERiPs 
and the VERiPs is shown through these indexes. However, zone 
1 shows the lowest r-square values because the fast long-shore 
current occurred there. 
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Figure 6. Results of NERiPs and VERiPs levels. 

 
 

 

Figure 7. Relationship between NERiPs and VERiPs levels. 

 
 

CONCLUSIONS 
In this study, we suggested a method that illustrates how to 

convert current vectors into one index (R ). The proposed 
method was combined with the directional effect in order to be 
able to identify the danger of rip currents at the beach, as was 
shown by the obtained results. Furthermore, the results of this 
study accounted for long-shore current field conditions.  

We compared the VERiPs indexes with the NERiPs indexes 
during the period from July 12 to August 22, 2015 at Haeundae 
Beach. Both indexes were able to represent rip currents well at 
the beach. However, the VERiPs could not represent the entire 
occurrence of the rip current. Future papers in this series would 
address some directional problems of this VERiPs index. 
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ABSTRACT 
 
Acharya, T.D.; Yoo, K.W., and Lee, D.H., 2017. GIS-based spatio-temporal analysis of marine accidents database in 
the coastal zone of Korea. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 114-118. Coconut Creek (Florida), 
ISSN 0749-0208. 
 
Maritime transportation, including the use of boats, ferries and ships for the transportation, fishing and recreational 
activities, currently plays an important factor in global economy and is increasing annually. With increase of 
maritime transportation, the occurrences of marine accident are also increased. Based on worldwide statistical 
database of marine accidents, Marine Casualties and Incidents (MCI) module published by Global Integrated 
Shipping Information System (GISIS), the second highest number of accidents have occurred in the coastal zone 
around East Asian countries, China, Japan and Korea. Especially in Korea, there are many major accidents such as 
sinking, collision, capsizing, stranding, grounding and explosion etc. which can cause huge damage of human life 
and property. This study analyses the spatial distribution of marine accidents in more details for coastal zone of 
Korea in order to illustrate and predict the vulnerable coastal zone for improving costal safety management, planning 
and decision making. A detailed database with major and minor accidents around coastal zone in Korea collected by 
the office of Korea Coast Guard (KCG) from 2007 to 2014 were used for the geo-spatial analysis in Geographic 
Information System (GIS) environment. Two types of spatial analysis, Buffer and Cluster analysis, were performed 
to visualize the distribution of marine accidents and then to determine the high accident and safety deficient areas. 
The results from this study can help to determine the common reasons of marine accidents in the coastal zone of 
Korea, with high vulnerable zone of accident, for risk management, accident prevention and response planning in the 
future.  
 
ADDITIONAL INDEX WORDS: Marine accidents, GIS, spatial analysis, marine safety, Korean coastal zone. 
 

 
          INTRODUCTION 

Currently, maritime transportation plays an important role in 
global economy. The cheap means of transportation over 
sea/ocean is rapidly expanding especially for bulk trade (import 
and export) between countries. As, shipping represents one of 
the internationalized activity in the global industry, it is viewed 
from international perspective rather than domestic. Apart from 
the use of boats, ferries and ships for the transportation, 
maritime transportation also includes fishing and recreational 
activities. 

The rapid expansion and reduction in economic blooming 
requires well managed and efficient transport system (Šamija, 
2011). Safety with minimum accident rate is always a priority 
for the maritime industry. However, marine accidents are 
unpleasant reality occurring frequently that leads to 
multidimensional consequences. Despite improved navigation 
aids including charts and Global Positioning Systems (GPS), 
ships still have many accidents in waterways. Marine accidents 
cause casualty as well as loss of property (Akten, 2006). The 
causes of such accidents are  very complex and can  

 
 
 
 

be categorized into human errors, mechanical errors, fire and 
explosion, weather and so on (Kristiansen, 2013). It has been 
found that more than 80% of them are caused by human factor 
and lead to death or pollution of sea (Rothblum, 2000). 

Besides significant effort of international marine authorities, 
accidents are enormous. Based on world-wide statistical 
database of marine accidents, Marine Casualties and Incidents 
(MCI) module published by Global Integrated Shipping 
Information System (GISIS), the second highest number of 
accidents have occurred in the coastal zone around East Asian 
countries, China, Japan and Korea (Huang, Hu, and Li, 2013). 
Especially in Korea, there are occurrence of major marine 
accidents such as sinking, collision, capsizing, stranding, 
grounding and explosion etc. which can cause huge damage of 
human life and property. According to the statistics of Korean 
Maritime Safety Tribunal (KMST), 82.9% of marine accidents 
are caused by operating error such as deficiency of sailing 
readiness, negligence of position fixing, violation of navigation 
rules and regulations, negligence of watch-keeping, negligence 
of safety working rules and so on. Furthermore, 97% of 
collisions, 92% of contacts and 89% of groundings are caused 
by operating errors (Kim, 2012). 

Proper understanding of these accidents should be reviewed 
and updated annually. Geographic Information System (GIS) is 
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an effective tool to help visualize the geospatial data and 
simulate the problems for better decision support system. It can 
simulate the real world with the help of data models grouped 
into layers. Data could be point, line, polygon or in raster format. 
GIS uses tools to analyze solutions for complex analysis and 
provide outputs in the form of maps. GIS has been widely used 
in agriculture, cadastral, mapping, transportation and others. 
In recent years, application of GIS technology has been seen in 
marine accidents as well. Fedra and Feoli (1998) summarized 
the methods and tools of spatial analysis: particularly GIS and 
remote sensing, spatially distributed simulation modeling and 
optimization, and expert systems, as well as their integration and 
application to coastal zone management. Goralski and Gold 
(2007) took advantage of the developments in computer 
graphics and GIS technologies to propose new GIS system 
aimed at tackling the main cause of marine accidents: human 
errors by providing navigational aid and decision support to 
mariners. Shahrabi and Pelot (2007) carried out a hierarchical 
cluster analysis performed on a sample of 2,002 reported fishing 
incidents to identify hazardous locations for maritime traffic in 
Canadian Atlantic waters. Yip (2008) proposed a binomial 
regression model based on historical accident data of years 
2001-2005 to analyze port traffic risks in Hong Kong Harbor. 
Dobbins and Abkowitz (2010) used GIS to analyze inland 
marine casualty data for identification and visualization of 
hazardous locations along U.S. navigable waterways. Huang, Hu, 
and Li (2013) used GIS data in GIS environment for buffer and 
hotspot analysis of marine casualties and accidents which 
showed areas around UK to have most accidents. 

 
 

 

 
 
Figure 1. Marine accidents and KCG stations around Korea. 

 

 

 
 
Figure 2. Process adopted in the study. 

 
 
 
This study analyses the spatial distribution of marine 

accidents in more details for coastal zone of Korea in order to 
illustrate and predict the vulnerable coastal zone for improving 
costal safety management, planning and decision making. 

 
          STUDY AREA AND MATERIALS 

The study area for the marine accidents around South Korean 
peninsula composed of seas around it, namely East sea at East, 
Yellow sea at West and East China seas and Korean strait in 
South. Most of the accidents fall in between geographic location 
of 27°04'20"N to 42° 45'35"N and 122°54'15"E to 136°33'32"E. 

A detailed database with major and minor accidents around 
coastal zone and seas of Korea, collected from the office of 
Korea Coast Guard (KCG) for the duration of 2007 to 2014, was 
used in this study. The data was populated with the attributes of 
latitude, longitude, year, month, day of week, types of 
occurrence, cause of occurrence, and local police station 
jurisdiction. Even though some accidents have never been 
recorded or some lack attributes, it is assumed that the data 
represent most of the accidents and retains the distribution 
characteristics.  

Figure 1 shows the study areas with point information of 
KCG stations and marine accidents based on the local police 
station jurisdiction. 

ArcGIS 10.3 and Excel 2013 tools were used in this study for 
the analysis of the data. The geographic coordinated were 
converted in to decimal degree using excel to plot them in GIS. 
Also the filtering was carried out during the process. The 
process adopted in the study is shown in the Figure 2. 
 

          SPATIAL ANALYSIS IN GIS 
GIS is a rapidly developing field and has been used in many 

fields. It is defined as 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. In ArcGIS, ArcMap handles 
cartography part and processing, ArcCatalogue manages the 
geo-databases and ArcTools are integrated analysis tools. 
Besides three main, ArcScene is specialized visualization 
alternative of ArcMap for 3D visualization. 

GIS tools provide better visualization of accidents data and 
analyses them. Two types of spatial analysis were adopted in the 
study: Buffer and Clustering analysis based on Kernel Density. 
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Both of the analysis result in maps that help to visualize the 
distribution of marine accidents and then to determine the zone 
of high accident and safety deficient areas. 

 
      Buffer Analysis 

Buffer analysis is the process of creating more zones around 
selected features, with a predefined distance from the features. 
The result is a buffer, a polygon that is merged wherever it 
overlapped. In this study, buffers for the South Korean peninsula 
and KCG police stations were carried out at a distance of 0.5, 1, 
5, 10, 25, 50 and above 100 kilometers from the coastline. The 
numbers of accidents per buffer distance were calculated to see 
how near and far the accidents were from coastline and stations. 
 
Cluster Analysis 

Cluster analysis is a task of grouping a set of objects in such a 
way that observations in the same subsets called clusters are 
similar in some sense. It is an unsupervised classification of 
technique to classify homogenous objects in a group. Some 
clustering based on certain window size is also useful in 
revealing the hotspots of the events. In this study, Kernel density 
was applied to see where the accidents are clustered to from the 
hot spot area of accident. A resulting raster size of 100 meters 
was selected for 0.5, 1 and 5 kilometers radius for the kernel 
density clustering of marine accidents. 

 
          RESULTS AND DISCUSSION 

After getting the raw data in a tabular format from KCG, the 
first step is to ensure the quality of data and check for missing or 
incorrect data attributes. Each event was refined for the incorrect 
or lacking latitude or longitude attributes as a preprocessing step. 
Then, the data were arranged based on temporal characteristics. 
Figure 3 show the temporal distribution of the marine accidents 
from 2007 to 2014. From the figure, it is very clear that, there 
are more numbers of accidents in weekends in summer than in 
other seasons. Similarly, the year of 2009 showed much higher 
accidents and which is slowly decreasing in following years. 

The accidents also reveals the  pattern of operating hours, 
business hours showing high accidents than in morning, evening 
or night, and lunch hours has drastic less accidents compared to 
adjacent timing. This is due to the fact that Koreans strict follow 
the lunch hour and stop everything.  
 
 

 

 
 
Figure 3. Temporal characteristics of marine accidents.

 

Similarly, the types of marine accidents were mostly 
machinery problems followed by flooding, stranding, collision 
and fire. The causes of these accidents are poor maintenance and 
sailing carelessly specially the small fishing boats. As stated 
earlier, more than 80% of accidents are induced by human faults. 
Accidents handled by KCG police stations after being reported. 
Most of them are seems to be handled by the Tongyeong, 
Mokpo and Incheon stations. The stations that handle more 
accidents require more manpower and more resource than the 
others. Figure 3 shows the type and causes of number of marine 
accidents and the stations handling them. 
 
 
 

 

 
 
Figure 4. Types and cause of marine accidents and handling station. 
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Figure 5. Buffer of marine accidents from mainland and police stations 
along various distances. 

 
 
 

Table 1. Number of marine accidents in various buffer distance zones. 
 

Buffer 
Distance 

No. of Accidents from 
Mainland 

No. of Accidents from Police 
Station 

500 1754 19 
1000 2271 58 
5000 4146 747 
10000 5227 1482 
25000 6847 3885 
50000 8008 6914 
100000 8910 8593 
>10000 9886 9886 

 
 
In GIS, buffer and clustering were carried out with the help of 

marine accidents point data. Buffering was done based on the 
distance from mainland coastal line and the distance of accidents. 
Table 1 and Figure 5 show the results that number of marine 
accidents various buffer distance zones. It can be clearly evident 
that most of the accidents occur within 500 meters of mainland 
yet they are not within 500 meters of police jurisdiction. Similar 
high accident zone is found in the buffer between 1 to 5 
kilometers, where 1875 accidents occurred. Regarding the buffer 
zone from police stations, most accidents occurred at a distance 
of 25 to 100 kilometers especially 50 kilometers buffer.  

It is important that the reaction time of KCG must be fast in 
case any accident occurs. Establishing faster way to reach the 
accident spot is very crucial for them to save life and property. 
Kernel density clustering of the marine accidents based on 0.5, 1 
and 5 kilometers radius. The 0.5 and 1 kilometers radius was 
unable to find the hotspot of the accidents that was vivid to 
understanding, rather they were point patches. But, with the 5 
kilometers radius, hotspots were visible, in Incheon and 
Pyeongtaek area in Western side, Tongyeong and Busan area in 
Southern side whereas the Eastern side lacks clear hotspots. The 
hotspot can be evident by the in the areas where large 
transportation occurs and have big shipyards. 

 

    
 
Figure 6. Kernel density clustering of marine accidents around the 
coastal area of Korea. 

 
 
 
The more the in and out line routes, the probability of 

accident increases. From the clustering, the authorities can mark 
the more accidents zones and safety deficient places that require 
more attention in future. The KCG could also establish a 
temporary station for summer season or patrol areas in peak 
accident hours. 

Marine accidents are result of very complex reasons and are 
very risky once it has occurred. The vast sea could sink down 
complete life and property on the ships. The proper update of the 
accidents areas can also be used to plan safer routes and 
establish a floating rescue buoy with life support for minimizing 
loss in case any unfortunate event occurred. 

 
          CONCLUSIONS 

Marine accidents are unfortunate events that occur every year 
beside every measure. Korea has also been in high economic 
boom due to marine transportation. In this study, marine 
accidents collected during the period of 2007 to 2014 by the 
KCG were used to analyses spatio-temporal characteristics 
around the Korean peninsula. Buffer and cluster analysis were 
used in ArcGIS to visualize the distribution of marine accidents 
and then to determine the high accident and safety deficient 
areas. The 8 years data reveals the occurrence of most accidents 
in business hour except lunch time mostly in weekends of 
summer season.  

Most accidents are machinery problems caused by poor 
maintenance and carelessness. Tongyeong, Mokpo and Incheon 
Police station handles more accident compared to others. 
Similarly, Changwon and Boryeong have lowest accidents to 
handle. Also, the occurrences of accidents are seen in coastal 
shoreline little farther than the police stations. The Incheon-
Pyeongtaek and Tongyeong-Busan area showed clustered 
accidents hotspots. The results from this study can help to 
determine the common reasons of marine accidents in the 
coastal zone of Korea, with high vulnerable zone of accident and 
help mobilize available resources for risk management, accident 
prevention and response planning in the future. Annual revision 
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of such zones can help in further understanding of such 
accidents occurrence.  
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ABSTRACT 
 
Kim, H.; Kim, M.-S.; Kim, Y.-K.; Yoo, S.-H., and Lee, H.-J., 2017. Numerical weather prediction for mitigating the 
fatal loss by the meteo-tsunami incidence on the west coast of Korean Peninsula. In: Lee, J.L.; Griffiths, T.; Lotan, 
A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. Journal of Coastal Research, 
Special Issue No. 79, pp. 119-123. Coconut Creek (Florida), ISSN 0749-0208. 
 
The west coast of Korean Peninsula is an area where casualties and property damages by meteo-tsunamis from the 
Yellow Sea have been reported. A case in point is the event with an estimated maximum amplitude of 240 cm in 
Yeonggwang (YG) on 31 March 2007. Many studies have been carried out since then in Korea. These researches 
focused primarily on the oceanographic aspects (e.g., the resonance between the atmosphere and ocean). They 
wanted to calculate the resonance effects by the propagation velocity and direction of meteo-tsunami. On the other 
hand, there were no sufficient atmospheric observation data on the sea, and it was inadequate to explain the various 
interactions between the atmosphere and ocean. Therefore, the weather research and forecast (WRF) model was used 
to predict the various detailed meteorological factors (e.g., air pressure, wind vector) on the open sea. This was 
performed on representative meteo-tsunami events induced by four synoptic weather types. As a result, the numerical 
weather model, WRF, projected various gridded atmospheric information on the Yellow Sea, and the main 
atmospheric forcing (e.g., pressure jump line, high pressure system) of the four meteo-tsunami events could be 
indicated. The numerical weather modeling showed the potential to predict the coastal disaster caused by the meteo-
tsunami.  
 
ADDITIONAL INDEX WORDS: Meteo-tsunami, atmospheric forcing, numerical weather modelling, WRF. 
 

 
           INTRODUCTION 

Significant damages to property and casualties have been 
caused by meteo-tsunamis in the west coast of the Korean 
peninsula. Previous studies were carried out to understand how 
the meteo-tsunami occurred through an oceanographic approach 
(e.g., long wave analysis) (Choi, Park, and Kwon, 2008; Eom et 
al., 2012; Kim, Woo, and Eom, 2013; Monserrat, Vilibic, and 
Rabinovich, 2006). In addition, efforts to understand the primary 
causes of meteo-tsunamis are in progress through a 
meteorological approach (e.g., synoptic weather analysis) 
(Belušić, Grisogono, and Klaić, 2007; Kim et al., 2014; Kim et 
al., 2016; Tanaka, 2010). Kim et al. (2016) analyzed the 
synoptic weather condition on all meteo-tsunami event days in 
the Yellow Sea during the last 12 years (2002-2013). They 
emphasized that a meteo-tsunami often occurred as four 
synoptic weather types and also has seasonal characteristics 
focused on the spring and winter season. On the other hand, it 
has some limitations (e.g., a lack of high resolution observation 
data in ocean) when explaining the meteorological mechanisms 
(e.g., the interactions between the atmosphere and ocean) related 
to the occurrence of meteo-tsunami’s.  

Therefore, this study shows the structure of the boundary 
layer and meteorological forcing raised to a meteo-tsunami 
through  
 
 

 
 

numerical weather modelling to overcome the problems of 
previous research. 

 
       METHODS 

In this study, some research methods were set up to perform 
the numerical weather modelling related to a meteo-tsunami, as 
shown below.  

 
Selection of the Event Day 

The elimination of tidal factors in the sea level data is 
necessary to distinguish a meteo-tsunami because the Yellow 
Sea is characterized by a great tidal range. The period 
component less than 60 minutes was extracted from the sea level 
data during the last 12 years using a Butterworth low pass filter 
(Butterworth, 1930; Kim et al., 2014). The standard deviation 
(SD) of the daily maximum amplitude was calculated from the 
decomposed sea level data and the meteo-tsunami event day was 
selected when the amplitude of the sea level over three 
observation sites was more than two or three times of the SD at 
the same time. 

 
Numerical Weather Model 

The Weather Research and Forecasting (WRF) model was 
used to analyze the synoptic meteorological mechanism of a 
meteo-tsunami. Figure 1 shows three nesting domains for 
weather simulation and is composed by horizontally 30-10-3.3 
km and vertically 48 layers. The mother domain (D01) generally 
covers the entire Yellow Sea to simulate the propagation of an 
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catmospheric disturbance. FNL (Final) Operational Global 
Analysis data, which are the reanalysis data from the Global 
Forecast System (GFS), National Centers for Environmental 
Prediction (NCEP), and Real Time Global SST were used as the 
initial boundary conditions for the WRF simulation with the 
two-way interacting nested grid system. Table 1 lists the grid 
information of each domain and the physical options of the 
model integration. 

 

 
Figure 1. Nested model domains for WRF simulation. Domains 1, 2, and 
3 (denoted by D01, D02, and D03) have a horizontal grid resolution of 
30 (165×150), 10 (271×26), and 3 (289×307) km, respectively. 

 
 
Table 1. List of the WRF configuration. 
 

Domains D01 D02 D03 
Number of grids 165 x 150 271 x 226 289 x 307 

Horizontal 
resolution 

48 48 48 

Microphysics 
WSM3 
scheme 

Milbrant-
Yau Double-

Moment  
7-class 
scheme 

Milbrant-
Yau Double-

Moment  
7-class 
scheme 

Cumulus Kain-Fritsch scheme 
Surface layer Revised MM5 Surface layer scheme 

Long/Short wave 
Radiation 

RRTMG and RRTMG radiation 

Land Surface Noah-LSM 
Planetary 

Boundary layer 
YSU scheme 

RESULTS 
Four types of meteorological causes were also categorized 

by synoptic weather analysis. The numerical weather model 
was performed on representative meteo-tsunami events 
induced by four known synoptic weather types and the main 
atmospheric forcing of the four meteo-tsunami events could 
be indicated. 
 
Classification of Synoptic Weather Types 

Meteo-tsunamis exceeding two and three times of the SD have 
occurred 92 and 28 times in Korea over the last 12 years (2002-
2013), respectively. Synoptic weather analysis was performed 
on all 92 meteo-tsunami event days. As a result, four types of 
synoptic weather caused a meteo-tsunami in Yellow Sea were 
classified (Table 2). Type 1–3 were caused by a low pressure 
system penetrating to the Yellow Sea with atmospheric 
disturbance and Type 4 was induced by a high pressure system 
in winter. The representative event day of each type for 
numerical weather modelling was selected by reference to the 
historical records regarding the maximum sea level and damage 
caused by meteo-tsunamis. 
 
Table 2. Synoptic weather types and synoptic feature of the 
representative events causing the meteo-tsunami in the Yellow Sea. 
 

Pressure 
System

Synoptic 
Weather 

Type

Represented 
Event Day

Synoptic Feature 

Low 
pressure

Type 1
Mar 31, 

2007 

- Low family passing through the Yellow 
  sea 
- Increase in the potential instability in the 
atmosphere and ocean 

- Maximum horizontal and vertical instability by 
a strong low pressure with a cold front 

High 
pressure

Type 2
April 26, 

2011 

- Stagnation of the low pressure system by the 
blocking high in the North Pacific 

- Development of a cut-off low in the East sea 
- Cut-off low passing through the Bo Hai Bay or 
Shantung Peninsula 

Type 3
May 4, 
2008 

- Development of a low pressure system in the 
highlands of the Mongolia and Tibet 

- Proceeding east of the low pressure system by 
westerlies from the highlands to the low level 
area 

- Improvement of the atmospheric disturbance by 
the atmospheric gravity wave 

Type 4
Dec 21, 

2005 

- Expansion of the high pressure system from the 
northwest to south east 

- Increase in the thermodynamic instability by a 
cold and dry Siberian high pressure and the 
warm and moist Yellow Sea 

- Dynamic shear in the ocean boundary layer by 
a strong wind of the Siberian high pressure 

 
Verification of Numerical Weather Model 

Time-series comparisons and statistical analysis were 
performed to verify the accuracy of the numerical weather 
model. Figure 2 shows the time-series between the observation 
and prediction at the tidal station around the coastal area on 31 
March 2007 (Type 1).  

The air pressure of the WRF tends to be overestimated 
compared to the observation, but the tendency of the observation 
was generally projected well (temperature time-series not 
shown). In addition, the statistics (e.g., RMSE) in tidal stations 
indicated a meaningful value regarding the model’s accuracy  
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Figure 2. Time series of the observed (dot line) and model-predicted 
air pressure (hPa) (solid line) in the tidal stations on 31 March 2007. 

 
 
Table 3. Statistics for the WRF model evaluation in the tidal stations. 
 
Variable Statistics Seoul Incheon Suwon Seosan Daejeon Gunsan Gwangju Mokpo

Sea level 
Pressure 
(SLP) 

MBE 0.44 0.84 0.71 0.94 1.43 0.85 1.11 1.45

IOA 0.95 0.94 0.94 0.94 0.91 0.92 0.93 0.91

RMSE 1.65 1.78 1.86 2.01 2.34 2.26 2.12 2.43

COR 0.92 0.97 0.91 0.91 0.90 0.88 0.91 0.91

Tempera-
ture 

(Temp.) 

MBE -0.74 -1.21 -1.68 -1.17 -1.37 -1.29 -0.75 -2.68

IOA 0.78 0.75 0.79 0.87 0.86 0.88 0.93 0.63

RMSE 2.71 2.44 2.93 2.34 2.74 2.02 2.07 3.58

COR 0.65 0.64 0.73 0.82 0.83 0.87 0.90 0.68

 
(Table 3). Other types also had significant statistics regarding it 
(data not shown). 
 
Atmospheric Disturbance by Low Pressure System 

Surface weather charts at 1 hPa intervals were analyzed on the 
representative event day (31 March 2007) of type 1 (Figure 3). 
A sudden change in the surface air pressure occurred in the 
coastal area around Shantung Peninsula before 4 hours (12 UTC 
30 March 2007) from the time of meteo-tsunami occurrence. It 
propagated to the west coast of the Korean Peninsula at a rapid 
pace of approximately 27.8 m/s. Moreover, the atmospheric 
convergence and divergence flow was similar to the propagation 
of the dense air pressure (Figure 4). These results mean that the 
fluctuations of the sea level were possible to make by the 
atmospheric disturbance in the Yellow Sea. The atmospheric 
disturbance in the Yellow Sea is indicated well in Figure 5 
showing the vertical velocity and potential temperature. The 
variation of potential temperature and vertical velocity occurred 
at an altitude of more than 3 km over coastal area around 
Shantung Peninsula. This fluctuated significantly in a very dense 
area and propagated to the west coast of the Korean Peninsula. 

 

 
Figure 3. Surface weather charts at intervals of 1 hPa and the sudden 
changing line (red dashed line) on the representative event day (30 
March 2007) of Type 1 produced by WRF modelling; (a) 12 UTC, (b) 
13 UTC, (c) 14 UTC, and (d) 15 UTC. 

 
 
 

 

 
Figure 4. Spatial distribution of the surface divergence on the 
representative case (30 March 2007) for Type 1 produced by WRF 
modelling. The red solid line means the cross-section in Figure 5; (a) 12 
UTC, (b) 13 UTC, (c) 14 UTC, and (d) 15 UTC. 
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Figure 5. Z-wind component (m/s) (red and blue contour), potential 
temperature (℃) (black solid line) and Bulk Richardson Number (<0.25) 
(dotted area) on the vertical plane along the cross-section in Figure 4. 
The black dashed line means the propagation of the atmospheric 
instability changing with time (30 March 2007); (a) 12 UTC, (b) 13 
UTC, (c) 14 UTC, and (d) 15 UTC. 

 
 
Atmospheric Disturbance by High Pressure System 

Figure 6 shows the surface weather charts at intervals of 1 hPa 
on the representative event day (21 December 2005) of type 4. 
The pressure gradient over Yellow Sea was significantly 
stronger by the extension of the Siberian high but, unlike the 
low-pressure types, the sudden change of surface air pressure 
did not analyse in high-pressure type. 
 

 

 
Figure 6. Surface weather charts at intervals of 1 hPa on the 
representative event day (21 December 2005) of Type 4 produced by 
WRF modelling; (a) 06UTC, (b) 07UTC, (c) 08UTC, and (d) 09UTC. 

 
 

 

 
Figure 7. Spatial distribution of surface divergence on the representative 
case (21 December 2005) for Type 4 produced by WRF modelling. Red 
solid line means the cross-section in Figure 8. Black square is equal to 
the black solid box in Figure 8; (a) 06UTC, (b) 07UTC, (c) 08UTC, and 
(d) 09UTC.  

 
 

 

 
Figure 8. Z-wind component (m/s) (red and blue contour), potential 
temperature (℃) (black solid line) and Bulk Richardson Number (<0.25) 
(dotted area) on the vertical plane along the cross-section in Figure 4. 
Black square is equal to the black solid box in Figure 7 (21 December 
2005); (a) 06UTC, (b) 07UTC, (c) 08UTC, and (d) 09UTC.  

 
 

The convergence and divergence on the surface level related 
to the atmospheric disturbance were analyzed as the form of 
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narrow streets changing with time in the offshore of Gyeonggi 
Bay (black solid square) (Figure 7). This means that the 
expansion intensity of the air flow by the high pressure system 
also changed with time. The top of strong atmospheric 
instability layer under 0.25, the value of Richardson number, 
iterating a rise and fall were indicated well in the boundary layer 
under 1 km height over Gyeonggi Bay by cross-section analysis 
(Figure 8). Although additional research, such as numerical 
ocean modelling, will be needed, the vertical atmospheric 
disturbance in the numerical weather model is likely to cause 
resonance in the coastal area. 

  
CONCLUSIONS 

The numerical weather modelling was performed on the 
representative events of the meteo-tsunami induced by synoptic 
weather types in the Korean Peninsula. This showed the spatio-
temporal property of atmospheric instability well which is often 
followed by a meteo-tsunami.  

The meteo-tsunami caused by a low pressure system indicated 
that a sudden change in the area of the surface air pressure 
penetrated rapidly from the Shantung Peninsula to the Korean 
Peninsula. The strong atmospheric instability in the low 
boundary layer caused by the expansion intensity of the high 
pressure system is likely to make another type of the meteo-
tsunami by the repetitive ascending and descending air current.  

In the present study, furthermore, the direct correlation 
between the atmospheric instability and the fluctuation of the 
sea level was not observed clearly although many studies has 
been accomplished to clarify that the atmospheric disturbance in 
the boundary layer would be one of many causes of a meteo-
tsunami generation. 
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Meteorological Analysis of the Sea Fog in Winter Season on 
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on February 11, 2015 
 
Yoo-Keun Kim†, Hyunsu Kim†*, Jang-Won Seo‡, Hye-Yeon An†, and Yo-Hwan Choi† 

 
 
 
 
 

ABSTRACT 
 
Kim, Y.-K.; Kim, H.; Seo, J.-W.; An, H.-Y., and Choi, Y.-H., 2017. Meteorological analysis of the sea fog in winter 
season on Gyeonggi Bay, Yellow Sea: A case study for the 106-vehicle pileup on February 11, 2015. In: Lee, J.L.; 
Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. Journal of 
Coastal Research, Special Issue No. 79, pp. 124-128. Coconut Creek (Florida), ISSN 0749-0208. 
 
The winter sea fog in the Yellow Sea is generally known as steam fog which is created when a cold and dry air mass 
(e.g., Siberian high) flows over warm sea surface. The status of the atmospheric boundary layer frequently changes 
by various interactions between atmosphere and ocean, because the west coast of the Korean peninsula has a 
complicated shoreline by numerous islands and rias coast. Therefore, the sea fog around this area is temporarily 
generated in unexpected place and it is reduced the visibility severely. The 132 casualties (3 dead, 129 injured) were 
occurred by the 106-vehicle pileup over the Yeongjong Bridge on February 11, 2015, because of the sea fog on 
Gyeonggi Bay in the Yellow sea. In this study, synoptic weather analysis and numerical weather modeling were 
performed to understand causes of sea fog. As a result, the atmospheric boundary layer of Gyeonggi Bay was 
generally stable because of a stagnant high pressure system when the accidents took place. In addition, low level air 
under the atmospheric boundary layer was colder than SST on Gyeonggi Bay. It means that the sea fog may be 
generated by the temperature difference between sea and air. 
 
ADDITIONAL INDEX WORDS: Sea fog, WRF, synoptic weather analysis, Yellow sea, Korean Peninsula. 
 

 
           INTRODUCTION 

The 132 casualties (3 dead, 129 injured) were occurred by the 
106-vehicle pileup over the Yeongjong Bridge on February 11, 
2015, because of the sea fog on Gyeonggi Bay in the Yellow sea. 
Visibility due to the sea fog was only 10 m at that time. The first 
car crash occurred in the left-hand lane bound for Seoul at 9:45 
am. At that time, the driver could not see the car ahead of him 
because of the dense sea fog and because they were speeding. 
After the first crash, the car bounced into right-hand lane and 
crashed with another car. This two car crash induced the 106-
vehicle pileup on Yeongjong Bridge. Finally, this pileup caused 
estimated property damage of about 13 million Won. 

Sea fog induced by various interactions between the 
atmosphere and ocean (e.g., micro-physical processes) can lead 
to human and material damages by severe lowering of visibility 
(Cho, Kim, and Kim, 2000). These damages caused by sea fog 
are likely to occur in the maritime environment as well as on 
land near the coastline (Kim and Yum, 2012; Zhang et al., 2015). 
In this study, the causes of the sea fog were analyzed by 
synoptic weather analysis and numerical weather analysis so as 
to take precautions against accidents in the future. 

 
          METHODS 

In this study, specific research methods were estabilished and  
 
 
 
 

 

 
Figure 1. Photos of the 106-vehicle pileup on Yeongjong Bridge on 
February 11, 2015. 

 
 

applied to understand how sea fog acts during the winter season 
over Gyeonggi Bay. 

 
      Study Area  

As the Yellow Sea around the Korean Peninsula has a 
complicated shoreline with numerous islands and rias coast, the 
physical conditions of the atmosphere and ocean frequently 
change around the coastal area. For this reason, sea fog often 
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occurs in this area. Sea fog is commonly divided into two types: 
advection fog and steam fog (Fu et al., 2006; Heo and Ha, 2009). 

Sea fog around the Yellow sea islands during the winter 
season is primarily known as steam fog, which is formed when 
the very cold and dry air of the Siberian high moves over the 
warmer water of the Yellow sea (Fu et al., 2010; Lee and Ahn, 
2013). In this study, we selected the Gyeonggi Bay as the 
research area so as to understand the causes of the winter season 
sea fog that caused the 106-vehicle pileup on February 11, 2015. 

 

 

 
Figure 2. Maps showing the WRF model domain (left side) and AWS 
sites in KMA located around the Gyeonggi Bay for the verification of 
the WRF model (BN: Baengnyeong, DY: Daeyeongpyeong, JB: 
Jangbongdo, YD: Yangdo, GC: Gongchondong, YJ: Yeongjongdo, SD: 
Songdo, SB: Seungbongdo).  

 
 

Table 1. The list of WRF configuration. 
 

 D01 D02 D03 D04 
Horizontal Grid 165x150 226x214 223x259 253x211 
Horizontal     
    Resolution (km) 

27 9 3 1 

Vertical layers 30 30 30 30 
Microphysics WSM6 
Longwave  
    Radiation 

RRTMG 

Shortwave   
    Radiation 

Dudhia 

Surface Layer Revised MM5 surface layer 
Land Surface Pleim-Xiu 
Planetary    
    Boundary Layer 

YonSei University (YSU) 

Cumulus  Kain-Fritsch 

 
Numerical Weather Model 

The numerical weather model used to predict the atmospheric 
structure of the formation of sea fog was the Weather Research 
and Forecasting (WRF) model developed at the National Center 
for Atmospheric Research (NCAR), which includes fully 
compressible non-hydrostatic equations (Skamarock et al., 2005 
and also http://www.mmm.ucar.edu/wrf/users). The fine domain 
was composed by 1 km for a detailed analysis in the coastal area 
around Gyeonggi Bay. Meanwhile, the various WRF physical 
options used in this study are indicated in Table 1. 
 

RESULTS 
The synoptic weather analysis and numerical weather modeling 

were performed to understand causes of dense sea fog. 
 

 
 

 
Figure 3. The surface weather charts related to the sea fog event day; (a) 
06UTC Feb 10, 2015, (b) 12UTC Feb 10, 2015, (c) 18UTC Feb 10, 
2015, (d) 00UTC Feb 11, 2015. 

 
 

 
 

 
Figure 4. The upper level (925 hPa) weather charts related to the sea fog 
event day; (a) 06UTC Feb 10, 2015, (b) 12UTC Feb 10, 2015, (c) 
18UTC Feb 10, 2015, (d) 00UTC Feb 11, 2015. Red solid line indicates 
0℃. 

 
 
Synoptic Weather Analysis 
Figure 3 shows the surface weather charts used to analyze the 
center of the cold Siberian high located in the Yellow sea around 
the Korean Peninsula during the 24 hours prior to the occurrence 
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of sea fog. Also, the upper layer (925 hPa) shows that the air 
over the Yellow sea generally was colder than other regions of 
the same latitude (Figure 4). 
 

 

 
Figure 5. The Skew T-Log P diagrams in Baengyeongdo (a, b) and 
Osan (c, d); (a) 12UTC Feb 10, 2015, (b) 00UTC Feb 11, 2015, (c) 
18UTC Feb 10, 2015, (d) 00UTC Feb 11, 2015. Red bar indicates the 
wet mixed layer.  

 
 

 

 
Figure 6. COMS (Communication, Ocean and Meteorological Satellite) 
SST (Sea Surface Temperature) images in (a) seas around the Korean 
Peninsula and (b) Gyeonggi Bay on Feb 11, 2015. 

 
 

Besides, in the skew T-log P diagram, the wet mixed layer 
with a thickness of about 2 km (1000-900 hPa) was analyzed 
along the coastal areas (e.g., Baengyeongdo and Osan) located 
around Gyeonggi Bay (Figure 5). Alternatively, the COMS 
(Communication, Ocean and Meteorological Satellite) SST (Sea 
Surface Temperature) images from February 11, 2015 show that 
the ocean temperature in the Yellow sea was relatively warmer 
than the air temperature above it (Figure 6). The range of SST in 
Gyeonggi Bay ranged from 1℃ near the coastline to 7℃ around 
the adjoining seas.  Consequently, the cold air and warm ocean 
water in Gyeonggi Bay at that time would have been good 

conditions for the generation of steam fog because of the strong 
temperature difference. 

 
Verification of Numerical Weather Model 

Table 2 shows the statistics for the model verification at AWS 
sites around Gyeonggi Bay and Figure 7 shows the time series 
analysis of the simulated and observed temperature. Overall, the 
temperature variations simulated by the WRF model were found 
to be in good agreement with the observed values at each site 
over the course of three days. Statistical analysis confirmed that 
the model simulation might be reasonable enough to predict the 
boundary layer structure near the surface (Table 2). 
 
Table 2. Statistics for model verification at AWS sites around Gyeonggi 
Bay. 
 

Sites MBE IOA RMSE COR 

YD 0.09 0.94 1.65 0.89 

DY -0.96 0.87 1.81 0.84 

GC -1.53 0.87 2.68 0.84 

BN 0.66 0.79 1.51 0.68 

YJ -1.89 0.82 2.88 0.80 

JB -0.29 0.86 1.88 0.75 

SD -0.19 0.81 2.26 0.67 

SB 0.32 0.85 1.51 0.79 

 

 

 
Figure 7. Time-series analysis of the observed (blue solid line) and 
model-predicted temperature (℃; red solid line) at AWS sites near 
Gyeonggi Bay.
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Numerical Weather Analysis 
The air-sea temperature difference (ASTD; air temperature 

minus sea surface temperature) gradually increased along the 
north coastal area of Gyeonggi Bay prior to the sea fog event 
(Figure 8). The ASTD in the coastal areas near the Yeongjong 
Bridge increased to about 5℃, in particular. This indicates that 
air-sea conditions favorable for the formation of sea fog caused 
by condensation were maintained until the time of the 106-
vehicle pileup. 

 

 

 
Figure 8. Spatial distributions of air-sea temperature differences (℃; air 
temperature minus sea surface temperature) in Gyeonggi Bay on 
February 11, 2015. 

 
 

 

 
Figure 8. Spatial distributions of air-sea temperature differences (℃; air 
temperature minus sea surface temperature) in Gyeonggi Bay on 
February 11, 2015. 

 

As shown in Figure 3, the typical local circulation in Gyeonggi 
Bay occurred on February 11, 2015, because of a weakened 
synoptic pressure system (Figure 9). 
 

 

 
Figure 10. Spatial distributions of wind speeds (m/s) at 10 m near 
surface of Gyeonggi Bay on February 11, 2015. 

 
 

 

 
Figure 11. Spatial distributions of relative humidity (%) at 10 m near 
surface of Gyeonggi Bay on February 11, 2015. 

 
 
The nocturnal land breeze started near Incheon on 15 UTC 
February 11, 2015, and flowed out to the open sea of Gyeonggi 
Bay. Furthermore, the weakened wind speed at night gradually 
increased with time from the open sea and expanded inland of 
the coastal area (Figure 10). However, the meteorological 
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conditions near Yeongjong Bridge were generally stable because 
there had been no change of the wind speed in the coastal area.  

The spatial distributions of the relative humidity, one of the 
important factors for the formation of sea fog, were similar to 
the spatial distributions of ASTD, which generally increased 
from the open sea (Figure 11). This means that sea fog generated 
in the open sea of Gyeonggi Bay is likely to move inland near 
Yeongjong Bridge. 

   
CONCLUSIONS 

The coastal region around Yellow sea is a high frequency 
region for the occurrence of coastal disasters caused by sea fog. 
In this study, we performed a synoptic meteorological analysis 
and numerical weather modeling of the sea fog event on 
February 11, 2015, that induced a 106-vehicle pileup on 
Yeongjong Bridge. As a result, the atmospheric boundary layer 
of Gyeonggi Bay was generally stable because of a stagnant 
high pressure system when the accidents took place. In addition, 
low level air under the atmospheric boundary layer was colder 
than SST on Gyeonggi Bay. It means that the sea fog may be 
generated by the temperature difference between sea and air. 
This possibility was distinctly proved by the numerical modeling 
study. The temperature difference between sea and air increased, 
up to a maximum of 5℃, and the relative humidity also 
increased with time. Additionally, a westerly wind blew at 3-6 
m/s from the open sea to the coastal area. This means that sea 
fog generated in the open sea moved to the coastal area and 
decreased visibility on the bridge. 
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ABSTRACT 
 
Park, J.; Park, S.-K.; Choi, J., and Hong S., 2017. New priority ranking algorithm for the deteriorated coastal bridges 
considering network level. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 129-133. Coconut Creek (Florida), 
ISSN 0749-0208. 
 
Bridges are currently constructed and designed considering the structural safety required by the design code. 
However, coastal bridges are continuously deteriorated by many causes such as concrete spalling and exfoliation due 
to aging, faulty construction, and other deterioration factors. In this study, a prior ranking algorithm is investigated 
for performing maintenance management of coastal bridges and composed of more reasonable algorithm with studied 
on previous precedence priority ranking algorithm to realize bridge maintenance. With regard to a rating index of a 
total of 100 points, appearance defect index and load capacity deficiency was suggested with 40 and 60 point 
respectively. It is a more reasonable prior ranking algorithm that reflects the load capacity function, traffic of bridges 
and deteriorated bridge with high degree of deficiency point.  
 
ADDITIONAL INDEX WORDS: Structural safety, coastal bridge, prior ranking algorithm. 
 

 
           INTRODUCTION 

Since the collapse of the Seongsu Bridge in 1995, Korea has 
worked toward securing the safety and usability of bridges by 
continuously conducting remodeling and repair projects on old 
bridges. However, the increase in the weight of the vehicles 
using roads has led to the need for a fundamental measure for 
the bridges that do not satisfy the current design standards of 
Class 1 Bridge with regard to their design load and for bridges 
with traffic restriction loads. Also a bridge constructed in the 
coastal environmental is rapidly deteriorating its durability and 
safety with concrete spalling and exfoliation. According to the 
2002 Yearbook of Bridge Statistics published in 2003 (MOCT, 
2003), 7,866 (approximately 46%) of 17,150 bridges in Korea 
are Class 2 Bridges.  

In this study, a prioritization algorithm was developed to 
facilitate more effective distribution of the available budget for 
all the bridges managed by the management agent (network 
level) instead of focusing on individual bridges (CalTrans, 2000) 
(project level). The purpose of prioritization can be the elevation 
of the class of the bridge that does not meet the qualification for 
Class 1 Bridge or its repair, reinforcement, or performance 
improvement. When selecting a bridge for such purposes, it is 
necessary to consider factors such as the load capacity, 
appearance, heavy vehicle clearance frequency, and so forth and 
to exclude the subjectivity of the agent of maintenance and 
management in determining the priority of the bridge to which 
the budget shall be allocated. This is important for promoting 
more rational and efficient maintenance and management of 

 
 
 
 
 

bridges. In Korea, the Ministry of Construction and 
Transportation, Korea Expressway Corporation, and local 
governments are the agents for bridge management, and in this 
study, the statistics of bridges on national highways in coastal 
region that are managed by the Ministry of Construction and 
Transportation were used to propose the prioritizing algorithm.  

 
PREVIOUS STUDIES 

      Domestic Cases 
The Ministry of Construction and Transportation developed 

the Bridge Management System (BMS) (KICT, 1997) in 1995. 
A computer network was developed to connect six regional 
construction and management offices and 18 regional constructi-
on offices; this network has been used to manage all bridges on 
the national highways scientifically and rationally. The Ministry 
also uses a number of selection algorithms based on the 
extensive data stored in the BMS. In fact, the BMS is the most 
actively and continuously studied system in Korea.  

Korea Expressway Corporation researched the Development 
and Application of Bridge Management System for bridges in 
the expressways in 1999, and developed the Highway Bridge 
Management System (HBMS) (KECRI, 2000) with various 
modules.  

Local governments do not have systems for prioritization 
though they perform the maintenance and management of the 
bridges over the Han River. In addition, they implement the 
projects for improving the class of the low-class bridges (lower 
than Class 1 Bridge) whose load capacity deteriorated after the 
execution of precise safety diagnosis, which is mandatory 
according to the “Special Act on the Safety Control of Public 
Structures” for structures up to Class 1. Some agents have 
developed their own standards for selecting bridges in the 
currently implemented projects of bridge maintenance and 
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management. However, such standards are insufficient or 
irrational, and the development of more scientific and rational 
standards for selection is necessary. 
 
Foreign Cases 

The USA examines the maintenance and management of 
bridges the most actively and established the Special Bridge 
Replacement Program (SBRP) (FHWA, 1989) to improve the 
performance of low-grade bridge after the collapse of Silver 
Bridge in West Virginia in 1967, and the federal government 
provides the budget required for repair or remodeling by 
prioritizing the bridges managed by state governments. However, 
application of the same standard to all bridges has many 
limitation, and hence, each state has developed and applies its 
own decision-making module.  

The Federal Highway Administration (FHWA) makes the 
decisions using sufficiency rating based on the investigation 
results of each state. Sufficiency Rating (SR) (FHWA, 1995) is 
an index that indicates how sufficiently a bridge can function, as 
shown in equation 1. It is widely used as the priority calculation 
formula for all bridges either independently or with other 
elements and for selecting the target bridge.  
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where S1, S2, S3, S4 are the structural adequacy and safety 
(maximum 55%), serviceability and functional obsolescence 
(maximum 30%), essentiality for public use (maximum 15%) 
and special reductions (maximum 13%), respectively. 

SR ranges between 0 and 100, and is determined by the 
structural deficiency of the bridge and load capacity; the 
inconvenience caused to the users owing to the width, clearance, 
and linearity; and the importance of the bridge or traffic volume. 
When the SR lies between 0 and 50, it is necessary to seriously 
consider improving the performance of the bridge or remodeling 
the bridge, while a rating greater than 80, indicates that ordinary 
maintenance and management are sufficient. 

U.S. North Carolina Department of Transportation (NCDOT) 
improved the existing method based on SR and developed the 
Level of Service Analysis and Prioritization (LOSAP) Program. 
LOSAP determines the priority of the bridges concerning for 
remodeling or reinforcement based on the extent to which the 
bridge satisfies the user level defined by the usability, and it 
determines the Deficiency Point (AASHTO, 1994) as in the 
following equation 2.  
 

LPVPWPPCDP       (2) 
 

where DP is the deficiency point and CP, WP, VP, LP are the 
load capacity point, deck width point, vertical clearance point 
and remaining life point, respectively. 

NCDOT determines the target level of the usability of a 
bridge based on the evaluation items such as the load capacity 
for each vehicle, width, space under the bridge, and remaining 
life. Further, they determine the deficiency point of the bridges 
that do not satisfy the usability goal is determined by evaluating 
items related to average daily traffic (ADT), extension of detour, 
functional classification of roads, and usability goal, and by 

applying the empirical formula that considers the degree of 
deficiency. The bridge with higher deficiency point is eventually 
selected as the target bridge that requires maintenance and 
management. 

The decision-making system of Virginia Department of 
Transportation (DOT) (AASHTO, 1994) is based on user-level 
target and quite similar to the LOSAP system mentioned above.  

Pennsylvania DOT (FHWA, 1995) combines the SR of the 
Federal Department of Transportation and the Level of Service 
of North Carolina. Specifically, it is expressed by eight need 
functions, and Total Deficiency Rating (TDR) (Royall, Harding, 
and Parke, 1999) is between 0 and 100 and is evaluated as 
shown in equation 3.  
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    (3) 

 
where  is the functional factor, and LCD, WD, VCOD, VCUD, 
BCD, RLD, AAD, WAD are the load capacity deficiency, clear 
deck width deficiency, vertical overclearance deficiency, 
vertical underclearance deficiency, bridge condition deficiency, 
remaining life deficiency, approach roadway alignment 
deficiency and water adequacy deficiency, respectively. 

Equation 4 shows the LCD, which has the highest weight 
(26%) among the items for evaluating the TDR. 
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where  is the weighted load capacity, CGB, TR, DR, LC are 
the target load of load capacity, traffic expenses, detour road 
expenses and load capacity, respectively, and K0, K1, K2, K3, K4 
are the 0.044, 0.75, 0.25, 0.3, 1.5, respectively. 

The LCD calculated above is based on the load capacity grade 
of the bridge, ADT, and detour length function of the road. The 
weights for traffic volume and detour are set as 75% and 25%, 
respectively. The decision-making system of the Pennsylvania 
DOT is a relatively complicated system and is more effective 
than the system of other states because it comprehensively 
considers the ADT, load capacity, and appearance. 

 
PRIORITY EVALUATION ALGORITHM 

In this study, the rating index (RI) of bridges was used to 
calculate the priority for the deteriorated bridge. In other words, 
the evaluation index (Akan, Arditi, and Imre, 1984; Xanthakos, 
1996) is composed of the Load Capacity Deficiency (LCD), 
which is related to the load performance of the bridge, and 
Appearance Defect Index (ADI), which is related to the 
condition of appearance, and can be expressed as shown in  
equation 5. 
 

ADILCDRI       (5) 
 

where RI, LCD, ADI are the rating index, load capacity 
deficiency and appearance defect index, respectively. 
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For RI in equation 5, the points for LCD and ADI are divided 
into 60 and 40, respectively. As each item represents the degree 
of defects, the bridge with higher rating index is selected as the 
target bridge by priority. 

 
      Appearance Defect Index (ADI) 

The appearance defect index (ADI) is scored on the basis of 
40 points. The specific evaluation subjects are listed in Table 1 
and the evaluation scores based on status grade are listed in 
Table 2 (KICT, 2000; KICT, 2002). 

The points distributed to each evaluation subject listed in 
Table 1 were determined based on the condition of the bridge 
and the aspect of functionality, and the values were calculated 
based on the bridge inspection result. Although 60 points were 
allocated to status and 40 to function, 40% of the calculated 
points were used for the ADI. 

For the evaluation scores based on the status grades listed in 
Table 2, the points were divided into five sections from A-E. 
Status grade X indicates that it is not applied, and status grade Q 
indicates that no data are available for the given subject. 

 
 

Table 1. Appraisal rating for condition and function. 
 

Category Appraisal Item Point
Status 
(60) 

Expansion joint Body 2 
Grouting 2 

Slab Crack, delamination 12 
Leakage, efflorescene 7 

Concrete Girder End 11 
Center 11 

Concrete cross beam Diaphragm 4 
Steel Girder Crack, displacement 6 

Connection 6 
Surface 10 

Steel cross beam Sub element 4 
Parapet, kerb  2 
Drainage  2 
Shoe  7 

Function 
(40) 

Vertical clearance 8 
Approach, roadway alignment 16 
Traffic safety 8 
Repair 8 

Total 100 
 
 

Table 2. Deficiency points for condition rating. 

 

Condition rating       A       B       C       D       E       X       Q       etc. 
    Deficiency point       0        1        2        3        4        0        2         0 

       
Load Capacity Deficiency (LCD) 

The load capacity deficiency (LCD) can be considered from 
two perspectives; one is the load capacity of the bridge and the 
other is the traffic volume of the line in which the bridge is 
located. For the traffic volume, the average daily truck traffic 
(ADTT) was used to reflect the effect of heavy vehicles. 
However, it is necessary to analyze the relation between the two 
variables in order to combine the load capacity of the bridge and 
ADTT, as shown in Figure 1. 

As shown in Figure 1, the independent relationship between 
LCD and ADTT is confirmed and represented in the linear 
combination according to equation 6. 
 

][ ADTTFBLCFAWLCD LCD        (6) 

 
where WLCD, A, LCF, B, ADTTF are the weighted load capacity 
deficiency, weighted load capacity, load capacity function, 
weighted average daily truck traffic and average daily truck 
traffic function, respectively. 

The Weighted LCD used above is 60% of the RI, and 
weighted load capacity and weighted ADTT were 0.75 and 0.25, 
respectively (Sinha, Zhang, and Woods, 2000).  

To develop LCF, which forms 75% of the LCD, the curve of 
frequency by load divided design load was obtained as shown in 
Figure 2 to reflect the load capacity distribution in the line in 
which the bridge is located. 

The curve of cumulated frequency is shown in Figure 3 to 
obtain a function that expresses the superiority for load capacity. 

 

 

 
Figure 1. Relation between load capacity and ADTT. 

 
 

0 1 2 3 4 5 6 7

0

10

20

30

40

50

60

70

80

F
re

qu
en

cy

Load Capacity/Design Load  
Figure 2. Curve of frequency by load capacity/design load. 
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Figure 3. Curve of cumulated frequency for Figure 2.

 
 
As shown in Figure 3, the curve of cumulated frequency 

includes the value whose slope is close to “0” initially. However, 
it is inappropriate for determining the superiority for the target 
bridge. Hence, a modified cumulated frequency curve, as shown 
in Figure 4, was obtained by excluding the initial data. A 
regression analysis was performed on the modified cumulated 
frequency curve, and the LCF in the form of exponential 
function was calculated as shown in equation 7.  
 

C
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LCF 




)exp( 1

        (7) 

 
where A, B, C, X1 are the 0.0057, -0.00553, 1.00 and ratio of 

load capacity/design load capacity, respectively. 
Figure 5 shows the adapted eqauation will be evaluated low 

when has a higher load divided design load capacity.  
 
 

 

 
Figure 4. Modified cumulated frequency curve based on the Figure 3. 

 

 

 
Figure 5. Regression analysis for the LCF. 

 
 

 

 
Figure 6. Regression analysis for ADTTF. 

 
 

The ADTT for the target bridge was examined to obtain the 
frequency curve in the same manner as that for the LCF, and the 
cumulated frequency was calculated to perform regression 
analysis. As use of ADTTF result in higher deficiency points for 
greater traffic, the uncorrected value was used unlike in the case 
of LCF. The curve formula obtained through regression analysis 
is shown in equation 8, and Figure 6 shows the results. 
 

)/1exp( 2XE
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         (8) 

 
where D, E, X2 are the 0.000681, 0.000647 and average daily 
truck traffic/1000, respectively. 

The LCF and ADTTF were calculated as shown above and 
are substituted into equation 6 to calculate LCD. Therefore, the 
RI of the bridge was finally expressed as shown in equation 9. 
The flow chart for calculating the RI is shown in Figure 7. 
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Figure 7. Flow chart of priority ranking. 

 
 

        CONCLUSIONS 
Bridge maintenance and management is gaining increasing 

importance. In this study, a priority-determining algorithm based 
on rational methods to cope with the given circumstances was 
developed. The conclusions of the study are as follows.  

(1) More objectivity can be maintained because the subjective 
judgment of the agent that maintains and manages the target 
bridge can be excluded. It is possible to choose the bridge by 
priority within the budget limit. Thus, through efficient budget 
execution, savings in the national budget can be expected. 

(2) A more realistic formula can be derived using the realistic 
statistical values for load capacity and average daily truck traffic. 
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ABSTRACT 
 
Hong, D.-B. and Yang, C.-S., 2017. Designing an algorithm to generate dynamic intentional grounding zones 
(DIGOs) for distressed passenger ships in coastal regions. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, 
J. (eds.), The 2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 
134-138. Coconut Creek (Florida), ISSN 0749-0208. 
 
In an emergency case, a passenger ship can be grounded on coastal zone in order to prevent sinking of the vessel and 
to minimize the injuries and casualties. For the safe and efficient mustering and evacuation of cruise ships, the 
innovative and reliable systems are needed and discussed in the International Maritime Organization (IMO) for 
several decadal years. In this paper a novel method is suggested for designating a safe grounding zone, here Dynamic 
Intentional Grounding Zones (DIGOs), in real-time situation. Thus, DIGO will be a place around passenger ship for 
effective emergency evacuation in case of uncontrolled marine accident. The research area is the southwest coastal 
region of Korea including Jindo Island. In this region, there are many passenger ships regularly travelling between 
islands, large intertidal areas, and eddies caused by rapid changes in currents. DIGOs are automatically calculated in 
three-dimensional space by combining shipping information (position, draft, etc.) and marine environments (water 
depth, sea-bottom sediments, and tide level) in real-time. The results of this study can be used to support captains’ 
decision-making during maritime accidents. 
 
ADDITIONAL INDEX WORDS: Passenger ship, marine accident, dynamic intentional grounding zone, ship 
evacuation. 
 

 
           INTRODUCTION 

When emergency situations occur in a maritime setting, such 
as fire, flooding, and stabilization problems, it is important to 
save both passengers and vessel by finding a safe route. Unwise 
and/or delayed decision-making may cause great damages if the 
captain does not quickly identify the exact circumstances of the 
ship’s condition and marine environment (Zhang and Wang, 
2015). Therefore, decision-support techniques based on real-
time analysis are needed for the captain to overcome the 
limitations of circumstantial judgment. 

The International Maritime Organization (IMO) General 
Assembly has recommended the designation of places of refuge 
to IMO Member States by releasing “Guidelines on places of 
refuge for ships in need of assistance [Resolution A.949(23)]” in 
2003 (IMO, 2004). In order to avoid the spread of collateral 
damage caused by a shipwreck, some countries discussed 
preparing a pre-planned place of refuge based on Resolution 
A.949(23) (Chircop and Linden, 2006), defined as “a place 
where a ship in need of assistance can take action to enable it to 

stabilize its condition and reduce the hazards to navigation and 
to protect human life and the environments” (IMO, 2004).  

To designate such a location, maritime and meteorological 
environments of the nearby coastal waters such as traffic density, 
current, and water level should be considered together to build a 
system that can support the evacuation of vessels. This is 
particularly important in Korea which is surrounded by water on 
three sides with a coast line studded with large and small islands 
and by wide intertidal zones. Therefore, in this study, the places 
which are possible to ground were focused characteristically as 
place of refuge, and such a place was nomenclated as Intentional 
Grounding Zone (IGO). 

This study builds on the concept of pre-defined IGOs by 
developing an algorithm to designate Dynamic Intentional 
Grounding Zones (DIGOs), automatically recognizing real-time 
conditions around ships and assisting the selection of a safe 
location during an emergency. Grounding, in this context, means 
that a ship is landed on the seafloor in shallow waters or 
accumulated sand rather than docks. In general, a ship that runs 
aground is classified as an unintentional accident (Dogan and 
Burak, 2007; Simonsen and Hansen, 2000; Williams et al., 
2011).  

However, intentional ship grounding can be a useful option to 
prevent sinking of ships in emergency situation. The DIGO 
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algorithm automatically calculates safe grounding locations in 
three-dimensional space by combining shipping information 
(position, draft, etc.) and marine environments (water depth, sea-
bottom sediments, and tide level) in real-time. The results of this 
study can be used to aid captains’ decisions during maritime 
accidents. 
 

        METHODS 
The algorithm provides the lists of DIGO based on 

information received by the ship. Field observation data (water 
depth and sea-bottom sediment) and model data (tide level) are 
pre-inserted as fundamental inputs, as shown in Figure 1. In an 
emergency situation, the algorithm first searches for any IGO 
within a radius of 5 km from the ship’s position.  

In this study, the IGO is pre-defined as an area that meets two 
conditions: 

- water depth less than 5 m 
- water depth gradient less than 45° 
The detail method to define IGO is described in the next 

section. If no IGO is found, an initiation radius is increased by 2 
km until an IGO that satisfies the above condition is found. Then 
the position, speed, and draft information of the ship are 
extracted. Possible destinations can be estimated by calculating 
the minimum distances between the ship and various IGOs, and 
lead times to reach each destination can be computed using 
speed data.  

The tide level at each destination, taking into account travel 
time, is also estimated. The tide level at expected arrival time is 
important since it determines substantive water depth between 
sea surface and bottom and possibility of grounding. With the 
draft information of the ship, the destination which is best suited 
for grounding is selected as DIGO. DIGO is distinct from IGO 
since DIGO considers real-time variables such as ship’s position, 
speed, and water level.  

If DIGO is not selected finally, the algorithm is repeated after 
radius is increased by 2 km. The selected DIGO is displayed 
with the depth gradient as different colors and with symbols that 
represent sea-bottom sediment type, as shown in Table 1. The 
captain then makes a final decision after considering the results. 
 
Extraction of Candidate Lists of IGO 

To pre-define the candidates of IGO, water depth data is 
acquired from the Korea Hydrographic and Oceanographic 
Agency (KHOA). These data are field observation data 
composed of contour lines referenced to approximate lowest low 
water (LLW) level. The water depth gradient is computed using 
depths of 0 m and 5 m, extracting the minimum distance 
between the points of 5 m and 0 m water depth. If the minimum 
distance is greater than 5 m, the depth gradient is less than of 45° 
which satisfy the condition of candidate of IGO as mentioned 
before.  

The points that meet the depth gradient conditions are linked 
by one zone as shown in Figure 2. In this figure, (x1’, y1’) is the 
position on the 0 m water depth contour line with the minimum 
distance from the 5 m water depth point (x1, y1). The points from 
(x1, y1) to (x6, y6) consist of one zone more than 5 m apart from 0 
m water depth. The extracted zone is defined as a candidate of 
IGO and identified in the database. 
 

 

 
Figure 1. Flow chart for extracting of DIGOs. 

 
 

 
Figure 2. Schematic diagram of method for extracting a candidate of 
IGO based on water depth gradient. 

 
 
Experimental Site and Ship Information 

The southwest coast of the Korean peninsula around Jindo 
Island was selected as the experimental site for the simulation 
shown in Figure 3, because the area has high passenger ship 
traffic, many islands, large intertidal area, and eddies caused by 
rapid changes in currents. In this study, a large passenger ship 
with gross tonnage of 1,500 ton passing between Mokpo and 
Jeju Island were used as the target ship. The dynamic (position 
and speed) and static (draft) information for the ship were 
acquired from the automatic identification system (AIS) onboard  
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Figure 3. Experimental site on the southwest coast of Korea. The red-
cross symbol represents the simulated accident location, and the red and 
blue trajectories of the passenger ship are southward and northward 
routes, respectively on May 16th, 2015.

 
 
for use in the simulation. Figure 3 shows the real paths of the 
passenger ship on May 16th, 2015. In this figure, there are 
southward and northward trajectories represented as red and 
blue lines and the information of ship navigated southward were 
used for algorithm simulation.  
 
Correction of Tidal Datum 

Tide levels considering the arrival times of a ship at all 
candidates of IGO were estimated using the TOPEX/Poseidon 
(TPXO) Global Tidal Solutions (Egbert and Erofeeva, 2002) 
model to compute the relevant water depth.  

In the TPXO model, the tidal datum is mean sea level (MSL). 
Since the reference level of water depth data for this study is 
LLW as mentioned before, a correction for the reference level 
between two data sets is necessary. Therefore, the predicted tide 
level using TPXO model was corrected by compensating the 
difference values acquired more than a month. For the correction, 
the tide level data were acquired from June 1st to July 31st, 2016 
for a local tide station near the experimental site.  

Figures 4a,b show the tide levels observed at the tide station 
and predicted considering all tide constituent using TPXO model, 
respectively. As can be seen in Figure 4a,b the changes between 
flood and ebb tides are similar but the tide levels observed at the 
local tide station and predicted using TPXO model are 
distributed between 0~4 m and -2~2 m respectively. Therefore, 
the TPXO model can be used by compensating the difference 
between the two values. 

In this study, the mean value of difference between two tide 
levels was 2.15 m as shown in Figure 4c. This value was used to 
correct the tidal datum from MSL to LLW.  
 

RESULTS 
To test the DIGO designation algorithm, the emergency 

situation on the passenger ship was assumed and potential IGOs 
were extracted according to predefined method as described in 
Figure 2. The candidates of IGO in experimental site are 
represented as black polygons in Figure 5a. Most of the IGOs 
existed nearby land, and some apart from the coastline because 
of intertidal zone. Finally DIGOs are selected out of a number of 
IGO candidates by considering the real-time tide level and 
bottom type.  

 

 
Figure 4. Tide levels determined by (a) local tidal station (longitude: 
126.31° E, latitude: 34.38° N) and (b) TPXO model. Differences 
between two are shown in (c) from June 1st to July 31st, 2016. 

 
 

Figure 5b shows the DIGO extracted by predefined algorithm 
with ship position. The result shows that the water depth 
gradients of DIGOs are less than 20° because most of bottom 
types in experiment site are mud and sand. It is also confirmed 
that the results enable the captain to easily recognize and 
determine a safe grounding zone during the emergency.  

Figure 5c shows how the dynamic algorithm allows the 
calculation of new DIGOs in real-time, presenting new options 
after 10 minutes navigation. This simulation confirmed that this 
algorithm presents appropriate real-time information reflecting 
the movement of the ship. 

 
Table 1. Indices for displaying DIGOs according to water depth 
gradients and sea-bottom sediment types. 
 

Contents      Index  Description 

Water Depth         0° < Wdg ≤ 10° 

Gradient (Wdg) [m]       10° < Wdg ≤ 20° 

        20° < Wdg ≤ 30° 

        30° < Wdg ≤ 45° 

Sea-Bottom Type     M  Mud 

      S  Sand 

       G  Gravel 

      R  Rock 

      Sh  Shell 
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Figure 5. Simulation results of the DIGO designation algorithm. 
Potential IGOs are shown in black and extracted target DIGOs are 
colored according to water depth gradient (see Table 1). The red-cross 
and red straight-line represent the ship’s position and trajectory 
respectively, at (b) the predefined accident area and (c) after 10 minutes 
navigation. 

 

DISCUSSION 
The purpose of this algorithm is to assist the captain in 

making decisions quickly and accurately when intentional 
grounding is required. Since most of cruise ships navigated 
between islands and the mainland in coastal region, grounding 
can be useful plan to prevent sinking of ship.  

In this study, the term of IGO was nomenclated because the 
research for the intentional grounding is unprecedented. In 
addition, the IGO reflecting dynamic information (DIGO) is 
derived since Korea, especially the Yellow Sea, has a large tidal 
range. For this purpose, the DIGO algorithm considers not only 
the draft, water depth, and sea-bottom sediment but also the tide 
level changing in real-time.  

The results of this study show appropriate DIGOs that are 
changed by reflecting the movement of the ships and it is 
confirmed that this real-time information can be continually 
provided according to the ship’s expected route and arrival time. 

However, it does not fully consider other circumstances yet 
since the intentional grounding of a passenger ship is ultimately 
focused on preventing sinking. For example, areas such as 
aquafarms and environmental conservation zones present 
difficulties for grounding a ship. In terms of ship traffic, a high-
density area is not good for grounding, but makes it easier to 
request aid in an emergency situation. In future, IGOs 
considering such various aspects should be prioritized. 
 

CONCLUSIONS 
Various systems for aiding ship and passenger evacuation 

have been studied in order to mitigate marine accidents and their 
secondary effects. In this study, we presented an algorithm for 
designating DIGOs considering ship information (position, 
speed and draft) and marine environments (water depth, depth 
gradient and tide level). The results can be used to inform ship 
navigation in an emergency situation and to assist quick 
decision-making by the captain.  

In the future, this algorithm will be applied to the entire coast 
of the Korean peninsula after the updating the IGO database to 
take into account aquafarms, environment conservation zones, 
and areas that can easily receive assistance from land. The 
results of this study will contribute to developing integrated 
systems for distressed passenger ships to support ship-handling 
and passenger evacuation. 
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ABSTRACT 
 
Kang, S.K.; Seung, Y.H.; Kim, K.O.; Kim, E.J., and Jung, K.T., 2017. A unified numerical model for typhoon surge 
in the Northwestern Pacific. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 139-143. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
A new finite difference modeling system with modified fetched variable grid technique has been developed in order 
to predict the typhoon induced surge over the Northwestern Pacific. The grid resolution ranges from 18.5 km (10 ’) in 
open ocean to 109 m (1/17 ’) near the coastal areas of interest, which is quite suitable for resolving the complicated 
coastal boundaries of the Korean coasts. The total grid number is about 1,350,000 points and the model computation 
can be effectively carried out with efficient time interval satisfying 1-30 Courant numbers. This system has various 
advantages over regular finite difference grid system, allowing one to avoid possible numerical errors arising when 
adopting nested grid technique. Experiments for typical typhoons such as Maemi in 2003 and Nari in 2007 have been 
carried out to demonstrate that the system works reasonably well. The model results are compared well with 
observations. It is found that negative surges are generated by typhoons over the shelf, horizontally grow while 
moving with typhoons, and propagate along the coastline as Kelvin waves on arriving at the coast. The alternating 
positive and negative surges, occurring in the southern Korean coasts including Pusan area and also along the 
Japanese coasts of the Korea Strait, seem to be due to the geometric effect by the East/Japan Sea.  
 
ADDITIONAL INDEX WORDS: Unified model for surge, fetched variable grid, Northwestern Pacific. 
 

 
           INTRODUCTION 

A surge numerical model often deals with a broad area in 
order to cover its generation, propagation, and decays over the 
lands: In case of the northwestern Pacific the tropical cyclones 
(TCs) get generated usually in the lower latitude band (5°-20° N) 
(Gray, 1968) where they are largely affected by rotational effect, 
high sea temperature over 26° and strong evaporation. These 
TCs often get intensified into stronger typhoons during their 
passages over the warm waters, mostly in the latitudes of 20⁰ to 
25° N (Kang et al., 2016; Lin et al., 2005), especially due to the 
interaction of TCs with warm ocean eddies in the eddy-rich zone 
(Lin et al., 2005). They gradually damp over the East China Sea 
shelf or over the land mass of Taiwan, China, Korea, and Japan 
while travelling northward up to about 50°	 N. In this respect, it 
is practically important for surge modeling to keep a necessary 
high resolution and a large domain enough to cover the areas of 
generation, intensification and decay. The usually adopted 
strategy in the finite difference modeling under such an 
environment is to use a relatively coarse grid over the whole 
area. Nesting technique can also be used but it causes numerical 
errors, even using one-way or two-way nesting (Park, Klemp, 
and Skamarock, 2014). Of course, finite element modeling 
approach has better flexibility in the grid resolution near coasts 

(for instance, Choi et al., 2013). However, finite difference 
method using flexible grid sizes can also be an efficient tool 
where the grid resolution can be controlled from place to place 
according to the degree of interest of areas under consideration.     

In this paper a new finite difference modeling system with 
revised fetched variable grid system has been developed in order 
to calculate the typhoon induced surge over the Northwestern 
Pacific, with focus on coastal areas around Korean Peninsula 
(KP). This system allows one to avoid possible numerical errors 
which can occur by adopting nested grid system, as noted above. 
The grid resolution ranges from 18.5 km (10 ’) in the open ocean 
down to 109 m (1/17 ’) near the western coastal areas of the KP, 
which is considered to be suitable for resolving the complicated 
coastal boundaries of the Korean coasts.  

The coastal water safety depends upon the accuracy of the 
prediction results, since flood warning by the coastal surge is 
based upon the numerical model prediction. Therefore, the 
development of a faster and accurate prediction model for 
typhoon-induced surge may be greatly important for enhancing 
the coastal safety from the aspect of warning swiftness and 
accuracy. The objective of this study is to develop a faster and 
more accurate prediction model for typhoon-induced surge, 
which is fundamental to flood warning system of coastal region 

 
METHODS 

The governing equations for long wave motion are described 
in the spherical polar coordinate system to consider curvature of 
the earth, and variation of Coriolis force with latitude, as 
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described in previous works (Kang, Lee, and Lie, 1998; Kang et 
al., 2013). 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  and   indicate the east-west and south-
north coordinate components and: 

h =total-water depth 
 = 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 2CgbK  ,  

bottom friction coefficient with Chezy coefficient C
g = acceleration due to gravity 
f = Coriolis parameter 
W

= wind component, south-north direction 
W = wind component, south-north direction 

 Cw = wind stress coefficient  F F  = turbulent diff. component in  ( ) 
 

Wind stress coefficient Cw, is parameterized following Moon 
et al. (2009). The Chezy coefficient is normally chosen as 
62.642 m1/2/s, which corresponds to bottom friction coefficient 
of 0.0025.  

The governing equations are discretized using alternating 
direction implicit (ADI) finite difference method, as explained 
in Kang, Lee, and Lie (1998). This method has been 
successfully applied to many regions dominated by tides (Kang, 
Lee, and Lie, 1998; Kang et al., 2013). It is noted that the ADI 
method is also applied well to stratified ocean, such as two-
layered internal tidal flow (Kang et al., 2002) and two-layered 
inertial current generation by typhoon (Kang et al., 2013).  

In modeling with variable grid size, the grid size, say   in 
 -direction, is usually held the same over the whole meridional 
( -) direction despite the fact that it is needed only in a region 
with limited meridional extent. Although this is for the sake of 
computational convenience, it is certainly an inefficient method. 
An attempt is made in this study to improve this drawback. For 

example, the eastern part of EJS does not need to be fine-
resolved because this region hardly affects the coastal region 
under consideration. The resulting grid system is shown in 
Figure 1a where grid size is 10 minute in eastern EJS whereas it 
is 0.2 minute near the coastal areas of KP. Note also that the grid 
size in  -direction,  , varies from 0.2 to 10 minute southward 
from the Yellow Sea toward the southern boundary, while  in 
the EJS and PO is 10 minute (Figure 1b). With this strategy, 
grids can be saved in offshore region of EJS and PO. Since the 
coastal regions of the EJS are also interested, they are fine-
resolved. Feature of present grid system is similar to usual 
variable grid system, as seen in Figure 1 in the southern latitude 
from south open boundary latitude to 35.5°  N. In  -direction, 
 is taken to vary from 0.2 minute to 10 minute.  also varies 

with y in the northwestern coastal region of the KP, although not 
shown here. 
 

 

 
Figure 1. (a) Surge model grid system for the Northwestern Pacific, 
with (b) fine grids near Korean Peninsula (KP). 

 
 
After all, the grid resolution ranges from 18.5 km (10 ’) in 

open ocean to 109 m (1/17 ’) near the coastal areas of interest, 
which is quite suitable for resolving the complicated coastal 
boundaries of the Korean coasts. The total grid number is about 
1,350,000 points and the model computation can be efficiently 
carried out with appropriate time interval satisfying large 
Courant numbers. The method of variable grid size adopted here 
may raise truncation errors but it is advantageous over the 
nesting technique in that it considers accurate two-way 
interaction, i.e., the waves reflected by land boundaries can 
radiate away with this method. 

The maximum Courant number in the open ocean of the 
Pacific is about 30 ( / )gh t x    for depth=9118.6 m and time 
interval of 30 s, while it is about 1.9 in shallow water of depth 
5m. 

We considered two typhoon cases of Maemi in 2003 and Nari 
in 2007 to test the model. The typhoon of Maemi in 2003 
brought a huge damage to the KP and typhoon Nari, to Jeju 
Island. The tracks of the two typhoons are presented in Figure 2. 
Also, tidal stations along the southern and western coasts of the 
KP are presented in Figure 2 (refer to inset for abbreviation of 
tidal stations): Southern stations are SG (Seogwipo), JJ (Jeju), 
CJ (Chujado), YS (Yeosu), TY (Tongyoung), and PS (Pusan) 
and western stations are HS (Heksando), WI (Wido), and AH 
(Anheung). The observed sea levels at these stations are later 
used in checking the model results. The points M2 and M3 along 
the latitude of 31°  N in Figure 2 denote the mooring stations of 
the two ADCPs during typhoon Nari’s passage in 2007. Note 
that tidal residuals (surges) have been estimated by performing 

a b

China  Japan KP 
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tidal analysis (Foreman, 1977; Kang et al., 1995) of sea level 
data obtained from pressure sensor of ADCP and those obtained 
at the tidal stations operated by Korea Hydrographic and 
Oceanographic Agency (KHOA). Wind and air pressure fields 
are obtained by using the data supplied by JTWC and RSMC.   

The computation was carried out with full radiation condition 
of sea level along the open boundary. For the purpose of 
comparison, fixed value open boundary condition was also used. 

 
 

 
Figure 2. Tracks of typhoon Maemi and Nari, with major tidal stations 
(refer to inset for names). At the time of passage of Nari, sea level 
variations with ADCP were performed at points M2 and M3. 

 
 

RESULTS 
The residuals are calculated from the tidal analysis of the 

observed tidal data at coastal tidal stations and the pressure data 
from the moored ADCP. Figure 3 shows the surge or residual 
sea levels at M2, M3, SG, and JJ. Since typhoon Nari is a small 
size of typhoon, it is seen that the residual values are relatively 
small as being, less than 0.3 m. Horizontal distribution of the 
calculated surges are presented at Figure 4. 

 

 

 
Figure 3. Surge height calculated with standard water surface elevation 
boundary condition. 

 
 
Over the ECS shelf, negative surges grow successively as 

typhoon Nari progresses northward (Figure 4a,b,c). It is clear 

that the negative surges were dominant at M2 and M3 on 
September 16, although positive surge at 03:00, September 16, 
shortly appeared when typhoon Nari passed through near the M2. 
Since M2 is about 30 km nearer to the track, larger surge values 
appear at M2 than at M3.  

The generation of surge by typhoon Maemi in 2003 was also 
calculated as the Maemi moves toward the Korean coasts from 
the NWP across the ECS. Figure 5 shows the calculated surges 
(in color) with track of typhoon Maemi and the atmospheric 
pressure field. 

 

 

 
Figure 4. Calculated colored surges heights on 03h to through 21h, 
September 16, 2007, with atmospheric pressure contour, when typhoon 
Nari propagates along the East China Sea. Times are both in UTC and 
KST.  

 
 

 

 
Figure 5. Calculated colored surges heights and atmospheric pressure 
contour in solid line on during September 9-10, 2003, with 12h interval, 
when typhoon Maemi propagates along the western Pacific Ocean.  

 
 
During Maemi’s propagation along the ECS shelf, the 

computed surges are presented in Figure 6, from 09h September 
12 to 09h September 13, with 3 hour interval. As Maemi arrived 
on the shelf, it is clearly seen that the negative surges are 
generated behind the typhoon and positive surges ahead. 
Actually, the positive surge peak has caused a great damage in 
the southeastern coasts of the KP around 21h (middle center of 
Figure 6), September 12, 2003. 

Lowest panel of Figure 6 shows that the surges move into 
the EJS after passing through southeastern coasts of the KP. It 
seems to be reflected in the EJS, and propagates back toward 
the Korea Strait, suggesting some oscillations at southern 
stations such as TY and PS. 

The observed and calculated surges at the southern stations 
are presented in Figure 7, showing general agreement between  
observations and model results. The 1st surge peak appears at 
the southern stations of the KP (YS, TY, PS) after those at SG 
and JJ with some time lag. Afterwards, negative surges are 
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dominant until the 2nd surge peak appears at TY and PS with 
about 8-9 hour lag. It roughly corresponds to natural 
oscillation of the EJS basin with period of 6.7 hour suggested 
by (Xu et al., 2007). Indeed, as expected, the observed 3rd 
surge peaks with reduced magnitude appears later. This 
secondary surge and its generation mechanism have not been 
reported in previous works (Choi et al., 2013; Moon et al., 
2009). 

 

 

 

 

 
Figure 6. Calculated colored surges by typhoon Maemi, from 09h 
(September 12) to 09h (September 13), with 3h interval. 

 
 

 

 
Figure 7. Observed and calculated surges heights at southern stations 
(SG, JJ, YS, TY, PS) generated by typhoon Maemi. 

 
 

The most noticeable feature of the surge by Maemi is the 
negative surges over the ECS shelf and the Yellow Sea, as seen 
in Figure 6. The negative surges are also observed at the western 
stations (SG, JJ, CJ, HS, WI, AH) of the KP, as shown in 
calculated and observed data (Figure 8). First, the positive 

surges appear at western stations from 09h to 15h, September 12 
(Figure 8). Then, the negative surges move along the western 
stations, as observed at most of stations. 

Even secondary positive surges appear at SG and JJ after the 
appearance of negative surges, as has already been observed in 
the lower right pannel of Figure 6. 

 

 

 
Figure 8. Observed and calculated surge heights along the western 
coastal stations (SG, JJ, HS, WI, AH) of the KP. After positive surge 
peak the negative surges follow during the next one day both in model 
data and observations. 

 
 
This propagation feature of the negative surge along the west 

coast of the KP has never been reported, although the existence 
of weak negative stationary surge has been indicated by You and 
Seo (2009). We think that this negative surge is important from 
modeling and practical point of views, since large negative 
surges may cause damage to the cooling water supply system of 
the atomic power plant located near the point WI. The process of 
generation and propagation may be highly sensitive to the 
modeling technique, such as open boundary treatment and/or 
resolution with two way linkage between coast and open sea. 

 

 

 

 
Figure 9. Calculated colored surge heights and atmospheric pressure in 
solid line in the deep open Pacific Ocean. 

 
 
The relationship between surges and atmospheric forcing by 

the typhoon Maemi are shown for two cases separately. When 
Maemi is over the deep open sea off the shelf break (Figure 9) 
and the other, when it is on the ECS (Figure 10). The near 
coincidence of the surge and pressure suggests that the deep sea 
responses to the air pressure according to inverse barometer 
effect. However, this is not the case for the second case. Over 
the ECS shelf, positive and negative surges occur, respectively, 
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ahead of and behind the pressure center as predicted by an 
analytic solution for surges forced by a unidirectional wind of 
sinusoidal form (Gill, 1982), although the pressure center is 
slightly more affected by the positive surges. Physically, the 
region sufficiently away from the pressure center is affected by 
Ekman convergence and hence positive surges arise. In the 
region near the center, negative surges arise by Ekman 
divergence. Since the air pressure system moves, there is some 
phase lag between forcing and response, hence the boundary 
between positive and negative surges appears near the pressure 
center. It seems that the inverse barometric effect, though 
weaker than the wind effect, somehow acts to cause the slight 
dominance of positive surges near the pressure center. The 
question then arises as why the wind effect dominates over the 
pressure effect on the shelf and the reverse over the deep ocean. 
The simple analytic model mentioned above (Gill, 1982) 
indicates that wind effect becomes larger as the Rossby radius 
(R) becomes smaller compared with the scale of forcing (L). In 
deep ocean, R is much larger than L and the reverse on shallow 
shelf region. Overall, it seems that inverse barometric effect 
dominates over the wind effect in the deep ocean off the ECS 
and vice versa on the ECS shelf. 
 

 

 
Figure 10. Calculated colored surge heights, wind vectors, and 
atmospheric pressure in solid line are presented in on the shelf of the 
East China Sea for on 03h, 06h, 09h and 12h, September 12, 2003. 

 
 

DISCUSSION 
The general comparison of the calculated results with 

observations suggests that large computation time step of 30 s 
works well even for the large Courant Number of about 30, 
implying that this modeling system is very efficient. The 
successful reproduction of typhoon-induced surge in the coastal 
regions also suggests that the multi-fetched grid system works 
accurately, suggesting that the results can be usefully used for 
the safety purpose for the people living near the coasts.  
 

CONCLUSIONS 
As one of future applications, this grid system with revised 

fetched variable grids looks promising in regional and global 
modeling, especially for regional studies. This method does not 

require nesting technique which is known to result in intrinsic 
numerical problems, usually not explicitly noticed, probably 
mostly caused by one way exchange of information. This study 
confirms that the effective numerical prediction model for the 
typhoon-induced surge has been successfully developed to show 
its accuracy both in simulating the negative surge in the ECS 
and abrupt change of surges in the Korea Strait with validation 
against observations. 
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ABSTRACT 
 
Kim, K.O.; Yuk, J.-H.; Jung, K.T., and Choi, B.H., 2017. Swell propagation caused by typhoon passage to the 
Yellow and East China Seas. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 144-148. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
Typhoons generate big swells frequently propagating over the East China Sea, the wide continental shelf sea with 
depth shallower than 200 m. The characteristic features of swell propagation into the Yellow and East China Seas 
caused by typhoon Herb in 1996 has been investigated applying a ray-tracing technique and a spectral wave model 
(SWAN) with an unstructured-mesh grid system. This study discusses the generation and propagation of the swells 
into the Yellow and East China Seas using the integration of ray trajectories and model-based simulated wave. 
Calculated and observed wave heights and periods at Gadeokdo, Korea are found to be in reasonable agreement with each 
other. 
 
ADDITIONAL INDEX WORDS: Long period wave, ray-tracing technique, spectral wave model, typhoon herb, 
Yellow and East China Seas. 
 

 
           INTRODUCTION 

Swell is defined as the wave which is generated not by the 
immediate local wind, but by distant weather conditions with 
considerable scales of wind blow duration and fetch. Typhoon is 
one of the causes of swell occurrence, and generates big swell 
frequently passing the East China Sea, the wide continental shelf 
sea with depth shallower than 200 m. When the swells propagate 
into a shallow-water region, their phase velocity varies with the 
change in depth relative to the wavelength of the swell. In 
addition, as the wave propagates into an area with sloping 
bottom, refraction occurs while wave energy density changes 
along its path due to the variation of its group velocity with the 
change of depth (Zhang, Kawamura, and Toba, 1988).  

In this paper, the swell propagation in the Yellow and East 
China Seas has been studied using the ray tracing method and 
spectral wave model using unstructured mesh system. By using 
the ray tracing method, the effect of bottom topography on the 
wave trajectory can be seen directly. The mesh based wave 
model was used for the generation and propagation of swell due 
to typhoon Herb in 1996. The Yellow Sea is an epicontinental 
sea with rich geophysical implication. According to Milliman 
and Meade (1983), large amounts of sediment are provided from 
the Huanghe River (Yellow River) and the Changjiang River 
(Yangtze River) into the Yellow Sea. On the contrary, relatively 
small amounts of sediments are discharged from Korean rivers 

annually. This difference of sediment discharge on the two sides 
of the Yellow Sea made shallower depths on the western side of 
the Yellow Sea relative to the eastern side (Figure 1), and 
consequently affects wave propagation.  

The South Sea of Korea which belongs to the study area is 
particularly explained here. The reason to focus on the South 
Sea of Korea as a target area is that although the South Sea of 
Korea is far away from typhoon Herb’s track, the high wave was 
detected after the typhoon’s landing in the mainland of China. 
Typhoon Herb caused heavy rain in Taiwan and China. At least 
590 victims and US$7.5 billion of damages were occurred. Also 
in Okinawa, the swell up to 4 m wave height made flood in 
lowland area. The typhoon heading for Taiwan can affect 
Korean coast indirectly by the long distance travelling wave. 
The formation of strong rip currents was reported at the 
Haeundae Beach, Korea during the typhoon passage with track 
similar to that of typhoon Herb (Yoon et al., 2016). 

This study presents and discusses the characteristics of swell 
propagation into the Yellow and East China Seas in a range of 
hypothetical situations as well as in the real situation. Numerical 
investigations have been made using the ray-tracing method and 
the wave model, reproducing the swell generation and 
propagation due to typhoon Herb.  

 
METHODS 

The ray-tracing method and wave model based on the 
unstructured meshes have been used to understand the 
characteristics of swell propagation in the Yellow and East 
China Seas. 

 

†Marine Radionuclide Research Center 
Korea Institute of Ocean Science and 

Technology 
Ansan, Republic of Korea 

∞Department of Civil and 
Environmental Engineering 

Sungkyunkwan University 
Suwon, Republic of Korea 

‡Disaster Management HPC Technology 
Research Center 

Korea Institute of Science and Technology 
Information 

Daejeon, Republic of Korea 

www.cerf-jcr.org 

www.JCRonline.org 



Swell Propagation Caused by Typhoon to the Yellow and East China Seas                                     145 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 79, 2017 

Ray-Tracing 
In order to understand the characteristic features of swell 

propagation in the South Sea of Korea, the swell coming into the 
Yellow and East China Seas was first studied. 

The experiments on the swell propagation with a ray-tracing 
technique were performed. The ray tracing method is usually 
used as a short wavelength approximation in the theory of the 
long wave propagation through the smooth in homogeneous 
media. The ray method computes directly the travel time and the 
wave amplitude using the Green’s law based on the energy flux 
conservation. The method is widely applied for studies of the 
tsunami waves, e.g., the 1883 Krakatau event (Choi et al., 2003; 
Simskin and Fiske, 1983). Following equations of the ray 
method on the spherical earth originally developed by Satake 
(1988) have been.  

 

 ,     (1) 

 ,     (2) 

,	   (3) 

 
where θ and φ are latitude and longitude of the ray, respectively, 
n = (gh)-1/2 is the slowness, g is the gravity acceleration, h(θ, φ) 
is the water depth, R is the radius of the Earth, and ζ is the ray 
direction measured counter-clockwise from the south. These 
equations are solved by the Runge-Kutta-Gill method. 
Integration is done by the mid-point method, using interpolated 
velocities. The detailed method corresponds to Sobel and von 
Seggern (1978).  
 

 

 
Figure 1. Model domain and water depth with FEM mesh composed of 
variable sizes and locations of one wave station used for wave validation. 

 

It is assumed that the wave comes from locations near the 
entrance of the East China Sea (across the Ryukyu Trench, 
Figures 1 and 3). The wave periods are set to vary from 10 s to 
20 s at intervals of 2 s, following the suggested range in the 
study of the swell propagation in the Yellow Sea by Zhang, 
Kawamura, and Toba (1988). Their study showed that swells 
with these frequencies such as 0.06 Hz, 0.07 Hz, 0.08 Hz and 
0.09 Hz are influenced by the bottom topography and actually 
measured in Okinawa Island. The incident directions vary from 
45° to 135° at intervals of 5° which are anti-clockwise from the 
east.  
 
Wave Model 

Typhoon and meteorological forcing inputs for the period of 
July 23 to August 4, 1996, are prescribed via the blending of 
National Centers for Environmental Prediction (NCEP) as 
background meteorological conditions and Holland type vortex 
typhoon fields. The unstructured mesh based wave model 
(SWAN, Simulating WAves Nearshore) has used in this study.  

Figure 1 illustrates the mesh system comprised of mesh sizes 
of 1 km on the continental shelf, less than 100 m in the wave 
breaking zones and inlands and as small as 20 – 30 m in coastal 
areas. The typhoon’s best track of the Regional Specialized 
Meteorological Center (RSMC) / Japan Meteorological Agency 
(JMA) is shown in Figure 2. Super typhoon Herb struck the 
Ryukyu Islands, Taiwan and China, causing large damage like 
flooding due to heavy rain, at least 51 people dying and 22 
people missing in Taiwan, and at least 233 people dying and 284 
people missing in Mainland of China.     
 

 

 

Figure 2. The best track of typhoon Herb (1996) from RSMC/JMA. 

 
 
The SWAN frequencies vary from 0.031 to 0.548 Hz and are 

discretized into 30 bins on a logarithmic scale (Δσ/σ≈0.1). The 
wave directions are divided into 36 sectors; each sector 
represents 10°. For the shallow-water source terms, depth-
induced breaking is computed with a spectral version of the 
model following Battjes and Janssen (1978) with a breaking 
index γ=0.73. Moreover, bottom friction is represented by the 
JONSWAP formulation with a friction coefficient Cb=0.067 
m2s−3. The SWAN time step is 120 seconds.  

There is an important issue in swell propagation as to how to 
deal with the dissipation term in the spectral energy equation. 
The default version of SWAN has a tendency of underestimating 
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the wave periods that is related to the whitecapping dissipation 
term. That is, in a range of field situations the model was found 
to predict well the significant wave heights, while typically 
underestimates the wave periods (e.g., Bottema, de Waal, and 
Regeling, 2003; Rogers, Hwang, and Wang, 2003). Thus, many 
studies about the modification of the whitecapping breaking 
source were performed to improve the model results (Kim et al., 
2011; Van der Westhuysen, 2007; Yuk et al., 2016). We have 
applied Kim et al. (2011) to our wave model to solve the 
mentioned problem and improve swell propagation.  

In order to investigate the swell propagation due to real 
typhoon, an additional experiment combining the ray-tracing 
and the spectral wave modeling was performed. The origin 
points of the ray-tracing method are imposed from the locations 
of the grid points of high wave over 10 meter due to typhoon 
Herb with wave periods and directions calculated by the spectral 
wave model. 
 

 

 
Figure 3. Propagation of swell into the Yellow and East China Seas. The 
southernmost straight line indicates a starting line for ray-tracing 
application.  

 
 

RESULTS 
Figure 3 shows the propagation of swell into the Yellow and 

East China Seas for the experiments with 12 s and 16 s of wave 
period, and 60°, 90° and 120° of incident direction. For the lack 
of space, all experiment results are not provided here. The thin 
red lines with blue circles indicate calculated trajectories of the 
swell, and the blue circles indicate the position of the wave 

packet for every time step of 1 h. The north-eastward (60°) wave 
with long wave period propagated to the center of the Yellow 
Sea, the northward (90°) wave tends to be focused on the south 
coast of the Shandong Peninsula, and the north-westward (120°) 
waves are focused on the coasts of Jiangsu Province by the 
effect of topography. The results are similar to the previous 
study (Zhang, Kawamura, and Toba, 1988), and reproduced 
quite well the features described by that study. 
 

 

 
Figure 4. Comparison of wave height and periods between observation 
and calculation at Gadeokdo station. 

 
 

 

 

 
Figure 5. Wave ray tracing results for typhoon Herb.

 
 
Figure 4 shows the comparison between observations and 

calculations of significant wave height and wave periods at 
Gadeokdo station, Korea. The wave model (SWAN) calculated 
the wave due to typhoon Herb. The wave height is not so severe 
because far from the typhoon effective area, but the long period 
waves over 10 s are propagated from southern sea. Although the 
significant wave height was overestimated prior to the time of 
peak significant wave height, the wave height was well 
reproduced afterwards. The wave period was overestimated with 
considerable variation in magnitude throughout the calculation 
days at Gadeokdo station, but the falling trend of wave period 
after the time of peak was well simulated. The overall results of 
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model comparison suggest that our wave model provided a 
reasonable simulation of swell generation and propagation due 
to typhoon Herb in the Yellow and East China Seas.  

Figure 5 shows the results of combined wave model and ray-
tracing method for typhoon Herb. Colors and black contours 
indicate the significant wave height, and red lines indicate ray 
tracings results acquired with the wave period and direction 
corresponding to Hs >10 m. The swells generated by typhoon 
Herb reached the South Sea of Korea and the south of Shandong 
Peninsula after 0600 UTC 29 July, and then the Kyeonggi Bay 
after 1200 UTC 30 July. On 1200 UTC 31 July the swells 
approached the south of the Liaodong Peninsula and many of 
them focus on the east of mainland of China (the northwest of 
Hangzhou Bay) on 1200 UTC 31 July. On 0600 UTC 1 August 
after typhoon made landfall (see Figure 2), a few rays were 
found to reach the mouth of the Bohai Sea (the northeastern part 
of Shandong Peninsula).  

 

 

 

 

 

Figure 6. Computed energy density spectrum at Gadeokdo (GDD). 

 
 

We have computed energy density spectrum which are 
indicators to understand the wind wave and swell at Gadeokdo 
station during typhoon Herb (Figure 6). Discussions are to be 
made in the next section in conjunction with ray trajectories 
based on the independent ray-tracing method (Figure 3) and 
wave model results for typhoon Herb (Figure 5).  

 
DISCUSSION 

This study has calculated ray trajectories, considering the 
possible incident directions and wave periods of swell to come 
into the Yellow and East China Seas (Figure 3).  

When the incident direction is 45° that means the waves head 
for Japan, the most of waves with the period of 10 s and 12 s 
move into coasts of Japan and longer-period waves move into 
the Yellow and East China Seas coasts. In the same incident 
direction, a few waves with 16 s reach southeast of Liaodong 
Peninsula and northeast of Shandong Peninsula, and if the 
period increases from 18 s to 20 s, the number of waves 
reaching these places increases. When the incident direction is 
90°, i.e. wave faces directly north, 10 s swells mostly tend to 
move northward and a few turn to west (toward the eastern coast 
of China) or east (the western coast of Korea), and the swells 
mostly turn west with the increase of wave period. As the period 
increases under the incident direction from 45° to 120°, the 
swells go up to the Liaodong Peninsula and Shandong Peninsula, 
i.e. the entrance of Bohai Sea, however the swell hardly 
propagates to the interior of the Bohai Sea. Among these 
experiments, only one experiment with the incident direction of 
95° and the wave period of 14 s produces the swell propagating 
to the inside of the Bohai Sea. At this calculation condition, the 
swell arrives at Bohai Sea in 24 h. If the incident direction is 
larger than 125° which indicates that the direction faces the 
eastern coast of China, few or no swells reach the south of 
Shandong Peninsula and the swells mostly go to the eastern 
coast of China regardless the wave period. 

At the same incident direction, the relatively shorter period 
waves show feature of straight propagation, while the longer 
period waves show a tendency of refraction to the left (west) of 
wave’s heading. The experiments show the shallow bottom 
topography in the west of the Yellow and East China Seas 
influences the wave reflection. In addition, the Okinawa Island 
and the Cheju Island affect the swell propagation, forming a 
shadow area at the rear side of propagating wave. We have also 
calculated the trajectories of swell (Figure 5) formed by the real 
typhoon through applying the modeled wave period and 
direction to the ray-tracing method, and discussed swell 
propagation in the South Sea of Korea (included in the study 
area) with the energy density spectrum at Gadeokdo station 
(Figure 6).    

From Figure 6, on 0000 UTC 29 July, there was typhoon 
Herb far away from the Yellow and East China Seas, i.e. 
Gadeokdo station (Figure 2), thus its impact on Gadeokdo 
station was likely to be small. Indeed, the peak significant wave 
height and wave period were measured at Gadeokdo station 
around 0000 UTC 2 August (Figure 4). On 0000 UTC 29 July, 
the peak energy is shown around 10 s, and color indicating large 
values is distributed less than 10 s, thus wave seems to be 
generated by local wind. On 1200 UTC 30 July, there exist two 
peaks at about 8 s and over 15 s, so the swell begins to be found. 
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After 1200 UTC 30 July, there is the peak at more than 15 s with 
direction of the north/northwest (namely the swells coming from 
the south/southeast). It is inferred that the swell is generated by 
typhoon from typhoon track and wave trajectories (Figures 2 
and 5).  

Here we discuss the swell generation and propagation 
associated with typhoon in detail based on results from the 
independent ray-tracing method, wave model, and the coupling 
of both two approaches. According to the independent ray 
tracing approach results, it takes approximately 12 h for the 
swell formed in the starting line (across the Ryukyu Trench) to 
arrive at the South Sea of Korea under the wave period of 16 s 
and incident wave direction of 60°. The reason to select this 
period and direction is that 16 s was observed at Gadeokdo 
station and 60° is close to the inclination of typhoon track 
between 0600 UTC 29 July and 0600 UTC 1 August. On 0600 
UTC 1 August, typhoon made landfall at the mainland of China 
(Figures 2 and 5) and its location was very near the starting line 
of ray tracing, indicating that the swell generated by typhoon 
with its location in the mainland of China could be inferred to 
arrive at the south sea of Korea approximately 12 h later (that is, 
about 1800 UTC 1 August). If considering the elapsed time of 
12 h, the arrival time is around 1800 UTC 1 August. Around this 
time, we can see the peaks of wave properties (Figure 4), and 
peak energy density more than 10 s and near the north direction 
associated with the swell propagation.  

 
CONCLUSIONS 

This study was accomplished based on the comprehensive 
investigations with the ray-tracing method and the wave model, 
and the swell generation and propagation due to typhoon Herb 
was found to be reasonably reproduced in the Yellow and East 
China Seas. The Yellow and East China Seas are characterized 
by the shallower sea in the west, which influences propagations 
of swells and thus makes swells go to the west. Thus, swells 
show the tendency to focus on the south of Shandong Peninsula 
and Jiangsu Province of China. The swells with the long period 
are easy to refract due to the bottom topography. Many of swells 
generated in the East China Sea reach north of Yellow Sea, i.e. 
south of Liaodong Peninsula, however few reach northwest of 
the Yellow Sea, i.e. Bohai Sea. The Okinawa and Cheju Islands 
block the swell propagation. The peaks of significant wave 
height and period from 1800 UTC 1 to 0000 UTC 2 August 
were caused by swell generated and propagated by typhoon 
Herb. Also the computed energy density spectrums prove the 
existence of swell components. Generally, it is difficult to 
separate two components of wind-induced wave and swell in 
real situations except for the case that clear two peaks are shown 
in the wave spectra. We can estimate the duration and direction 
of swell propagation due to typhoon by using the combination of 
ray-tracing method and wave model in detail. This method can 
clarify swell portion in the wave spectra and examine the 
combination of a wind wave and swells from various angles. 
This study can help the local government to set goals for the 
prevention of coastal disasters.  
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ABSTRACT 
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According to a recent study by the Korean Meteorological Administration (KMA), unforeseen losses to property and 
human lives along the west coast of Korea in March 2007 were caused by meteotsunamis that originated at Shandong, 
which is located in eastern China. The determination of the arrival time of meteotsunamis in Yellow Sea is very 
important to protect human life and limit economic losses in coastal areas, because the analysis of meteotsunami 
propagation is primarily dependent on the method of arrival time. In this study, the meteotsunami event of March 29-
31, 2007, the most powerful meteotsunami event reported in the Yellow Sea, was selected to find the optimal method 
of calculating the meteotsunami arrival time. It is difficult to estimate the arrival time of a meteotsunami that is 
commonly observed as a non-stationary signal in a time series without any specific criterion. To find a quantitative 
and reasonable method of estimating the arrival time, the propagation direction of the meteotsunami was analyzed 
using the arrival time at each tidal station derived from the absolute and relative threshold of the sea level oscillations 
in the meteotsunami frequency bands. The results indicated that the meteotsunami propagation derived using the 
relative threshold which defines the arrival time as the time when the amplitude of the sea level oscillation exceeds 3 
standard deviations was more similar to the propagation pattern of the high rain rate field than other thresholds. 
 
ADDITIONAL INDEX WORDS: Meteotsunami, determination of the arrival time, propagation. 
 

 
           INTRODUCTION 

On March 31, 2007, an unexpected meteotsunami caused 
substantial damage to human lives and property along the 
southwest coast of South Korea. According to recent reports 
from the KMA, a total of 6 cases of damage due to the 
meteotsunami were reported. The first ever meteotsunami 
caused flooding on the west coast of Jeju Island on February 9, 
2005 (Figure 1a), and a fisherman went missing near the GS 
coast on August 27, 2006 (Figure 1b). The meteotsunami on 
March 31, 2007, which generated the highest waves ever 
reported, injured 2 people and killed 4, and damaged property 
worth at least 2 million dollars by causing flooding in houses, 
destroying farms, overturning ships, and causing the flooding of 
the pumps of a nuclear power plant, which is located in YG 
(Figure 1c). The meteotsunami that occurred on May 4, 2008, 
recorded the severest damage to human life: 24 people near the 
coastal area were swept away (15 injured, 9 dead) by 
unexpected waves in BR (Figure 1d). On January 2, 2010, 1 
person went missing because of the meteotsunami that 
propagated to Komun Island in the South Sea of Korea (Figure 
1e). The successive harbor resonance after the meteotsunami in 
DH port on April 26, 2011 caused damage to property, including  

 
Figure 1. Map of the west coast of Korea showing the positions of the 
AnHeung (AH), BoRyeong (BR), JangHang (JH), GunSan (GS), WiDo 
(WD), YeongGwang (YG) and DaeHeuksando (DH) tidal stations. The 
red arrows indicate the depth transect of the meteotsunami which 
occurred on March 31, 2007, from Shandong (SD) to YeongGwang 
(YG). The gray dashed boxes enclose the area where accident occurred 
(a-f). 
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Figure 2. Tide level anomaly from north to south. Red rectangular 
(shaded) boxes indicate the meteotsunami events that occurred on March 
29 and 31, 2007. 

 
 
the destruction of the cage system, losses of fish farms and 
flooding of small ships (Figure 1f). 

To date, previous studies in Korea have mainly focused on the 
cause of the events of March 31, 2007, and May 4, 2008, which 
caused the greatest damage, with somewhat insufficient focus on 
the prevention of disasters. In order to send warnings about the 
propagation direction of the meteotsunami and the resulting 
danger zones in the future, precise criteria that enable the arrival 
time of meteotsunamis along the west coast of Korea to be 
determined are required. The methods of determining the arrival 
time of meteotsunamis can be roughly categorized as criteria 
using absolute thresholds, relative thresholds, and alternative 
thresholds, the last of which uses both the absolute and relative 
thresholds. If the sea level change in the Ciutadella inlet exceeds 
30 cm, Rabinovich and Monserrat (1996) selected the absolute 
threshold, which determines the meteotsunami arrival time 
uniformly. However, because such an absolute threshold does 
not consider the level of background noise for each region, 
Monserrat, Vilibić, and Rabinovich (2006) suggested using a 
relative threshold which considers the arrival to occur when the 
occurrence amplitude exceeds 3 or 4 standard deviations for any 
given region. 

In order to select the most reasonable method of determining 
the arrival time of meteotsunamis in the Yellow Sea, this study 
carried out a comparative analysis of the arrival time according 
to each of the methods suggested by preliminary studies on the 
meteotsunami event of March 29-31, 2007. Of these different 
methods, the one that gave the most precise direction of 
meteotsunami propagation was selected as the optimal method.  
 

METHODS 
Among the methods of determining the arrival time suggested 

by the preliminary studies, 3 types of methods using the absolute 
and relative thresholds of the amplitude and power spectrum 

 
Figure 3. Methods of determining the arrival time of the meteotsunami 
with the artificial time series (M1-M3); (a) Nonstationary time series 
similar to the tide level on March 31, 2007. (b) Wavelet spectra of the 
time series. The contour intervals are 10 cm2. The parabolic line 
indicates the "cone of influence", where edge effects become important. 
(c) High-pass filtered (2 h) time series. (d) Scale Averaged Wavelet 
Power (SAWP) of the high-pass filtered time series.

 
 
were compared. Method M1 uses an absolute threshold, which 
defines the time point where the amplitude in the meteotsunami 
frequency bands exceeds 30 cm as the meteotsunami arrival 
time, regardless of the region. Method M2 uses a relative 
threshold, which varies according to the region, and defines the 
time point where the amplitude in the meteotsunami frequency 
bands exceeds 3 standard deviations for the first time as the 
meteotsunami arrival time. Method M3 also uses a relative 
threshold that defines the time point where the Scale-Averaged 
Wavelet Power (SAWP) of the sea level oscillations in the 
meteotsunami frequency bands is the highest as the 
meteotsunami arrival time. Due to the characteristics of the 
meteotsunami signal that appears as a type of nonstationary 
group wave rather than a solitary wave, it may be better to 
consider the power spectrum of the wave group in the 
meteotsunami frequency bands, unlike in methods M1 and M2. 
By using the SAWP, which is the weighted sum of the wavelet 
power spectrum in a specific frequency band, the fluctuation of 
the corresponding wave group as it varies with time can be 
examined (Torrence and Compo, 1998). 

To select the optimal method among the 3 methods, a 
comparative analysis of the propagation of the meteotsunami 
derived using each method was performed. The rain rate, which 
is one of the atmospheric instability factors, was used to 
estimate the precise direction of meteotsunami propagation. 
Using the rain rate displayed on the radar image at 10 min 
intervals, the temporal and spatial distributions of the clusters of 
rain can be identified. Kim et al. (2016) shows that the 
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Figure 4. High-pass filtered (2 h) tide level and Scale Averaged Wavelet 
Power (SAWP) of the filtered tide level. AH and BR tide level data 
which had too many missing data during the meteotsunami events were 
high-pass filtered after linear interpolation. 

 
 
propagation of the meteotsunami event of March 29-31, 2007, 
showed a similar pattern to the evolution of the high rain rate. 
Therefore, the correspondence between the clusters of high rain 
rate (more than 5 mm/h) that occurred before the meteotsunami 
and the propagation direction of the meteotsunami determined 
by each arrival time method were qualitatively investigated. The 
direction of meteotsunami propagation was analyzed using the 
algorithm for the estimation of the meteotsunami propagation 
(Kim, Woo, and Eom, 2013), which utilizes the order of the 
arrival time, the arrival time difference between each tidal 
station, and the shallow water wave speed equation. 
 

RESULTS 
As shown in Figure 2, a total of 2 meteotsunami events 

occurred, one during low tide on March 29, 2007, and the other 
during high tide on March 31, which occurred due to the 
consecutive eastward movement of the pressure jump from SD 
to YG (Choi, Park, and Kwon, 2008). When the meteotsunami 
occurred, tsunami-like waves were dominantly observed in the 
high frequency bands, and different ranges of sea level 
oscillations were recorded at each tidal station. To identify the 
characteristics of each method under ideal conditions, an 
artificial time series that is similar to the tide level during 
meteotsunamis at YG was constructed (Figure 3a). In the 
artificial time series, the meteotsunami component which is 
characterized by localized peaks, the damping peaks that 

Table 1. Meteotsunami arrival time derived from each method on March 
29 and 31, 2007. 
 

Date Station
Arrival Time (HH:MM) 

M1 M2 M3 

March 29, 
2007 

AH - - - 
BR - 17:46 19:45 
JH - 19:07 20:13 
GS - 17:15 18:48 
WD 18:20 17:19 18:25 
YG 18:50 17:16 18:57 
DH - 16:09 16:15 

March 31, 
2007 

AH 00:38 00:38 00:44 
BR - 01:14 01:57 
JH 01:41 01:41 01:47 
GS 01:17 01:17 01:28 
WD 00:59 01:00 01:07 
YG 01:19 01:27 01:40 
DH 00:46 00:45 00:56 

 
dissipated non-periodically in the high frequency bands, and one 
tidal component which is a stationary signal in the low 
frequency bands, were superposed. The artificial meteotsunami 
component was constructed using the high frequency waves 
shorter than 2 hours, which are within the range of the 
meteotsunami frequency bands (Rabinovich and Monserrat, 
1996). 

To extract the meteotsunami component from the artificial 
time series and the observed tide level, the evolution of the 
power spectrum with the time and frequency was first identified 
by using the wavelet transform (Figure 3b), and the sea level 
oscillations in the meteotsunami frequency bands were high-
pass filtered with a Butterworth filter (Figure 3c). After 
extracting the meteotsunami components from the artificial time 
series, each method of determining the arrival time (M1-M3) 
was analyzed to check when the arrival time was defined, 
respectively. 

When threshold M1 was applied, regardless of the magnitude 
of the amplitude, the arrival time was determined at 30 cm. The 
arrival time obtained by method M2 was generally defined as 
being before the occurrence of the daily maximum amplitude 
(Figure 3c), and the threshold was applied differently according 
to time and space. The arrival time of method M3 was defined 
as being after the daily maximum amplitude had occurred, at the 
latest time when the wave height was the highest (Figure 3d). 
When the amplitude of the meteotsunami was less than 30 cm, 
the arrival time was not determined by method M1, as in the 
case of the March 29, 2007 event, when the meteotsunami 
amplitude was relatively small and the arrival time could not be 
specified with method M1, because all regions except for WD 
and YG showed a low amplitude less than the M1 threshold 
(Figure 4, Table 1). On March 31, 2007, the meteotsunami was 
detected by method M1 in all regions except for BR, and it 
moved southeastward from the eastern area of the Yellow Sea in 
the order of AH, HS, WD, GS, YG, and JH (Table 1, Figure 
5b1). Method M1, which disregards the when locality of the 
specific region, could not detect the arrival time the sea level 
oscillated at a lower amplitude than the M1 threshold, such as in 
BR (Table 1). 

When M2 and M3, which are relative threshold methods, are 
applied, the arrival time can be obtained in all regions and at
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Figure 5. Meteotsunami propagation determined by each arrival time method (a1-a3, b1-b3) derived from the propagation algorithm of the 
meteotsunami (Kim, Woo, and Eom, 2013) and radar image showing the rain rate which can represent the approximate propagation of the 
meteotsunami (a4, b4 red dashed ellipses and red arrows) on March 29 and 31, 2007. The red cross marks indicate each tidal station at which the 
meteotsunami occurred when using each arrival time method. The thick red line is the wave crest line of the meteotsunami. The radius of each black 
circle, which represents the distance from the red cross mark to the point of tangency, is the distance the meteotsunami moved. The gray lines are 
bathymetric contours in Yellow Sea (20-80 m). 

 
 

all times. As seen on the artificial time series, the arrival time 
of M2 was also earlier than that of M3 in the raw time series 
(Table 1). The sea level variations in BR oscillated with 
extremely low amplitude during the meteotsunamis (Figure 2, 
Figure 4) and there was a much longer time lag between the 
arrival times of M2 and M3 in BR compared to the other tidal 
stations (Table 1). In particular, for the event of March 29, 
2007, which was a relatively small scale meteotsunami, the 
time lag between the arrival times of M2 and M3 was 
considerable (1 h-2 h) in all tidal stations except for HS, 
which is located in the outermost region (Table 1). Moreover, 
when M2 was applied to the meteotsunami on March 29, 2007, 
the meteotsunamis propagated southeastward along the west 
coast of Korea, but, on the contrary, when M3 was applied, 
they propagated northeastward (Figure 5a2-a3), Table 2). 
When disregarding the arrival order of BR, the meteotsunamis 
on March 31, 2007 propagated southeastward and finally 
concentrated in the GS-YG region at an average speed of 23 
m/s (Figure 5b2-b3, Table 2). 
 

DISCUSSION 
As a meteotsunami propagates to all tidal stations, sea level 

oscillations may vary from one site to another as shown in 
Figure 2 and Figure 4 although it is generated by the same 

mechanism. It might be more appropriate to use a relative 
threshold method (M2, M3), which reflects the regional 
locality of each tidal station, than the absolute threshold. 
Methods M2 and M3 can be applied to the meteotsunami on 
March 31, 2007 because it is by now well known that the 
meteotsunamis occurred in all regions (Eom et al., 2012). 
Methods M2 and M3 are only applicable at a given 
meteotsunami date and in the case of powerful meteotsunamis 
which can propagate to most of the tidal stations. It is 
necessary to modify these 2 methods when analyzing the 
arrival time of meteotsunamis which are not known or 
occurred locally in specific regions. An alternative threshold 
method, which applies the absolute and relative thresholds 
simultaneously, can detect the arrival time even for the 
numerous minor cases that occur below the relative threshold 
(Monserrat, Vilibić, and Rabinovich, 2006). To search for the 
minor cases in terms of the magnitude of meteotsunamis, the 
absolute threshold in the alternative threshold method must 
represent the level of background noise at all tidal stations. 
Therefore, the alternative threshold method requires the sea 
level data in all regions during sufficiently long periods of 
time and robust statistical analysis to support the basis of the 
absolute
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Table 2. Meteotsunami propagation derived from each method on 
March 29 and 31, 2007. 
 

Date 

Propagation Direction 
M1 M2 M3 

Case 
Slope* 
(deg) Case 

Slope* 
(deg) Case 

Slope*

(deg) 

March 
29, 

2007 

WD-YG 60.6 HS-GS 79.3 HS-WD -79.1 
- - GS-YG 76.4 WD-GS 78.9 
- - YG-WD -60.1 GS-YG 72.3 
- - WD-BR -88.0 YG-BR -72.9 
- - BR-JH 25.0 BR-JH -82.2 
- - - - - - 

March 
31, 

2007 

AH-HS 69.3 AH-HS 69.7 AH-HS 67.8 
HS-WD 55.9 HS-WD 56.7 HS-WD 55.0 
WD-GS 73.3 WD-BR 84.6 WD-GS 76.5 
GS-YG 75.9 BR-GS -85.3 GS-YG 70.7 
YG-JH 75.5 GS-YG 71.7 YG-JH 70.4 

- - YG-JH 72.8 JH-BR -61.5 
*Slope of the wave crest line is measured counter clockwise from the 
eastward direction. 
 
threshold. Considering the advantages and disadvantages of each 
arrival time method practically, it can be appropriate to use the 
current relative threshold method with minor revisions. 

The direction of propagation of the meteotsunami derived 
from method M2 showed the most similar pattern to that of the 
rain rate in the March 29-31, 2007 event among the 3 methods 
(Figure 5a2, a4, b2, b4). Of the clusters of rain rates on March 
29, 2007, C2 dissipated during propagation and only C1 moved 
southeastward along the coast (Figure 5a4). This result is the 
most similar to the direction of meteotsunami propagation 
derived from method M2 (Figure 5a2). The propagation 
direction derived from method M3 was different from that of 
method M2 (Figure 5a2-a3), Table 2) because of the 
overestimated arrival time difference between the tidal stations 
(Table 1, Table 2). In the case of the March 29, 2007 
meteotsunami event, the maximum SAWP occurrence time (M3) 
after the first run-up (M2) was considerably delayed at all tidal 
stations. These time lags also varied with the region, and the 
arrival order of methods M2 and M3 also varied (Table 1). It 
seemed that the time lags due to getting longer time difference 
between the time point when meteotsunami arrived first and the 
time point when successive harbor resonance occurred after the 
meteotsunami in the case of relatively small-magnitude 
meteotsunamis (Figure 4). However, all of the propagation 
results derived from methods M1, M2, and M3 for March 31, 
2007, were very similar to the propagation of C3 (Figure 5b1-
b4), Table 2).  

Method M2 detected the arrival times of the meteotsunamis at 
all times and in all regions, because the levels of background 
noise in each region were determined as the standard deviation 
of the daily amplitude sample in the meteotsunami frequency 
bands. Furthermore, another disadvantage of method M2 is that 
the standard deviation is changed in every day. Therefore, it is 
necessary to compute the standard deviation for the yearly or 
long-term amplitude sample instead of the daily amplitude 
sample. It is expected that even the arrival times of 
meteotsunamis that occur with a relatively small intensity will 
be able to be detected with the modified M2 method. In the near 
future, if the propagation result can be estimated in advance by 

applying a lower threshold than 3 standard deviations in the 
outer region, it can be utilized as a meteotsunami warning 
system. 
 

CONCLUSIONS 
It is concluded here that the relative threshold method is an 

optimal method for arrival time of the meteotsunami based on 
the highly accurate result of meteotsunami propagation direction 
derived from the arrival time method. The arrival time is defined 
as particular point in time when the amplitude of the sea level 
oscillation in the meteotsunami frequency bands exceeds 3 
standard deviations for the first time (M2). To detect even the 
arrival time of partially propagated meteotsunami events and 
unknown meteotsunami events, the long-term amplitude sample 
more than 1 day at each tidal station will be required. This 
arrival time method can be useful tool for preventing coastal 
hazards caused by meteotsunamis by issuing warning in advance 
at outer regions in Yellow Sea. 
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The Samsan Bridge connects Ganghwa Island and Incheon in the mid-western region of South Korea. The country is 
making an effort to improve access to the island from its major cities, and the construction of the bridge is part of that 
process. External factors such as wind waves, tide currents, currents, and scour depths around piers should be 
considered in the construction of a bridge. In order to obtain scour depth values around bridge piers, this study 
conducted numerical simulations on morphological changes using the SADEM (SAnd Deposit and Erosion Model). 
The morphological changes were calculated by solving the conservation of sediment transport equation. A field 
measurement was performed at the Seokmo channel in the Han River estuary (South Korea) to verify the numerical 
results. A 153×210 grid system with a coarse grid size of 22.8 × 30 km was used in the SADEM. The maximum stream 
velocities of 10, 50, and 100-year flood return periods during the ebb tide contributes to sediment mobilization in the 
Seokmo channel. The maximum scour depth was calculated to be 9 m around the central bridge's pier during the flood 
ebb for the 100-year return period. This was due to the upstream discharge during river flooding. The results of the 
numerical simulations are expected to be objective indicators of optimal design, construction, and future maintenance 
of the Samsan Bridge. 
 
ADDITIONAL INDEX WORDS: Sediment transport, return period, Yellow Sea, SADEM, numerical model. 
 

 
INTRODUCTION 

External factors such as wind waves, tide currents, currents, 
and scour depths around piers should be considered in bridge 
construction. 

There are many islands in the waters around the Samsan Bridge. 
Consequently, the water channels are very narrow. (Park et al., 
2002; Song and Woo, 2010). The tidal range is greater than 8 m 
due to very strong tidal currents surrounding the nearby bridges 
(Choi et al., 2012). The scour is maximized when the flow rate 
rises because of North Korea’s dam during flood discharges. 

Bridge scour has been extensively studied for more than 100 
years. The knowledge necessary for predicting scour depths and 
the development of countermeasures that protect against scour-
related problems have progressed rapidly over the past 50 years 
(Park et al., 2016). Researchers have performed various 
numerical simulations for scour in bridges (Lee and Lee, 2001; 
Liang, Cheng, and Li, 2005; Sumer and Fredsøe, 2001). Johnson 
and McCuen (1991) developed an analytical model to simulate 
the temporal process of local scour at piers, while Lee and Lee 
(2001) developed a numerical model to simulate the 
transportation of sediment in the wave field. In addition, the 
knowledge required to conduct experiments on scour around piers 
has increased. Breusers and Raudkivi (1991), and Melville and 
Coleman (2000) have conducted experiments on single piers for 

the past decade, and Ataie-Ashtiani and Beheshti (2006) 
experimented on pile groups. 

Recently, advancements in construction technology have led to 
the construction of bridges that connect islands (Kim, 2014). The 
Samsan Bridge connects the Ganghwa Island and Incheon in the 
mid-western region of South Korea. The country is making efforts 
to improve accessibility to the island from its major cities. An 
image of the Samsan Bridge during its construction is shown in 
Figure 1. 

The primary goal of this study is to suggest a maintenance 
guideline for the Samsan Bridge. We simulated the maximum 
stream velocities at 10, 50, and 100-year return periods. These 
results are expected to be objective indicators of the optimal 
design, construction, and future maintenance of the Samsan 
Bridge. 

 

 

 

Figure 1. Bridge construction near Samsan. 
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Figure 2. Water depth near the Samsan Bridge: (a) Map of the mid-western coast of Korea, (b) Map of the Korean peninsula, (c) Final depth contour, (d) 
Observation points and detailed depth. 

 
 

MODEL DESCRIPTION 
The simulation in the numerical prediction system performs 

several steps: bathymetric mapping, wave deformation, near 
shore wave-induced circulation, and sediment transportation. 
The first step illustrates the seafloor relief as contour lines and 
provides navigational information regarding the underwater 
depth at each location. The second step incorporates a wave 
transformation model that predicts the change in wave height and 
the direction from deep water to shallow coastal water. This is 
accomplished by using a derived hyperbolic mild slope equation. 
The third step takes a phase-averaged shallow water model and 
uses it to predict the wave-induced current in coastal water. The 
last step for this model is sediment transport. This study considers 
scour and the sinking effects of viscosity in the soil, but it does 
not consider the effects of bed load. The wave current model was 
applied in this study. The flow velocity and water level owing to 
the tide-induced combined flow were determined by solving the 
depth-integrated equations of mass and motion (Lee and Lee, 
2001). The result from this model shows the elevation of scour 
levels. Figure 3 shows a flowchart of the SADEM (Sand Deposit 
and Erosion Model) system. 
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Figure 3. Flowchart of the numerical model system (SADEM). 
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SITE DESCRIPTION 
The Samsan Bridge is located at latitude 37.70° N and 

longitude 126.35° E, which is located on the western coast of the 
Korean Peninsula. The bridge crosses a channel, which is shown 
in Figure 2d. During the flood tide, the observation pointsPC-1 
and PC-2 have high current velocities of 163.29 cm/s and 179.38 
cm/s, respectively. During the ebb tide, they have low current 
velocities, 142.43 and 168.43 cm/s, respectively. The average 
width of the channel is roughly 1 km and the mean tidal range is 
approximately 8.19 m. In this study, as shown in Figure 2c, we 
used our scour depth observations around the Samsan Bridge to 
calculate a more exact current field. In addition, we used satellite 
images to revise the depth file, which was taken during the ebb 
tide. A grid system of 153 × 201 with a coarse grid size of 22.8 × 
30.0 km was used. 
 

MODEL RESULTS 
In this research, the model results were simulated under the 

assumption that the seabed ground was soft. Soft seabeds have 
scour potential. In this section, we simulated scour under two 
different conditions: different flood return periods and current 
velocity for a 100-year frequency return period. 
 
Scour Depth at Seabed Levels 

We analyzed the scour depth at seabed levels for each flood 
return period. In every return period (10, 50, and 100 years), the 
maximum velocity occurred during the ebb tide because of the 
extreme flood discharge. Figure 4 shows the scour depth around 
the bridge for each flood frequency. Based on the results, it was 
determined that the center of river showed the highest scour depth. 
The scour depth at the seabed level showed a maximum elevation 
of 9 m at the fifth pier. However, it showed similar elevation 
levels at the 50 and 100-year flood frequencies (Figure 5). 
Addition details for each pier are listed in Table 1. The forth pier 
has a minimum difference for all return periods. 
 

Table 1. Scour depth at each pier. 
 

Pier 
No. 

Scour Depth [m] 

Normal 
10 year 

Flood Stage 
50 year 

Flood Stage 
100 year 

Flood Stage
1 13.2 15.8 15.9 16.5 
2 20.0 27.0 27.0 28.0 
3 21.0 30.1 30.2 30.4 
4 21.4 32.6 32.6 33.0 
5 22.0 34.0 34.0 35.0 
6 20.5 30.0 30.9 32.0 
7 17.7 26.0 27.1 28.1 
8 15.0 23.0 24.0 25.0 
9 10.9 16.9 18.0 19.0 

10   8.9 13.1 14.8 15.8 

 
Scour Depth for Pier Design 

In this section, we simulated the scour depth by assuming that 
the current velocity for the 100-year return period was 2.31 m/s 
for different piers.  

We used Figure 6, which is a blueprint of the pile groups, to 
create the depth file. The grid included the entire area influenced 
by the piles, and the grid distance was ∆x = ∆y = 0.5 m. The 
diameters for these two pile groups are 3.0 and 2.5 m. 

 

 

Figure 4. Elevation levels for each flood return period: (a) 10 year, (b) 50 
year, (c) 100 year. 

 
 
Figure 7 shows a 2D scour image around the piles for when the 

currents occurred upwards. Both of the results show a similar 
scour depth range. Moreover, the front of the pile displays the 
maximum scour depth, and the results show bilateral symmetry. 
The results also show wide and deep areas, except for the center 
pile because the current velocity is higher in the center than on 
the sides. In Figure 7a, the piles are in worse condition because 
they have a larger diameter. The maximum scour depth range, 
based on a scour depth of 0.5 m, is 4.26.2 m. The range increases 
as the flow velocity increases. This range varies from 2.0 to 3.4 
times the diameter of the file. 
 

CONCLUSIONS 
This study conducted numerical simulations for scour using a 

numerical model for the flood return periods near the Samsan 
Bridge. In addition, the distribution of scour around bridge piers 
was confirmed. Based on the results gathered from the 
simulations, the following conclusions can be drawn: 

 
 The scour range shows no significant differences 

between 50 and 100-year return periods. 
 The range of the scour depth is proportional to the flow 

velocity and the pile diameter. 
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Figure 5. Seabed elevation levels for each flood frequency at the Samsan Bridge. 

 
 

 

 

Figure 6. Top view of each pile: (a) diameter: 3.2 m, (b) diameter: 2.7 m.

 

 

 

Figure 7. 2-dimension scour image around each pile: (a) diameter: 3.2 m, 
(b) diameter: 2.7 m. 
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The results from this study are expected to be utilized for the 
prediction of scour for each return period that occurs during the 
construction of a bridge near the sea. 
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ABSTRACT 
 
Song, M.-S.; Yun, H.-S.; Kim, T.-W., and Cho, J.-M., 2017. Algae inflow monitoring using satellite images for the 
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Climate change has recently been taking place due to the sudden rise of water temperature resulting from global 
warming and the red tides adversely affected the seawater desalination plant directly or indirectly every year. 
Harmful Algal Blooms (HABs) occur if the perishable organic pollutants, minerals, and growth stimulating 
substances are abundantly dissolved in the water and if solar radiation, water temperature, salinity, and other 
environmental conditions are met. Once the algae are agglomerated by the wind and tide, high-density red tide occurs. 
This may also cause damages to the desalination plants. RO membrane in the main process cannot be cleaned by the 
chlorination for membrane cleaning because the material of RO membrane is polyamide. Therefore, the algae and 
microorganisms contained in seawater have a negative impact on membrane fouling. Accordingly, pre-treatment 
method for blocking the inflow of algae by monitoring the occurrence of HABs is more effective than post-
processing method that is used for cleaning after the membrane is already contaminated. In this study, algae inflow 
monitoring was carried out through satellite image analysis looking for an appropriate analysis algorithm of 
chlorophyll-a concentration by using the Geostationary Ocean Color Imager (GOCI) Data Processing System (GDPS) 
for the process control of Gijang desalination plant. Accordingly, the chlorophyll-a concentration analyzed by OC2 
algorithm for algae inflow monitoring is the most suitable algorithm. 
 
ADDITIONAL INDEX WORDS: Algae, seawater desalination plant, GOCI, GDPS, satellite image. 
 

 
INTRODUCTION 

South Korea ranks no. 5 among the water-stressed countries 
selected by the Population Action International which is an UN-
affiliated organization and is forecasted to become a water-
scarcity country by 2025 as its recyclable water quantity is 
decreasing every year. The South Korean Government is 
implementing various water resources development policies to 
cope with this problem. The first desalination plant was built in 
Gijang, Busan, South Korea in 2014. This desalination plant 
boasts of the world’s largest fresh water quantity of 45,000 
ton/day that is produced by using the reverse osmosis method. If 
using this reverse osmosis method, various debris, inorganic 
matters, and salts are removed through the filtration process that 
uses membranes and it is critical to remove them before they 
reach the membranes for an efficient operation of the 
desalination process. Most desalination plants can reduce 
membrane fouling with chemical cleaning techniques. However, 
chemical cleaning methods cannot be used because the RO 
membrane in the main SWRO process is made of polyamide  

 

(Kim et al., 2016). Moreover, due to the influence of global 
warming, the amount of algae in the southern coast of Korea 
where the Gijang desalination plant locates is increasing every 
year, which greatly affects the operation of the desalination plant. 

The researchers who predicted HABs in the ocean to control 
the process of seawater desalination plant and monitor it 
effectively have been active in Arabian Gulf because all Arabian 
Gulf countries rely on desalinated seawater for managing most 
of the potable water supply as 61% (17.1 Mm3/day) of the global 
seawater desalination capacity locates along the Arabian Gulf 
coastlines (Lattemann et al., 2010). For early monitoring of 
HABs in Arab Emirates Coasts, MERIS data were used when 
high concentration of chlorophyll-a was detected (Carder et al., 
1986). Also, researches have been made for the benefit of 
combining satellite observations and numerical models used for 
studying red tide outbreaks and dynamics to monitor and detect 
red tides and provide an insight on its initiation and maintenance 
mechanisms (Zhao and Ghedira, 2014).  Later, in most studies 
utilizing satellite data, they were used only as ancillary data for 
studying the red tide occurrence mechanism in order to 
understand the migration and diffusion path of the red tides. The 
algae-related researches on the Korean peninsula have been 
carried out but the ones on the fouling control using the reverse 
osmosis membrane from the algae inflow are still lacking. 
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Figure 1. (A) Study areas: (a) Gijang desalination plant, (b) Gijang coast observation station H1, (c) Gijang coast observation station 01, (d) Gijang 
coast observation station 02, (e) Gijang coast observation station 03, (f) Gijang coast observation station 04, (B) Boundary line between South Sea and 
East Sea. 

 

Therefore, this study was conducted to provide data for 
preventing the membrane fouling of the desalination plant 
caused by the inflow of algae by monitoring and analyzing the 
amount of algae contained in the seawater in real time. To 
achieve this purpose, this study looked for a suitable analysis 
algorithm for chlorophyll concentration to monitor algae in real 
time near Gijang coast by analyzing the images acquired from 
the Geostationary Ocean Color Imager (GOCI), an ocean color 
remote sensing satellite.  

Gijang desalination plant, one of the study areas in this study 
is located in 230, Daebyeon-ri, Gijang-eup, Gijang-gun, Busan, 
South Korea and produces 45 thousand ton of fresh water 
(approximately 35°13´35´´N, 129°14´17´´E) and is influenced 
by the Kuroshio current that is warm and coming up from the 
South Sea of South Korea. As shown in Figure 1, there are five 
ocean observation stations around the Gijang desalination plant 
that can provide information on ocean observational data such as 
sea surface temperature (SST), salinity, chlorophyll-a 
concentration etc. The tidal influence is weak, and east to north-
east waves are mainly dominant in this coast during the winter 
season, while south to south-east waves are dominant during the 
summer season (Kim et al., 2014). As shown in Figure 1b, it is 
necessary to select a suitable algorithm because seawater 
desalination plant is located near the border line between South 
Sea and East Sea. The ocean and tidal current in the Gijang 
coast does not terribly change like in the Yellow Sea and South 
Sea of Korea surrounded by complex coastlines and many 
islands, but the fact that the occurrence of HABs is difficult to 
be predicted and that the Korean largest seawater desalination 
facility is expected to be seriously damaged in case the HABs 
flow in is the reason why Gijang is selected as the study area. 

 
METHODS 

The satellite images used in this study were downloaded from 
the Korea Ocean Satellite Center (KOSC) and the images of the 
days when the red tide occurred in Gijang Coast from 2013 to 
2015 were selected. GOCI, the world's first geostationary ocean 
color satellite provides images with the spatial resolution of 500 
m at hourly intervals up to 8 times a day, allowing observation 

of the short-term changes in the Northeast Asian regions. The 
GOCI Data Processing System (GDPS), specialized data 
processing software for GOCI was developed for real-time 
generation of various products (Ryu et al., 2012). The high 
temporal resolution of GOCI and the advantages of 
geostationary satellite make it possible to monitor the 
occurrence, drift direction, and speed of HABs almost in real 
time. Also, this research makes the ocean monitoring faster 
through FTP server with KOSC.  As shown in Figure 1b, as the 
target area was a coastal one, masking was conducted to 
distinguish the land from the waters, and the analyzed 
chlorophyll distribution should be grasped in order to predict the 
scope of red tide occurrence using GDPS. 

 
Table 1. Comparison of chlorophyll-a algorithms. 

Name Equation Reference

OC2 

10 	

 R  

0 = −0.0929, 1 = 0.2974, 
 2 = −2.2429, 3 = 0.8358,  

4 = −0.0077 

Hooker  
et al. 

(2000) 

OC3G 
(OC4V4) 

10  

R log
443 , 490
555

 

0 = 0.366, 1 = −3.067, 2 = 1.93,  

3 = 0.649, 4 = −1.532 

Hooker  
et al. 

(2000) 

YOC 

10  

R
443
555

412
490

 

1 = 0.342, 2 = 2.511, 
 3 = 0.277, 4 = −1.012 

Siswanto 
et al. 

(2011) 

Rrs(band)= Remote Sensing Reflectance 

A  B
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In addition, this study compared OC2, OC3G and Yellow Sea 
Large Marine Ecosystem Ocean Color Project (YOC) 
algorithms in Table 1, in order to find a suitable analysis 
algorithm for chlorophyll-a concentration in Gijang coast near 
the boundary line between Southern Coast that has complicated 
shorelines and many islands and East Coast that has relatively 
monotonous coastlines and few islands. 

Most of early chlorophyll-a calculation algorithms were 
developed with the empirical methods. Such methods used more 
than two bands related to the absorption of chlorophyll-a and the 
555 nm wavelength band ratio related to the scattering of 
suspended solids (Gocun et. al., 2002; Kahru and Mitchell, 
1999). Empirical ocean color (OC) algorithms used two bands 
(OC2), three bands (OC3), or four bands (OC4) for global 
processing of imagery. The OC2 algorithm was developed by 
Hooker et al. (2000), and GDPS adopted the coefficients derived 
from the same study. The original OC4 algorithm used Rrs(510), 
but as GOCI did not have a 510 nm band, the OC3G algorithm 
used only three bands: Rrs(443), Rrs(490), and Rrs(555) that are 
available in GOCI. YOC calculations are based on the 
combination of the SeaWiFS standard algorithm and the local 
empirical algorithm used for the areas of low and high 
normalized water-leaving radiance 555 nm, respectively 
(Yamaguchi et al., 2013). The functional form of the YOC 
algorithm was first proposed by Tassan (1994) and the regional 
tuning of the coefficients for the YOC algorithm were 
performed by Siswanto et al.(2011) using the insitu radiometric 
and pigment measurements collected for over 10 years from the 
East China Sea, Yellow Sea, and South of Japan (Park et al., 
2014). 

Also, the marine environment monitoring network data 
provided by the Marine Environment Information System 
(MEIS) were used as the field observational data for comparison 
with the analysis results of each chlorophyll algorithm. Marine 
environment monitoring network is now used as national base  

data for establishing national marine environmental management 
and conservation policies by identifying marine environmental 
status in a comprehensive way through the survey of the state of 
the marine environment and the coastal and offshore pollution in 
the country stations on a regular basis. As shown as in Table 2, 
Gijang coast has five stations and each observation station 
investigates the marine environment on February, May, August 
and November every year.   

 
Table 2.  Marine environment observation station (August 5, 2015). 

Name of 
Coast
(Code)

Station 
NO. 

Latitude Longitude 

Surface 
Chlorophyll-a 

(㎍/L) 

Gijang 
Coast
(03) 

01 35o 17' 00" 129o 16' 49" 4.16 
02 35o 10' 00" 129o 13' 00" 5.58 
03 35o 18' 00" 129o 17' 30" 3.42 
04 35o 15' 54" 129o 15' 08" 2.54 
H1 35o 13' 22" 129o 13' 43" 4.40 

 
There are seventeen investigating items including water 

temperature at the surface and low-rise, salinity, pH, dissolved 
oxygen (DO), chemical oxygen demand (COD), ammonia-
nitrogen, nitric acid nitrogen, nitrous acid nitrogen, dissolved 
inorganic nitrogen, total nitrogen (TN), dissolved inorganic 
phosphorus, total phosphorus (TP), silicic acid silicon, 
suspended solids, chlorophyll-a, and transparency. By reference 
to the current chart showing the monthly average for 22 years in 
the East Sea provided by the Korea Hydrographic and 
Oceanographic Agency, the surface current flow in August can 
be seen as coming up along from the south coast to the east one. 
Therefore, the marine environment data provided by Gijang02 
and GijangH1 are appropriate for predicting the red tide 
migration near the desalination plant.  

 

 
20150805 
00:16:40 

20150805 
01:16:44 

20150805 
02:16:44 

20150805 
03:16:44 

20150805 
04:16:44 

20150805 
05:16:44 

20150805 
06:16:44 

20150805 
07:16:44 

OC2 

    

OC3G 

    

YOC 

    
Chlorophyll-a Concentration Data Range : (mg/m3)                   

Figure 2.  Chlorophyll-a concentration of OC2, OC3G and YOC algorithms.  
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RESULTS 
As a relatively recently conducted survey, the date of August 

5, 2015, was selected to compare GOCI images with the field 
observation data provided by the marine environment 
monitoring network. The eight images taken from GOCI from 
00:00 (UTC) to 07:00 (UTC) to apply the OC2, OC3G, and 
YOC algorithms and the chlorophyll-a concentrations were 
analyzed by GDPS as shown in Figure 2. Within the range from 
the intake point of the desalination plant to the five observation 
stations, the chlorophyll concentration had the maximum value 
in the analysis image using OC3G algorithm and minimum 
value in the OC2 algorithm. It seems that the chlorophyll 
concentration distribution pattern of OC2 algorithm was reduced 
when using the three algorithms. 

 
Table 3. Comparison between chlorophyll concentration between field 
and satellite (daily time period, August 5, 2015). 

Station 
NO. 

Field  Satellite Image Observation(㎍/L)

Chlorophyll-a UTC OC2 OC3G YOC 

01 
 

35o17'00" 
129o16'49" 

 

4.16 

(㎍/L) 

00 4.90316 8.56196 4.23389

01 6.96692 14.0833 9.00229

02 5.22434 9.3651 7.7523 

03 5.57743 10.2734 6.28548

04 4.64315 7.92856 6.95016

05 5.56536 10.2419 7.89418

06 4.86617 8.47093 4.45879

07 4.39055 7.32817 4.25036

Mean  5.267135 9.531665 6.353431

02 
 

35o10'00" 
129o13'00" 

 

5.58 

(㎍/L) 

00 6.02238 11.4539 6.98803

01 7.85211 16.6863 13.8206

02 5.81606 10.9016 7.54132

03 6.0402 11.502 7.48598

04 7.42567 15.4164 11.8928

05 null null null 

06 5.04738 8.91982 4.70836

07 5.36546 9.72501 4.02798

Mean  6.22418 12.08643 8.066439

03 
 

35o18'00" 
129o17'30" 

 

3.42 

(㎍/L) 

00 5.31264 9.58979 4.32046

01 10.8409 26.3065 16.3535

02 5.01637 8.84249 7.50229

03 5.35395 9.69549 6.31875

04 4.63631 7.9121 6.1769 

05 6.56477 12.9441 7.88013

06 5.07855 8.99776 5.87996

07 5.03753 8.89524 4.35118

Mean  5.980128 11.64793 7.347896

This is the different results from the research conducted in 
Yellow Sea of Korea and the Southeast Sea of China. The 
chlorophyll concentration distribution pattern using the YOC 
algorithm shows lower than when using OC3G and OC2 
algorithms in Yellow Sea of Korea and the Southeast Sea of 
China. In Table 3 shows the result of comparison of the 
concentrations and average values by using the three algorithms 
at each station on a per hour basis. It was difficult to analyze the 
satellite images for Gijag04 and H1 because they located too 
close to the coastline. Generally, when using the OC2 algorithm, 
the concentration of chlorophyll-a was most similar to that of 
the field observation. On station01, the chlorophyll-a 
concentration of OC2 algorithm was decreased by 44.7% than 
that of OC3G and by 17% than that of YOC. On station02, OC2 
was decreased by 48.5% than OC3G and by 22.8% than YOC. 
On station03, OC2 was decreased by 48.7% than OC3G and by 
18.6% than YOC. As the YOC algorithm calculates 
concentration by using an additional 412 mm band to remove 
the overestimation of chlorophyll concentration caused by 
dissolved organic matters, it gets lower values than the 
concentration of chlorophyll in the OC3G algorithm. 

 
DISCUSSION 

To find out the most suitable algorithm of chlorophyll-a 
concentration near Gijang desalination plant, GOCI satellite 
images and field observation were analyzed.  GOCI observes not 
only Korean seas but also Chinese seas with a very high 
turbidity located in the Yangtze River estuary and Bohai bay. 
Furthermore, the seawater that is located in southeast of Japan 
and has a very distinct characteristic of the Pacific Ocean in the 
north has observed a variety of waters at a time. Therefore, these 
various waters should be analyzed by one specific algorithm 
rather than each algorithm that matches the characteristics of 
each sea area. 

As a result of this study, it was found that among the 
Chlorophyll-a algorithms OC2, OC3G (OC4v4), and YOC used 
for detecting algae through satellite images, OC2 was the most 
appropriate as the target area for this study. The dates, locations, 
and scopes of the seas around the desalination plant were 
analysed by applying the algorithm presented in this study. The 
findings of this study provided the basic data for real-time 
monitoring of the marine environment and for efficient 
operation of the reverse osmosis (RO)-based desalination plant. 
During the period of the occurrence of red tide in Korea, 
especially July, August, and September, there are many 
constraints to monitoring HABs through satellite images 
because of a lot of typhoons and clouds. Further studies need to 
predict the behaviour of the red tides by using the combination 
of satellite images and numerical models.  
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ABSTRACT 
 
Ha, T.; Heo, K.-Y.; Jeon, J.S., and Kang, S., 2017. Numerical modelling of large swell waves using different 
atmospheric reanalysis data in East Sea. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 164-168. Coconut 
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Recently, large swell waves have been attracted by many engineers and scientists in South Korea since the eastern 
coast of the Korean Peninsula has been frequently damaged by large swell waves for several years during winter 
season. These waves were occasionally higher than 3 m and could be very dangerous for people in beach areas. It has 
been identified that these waves originated from a certain cyclone passing over East Sea in recent researches. 
However, an apparent developing mechanism of large swell waves in East Sea is still remained unidentified. 
Numerical modelling of water waves using the third generation wave model is a convenient source for analysis of 
wave behaviors in the ocean. In this study, two well-known global atmospheric reanalysis data (ERA-Interim and 
NCEP FNL) were employed to simulate large swell waves in East Sea. Since sea surface wind is generally regarded 
as the most important source to wave models, different global reanalysis data should be carefully applied to wave 
models for better performance. Numerical results of wave models using two different reanalysis data were compared 
with available observational data and their performance reproducing large swell waves was evaluated both 
qualitatively and quantitatively. Both simulated wave products using ERA-Interim and NCEP FNL data were 
reasonably agreeable with corresponding observational data while wave products employing ERA-Interim data 
qualitatively represented development of observed wave profiles slightly better at certain locations than those 
employing NCEP FNL data. On the other hand, wave products using NCEP FNL data quantitatively represented 
observational wave heights slightly better than those using ERA-Interim data during the extreme events. 
 
ADDITIONAL INDEX WORDS: High-resolution simulation, regional atmospheric run, regional wave run. 
 

 
INTRODUCTION 

In South Korea, large swell waves have been gradually 
attracted by many engineers and scientists since the eastern 
coast of the Korean Peninsula has been frequently damaged by 
large swell waves for several years. Several wave gages installed 
along the eastern coast of the Korean Peninsula occasionally 
recorded the maximum wave heights higher than 3 m during 
winter season and these waves could be very dangerous for 
people in beach areas. There have been many studies reported 
by analyzing observed wave data measured along the eastern 
coast of the Korean Peninsula or using numerical modeling of 
water waves (Ha et al., 2016; Kim et al., 2011; Lee, 2013; Lee 
et al., 2010; Oh and Jeong, 2013, 2014). It has been identified 
that large swell waves originated from a certain cyclone passing 
over East Sea in recent researches. However, an apparent 
developing mechanism of large swell waves in East Sea is still 
remained unidentified.  

In general, sea surface wind plays a dominant role in oceanic 
phenomena. However, limited weather data make it difficult to 

effectively analyze climate variability over oceans. Recently, 
data assimilation techniques have been adopted to overcome this 
limitation. Reanalysis includes a combination of state-of-the-art 
models and data assimilation methods (Heo and Ha, 2016). 

Numerical modelling of water waves using the third 
generation wave model is a convenient source for analysis of 
wave behaviors in the ocean. Since sea surface wind is generally 
regarded as the most important source to wave models, different 
global reanalysis data should be carefully applied to wave 
models for better performance. In this study, two well-known 
global atmospheric reanalysis data, the NCEP/NCAR (National 
Center for Environmental Prediction/ National Centers for 
Atmospheric Research) global reanalysis (Kalnay et al., 1996) 
and the European Centre for Medium-Range Weather Forecasts 
(ECMWF) ERA-Interim (Dee et al., 2011), were employed to 
simulate large swell waves in East Sea. Numerical results of 
wave models using two different reanalysis data were compared 
with available observational data and their performance 
reproducing large swell waves was evaluated both qualitatively 
and quantitatively. 

 
METHODS 

For numerical modeling of large swell waves, a regional 
atmospheric model was first employed to generate sea surface 
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wind field, and then the third generation wave model was 
employed to simulate wave products using the wind field as an 
input around the Korean Peninsula. A general description of 
numerical modeling is briefly summarized in the following 
sections. 
 

 
(a) Ulreungdo buoy (21229) (b) Geomundo buoy (22103) 

(c) Geojedo buoy (22104) (d) Donghae buoy (22105) 

(e) Pohang buoy (22106) (f) Marado buoy (22107) 

Figure 1. Scatter diagram of significant wave heights observed from 
buoys versus hindcast using hourly data in 2014. The solid line denotes 
the perfect fit to hindcast and observed values. 

 
 
The Regional Atmospheric Run 

Both weather research and forecasting model (WRF) version 
3.7.1 and its data assimilation system (WRFDA) were employed 
to perform regional atmospheric reanalysis in the high-
resolution grid system, including sea surface (10-m) wind fields 
necessary to force the wave hindcasts. The three-dimensional 
variational data assimilation technique was adopted to improve 
the model’s initial conditions and to generate the final high-
resolution analysis. The modeling domain was configured to 
encompass the East Asian region and vicinities of the Korean 
Peninsula. The domains have a grid spacing of 20 km and 4 km 
with 60 vertical levels and a model top of 50 hPa (Ha et al., 
2016; Heo and Ha, 2016). 

In this study, two well-known global atmospheric reanalysis 
data, ERA-Interim and NCEP final analysis (FNL), were 
employed to provide initial and lateral boundary conditions for 
regional atmospheric reanalysis. ERA-Interim reanalysis was 
performed based on a four-dimensional variational analysis 
(4DVAR) and NCEP FNL was obtained from NCEP’s Global 
Data Assimilation System (GDAS). 

The Regional Wave Run 
The wave model WAVEWATCHIII (WW3) version 4.18 

(Tolman, 2014), was used to perform the hindcast of large swell 
waves along the eastern coast of the Korean Peninsula. For 
further details of the model, readers are referred to the works of 
Tolman (2014).  

The computational grids were constructed by utilizing 30 arc-
second KorBathy30s bathymetry data, 1 arc-minute global relief 
model ETOPO1 bathymetry data, and the electronic navigational 
charts produced by the Korea Hydrographic and Oceanographic 
Administration (KHOA). The hindcast of large swell waves was 
performed using 1/12° grid resolution for both latitude and 
longitude (Ha et al., 2016). 

 

 
(a) KOGA-E02 buoy 

 

(b) Ulreungdo buoy (21229) 

(c) Donghae buoy (22105) 

 

(d) Haeundae buoy 

Figure 2. Comparison between wind speed and wind direction, measured 
at different buoy sites and simulated products using global atmospheric 
reanalysis data (ERA-Interim and NCEP FNL) (December 2014). 

 
 

RESULTS 
Figure 1 displays scatter diagram of significant wave heights 

measured at different buoys versus hindcast using hourly data in 
2014. Hindcast data was reproduced in the wave model (WW3) 
by employing ERA-Interim global reanalysis data. Overall, 
simulated wave products represent observational data well while 
the former is slightly smaller than the latter, during extreme 
events in particular. This is quite different from previous work 
when comparing simulated wave products with those using 
NCEP FNL data performed by Heo and Ha (2016). However, 
the root mean square error of simulated wave products using 
ERA-Interim, 0.263, is slightly smaller than that using NCEP 
FNL, 0.355, and Figure 1 shows distribution of wave products 
using ERA-Interim is somewhat higher concentrated in the 
perfect fit line when comparing with that using NCEP FNL.  

Figure 2 shows comparison between wind speed and wind 
direction, measured at different buoy sites and simulated wind 
products in December 2014. Overall, simulated wind speed is quite 
agreeable with corresponding observational data but simulated 
wind direction shows big discrepancy with an observed value at 
certain buoys (KOGA-E02 and Haeundae buoys). The simulated 
wind speed represents well observed value at open sea buoys 
while the former is higher than the latter at offshore buoys. On 
the other hand, simulated wind speed using ERA-Interim is 
slightly smaller than that using NCEP FNL. 
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(a) Weather chart (12/16 09:00 LST) (b) Weather chart (12/16 18:00 LST)

(c) ERA-Interim (12/16 09:00 LST) (d) ERA-Interim (12/16 18:00 LST)

(e) NCEP FNL (12/16 09:00 LST) (f) NCEP FNL (12/16 18:00 LST)

Figure 3. Comparison between simulated wind speed and direction using 
ERA-Interim and NCEP FNL as well as KMA weather charts. 

 
  
Figure 3 represents comparison between simulated wind 

products using ERA-Interim and NCEP FNL as well as KMA (Korea 
meteorological administration) weather charts on 16 Dec 2014. 
A cyclone is developed in East Sea at 9:00 LST and gradually 
intensified with time. Both simulated results represent well the 
overall development pattern of wind products. Simulated wind 
products using ERA-Interim are mainly concentrated in northern 
East Sea while those using NCEP FNL are strongly developed 
along the southern area either. These resulted in same aspect of 
wave products distribution and it is well represented in Figure 4. 
Simulated wave products using ERA-Interim are first developed 
in northern East Sea and gradually intensified with time while 
those using NCEP FNL are also strongly developed on southern 
East Sea toward Japan. In the middle stage of wave development, 
simulated wave heights using ERA-Interim are higher than those 
using NCEP FNL in East Sea except vicinity of Japan. Both 
results eventually show very similar aspect of wave heights 
distribution but the maximum wave heights using ERA-Interim 
are slightly smaller than those using NCEP FNL.  

Figures 5-6 display comparison of significant wave heights, 
peak wave period and peak wave direction measured at different 
buoy sites, and simulated products using ERA-Interim and 
NCEP FNL. Overall, simulated wave heights and periods are 

quite agreeable with corresponding observational data but 
simulated wave directions show big discrepancy with observed 
values at certain buoys (Ulreungdo, Geojedo and Donghae buoys). 
The simulated wave products represent well observed value at 
open sea buoys while the former shows big discrepancy with the 
latter at certain offshore buoys. On the other hand, simulated 
wave products using ERA-Interim are slightly smaller than that 
using NCEP FNL. 

 

 
(a) ERA-Interim (12/16 21:00 LST) 

 

(b) NCEP FNL (12/16 21:00 LST)

(c) ERA-Interim (12/17 06:00 LST) 

 

 (d) NCEP FNL (12/17 06:00 LST)

(e) ERA-Interim (12/17 15:00 LST) 

 

(f) NCEP FNL (12/17 15:00 LST)

Figure 4. Comparison of simulated significant wave heights and wave 
directions using ERA-Interim (Left) and NCEP FNL (Right) with time.  

 
 

DISCUSSION 
Both simulated wind and wave products using ERA-Interim 

show slightly different aspect of development when comparing 
with those using NCEP FNL. Simulated wave heights and wind 
speed were higher than observed value at certain offshore buoys 
on the southern part of the Korean Peninsula in particular, and 
this could be the basis that ERA-Interim resulted in better 
performance than NCEP FNL. For example, Haeundae buoy is 
located on the southeastern part of the Korean Peninsula, and the 
buoy recorded smaller wind speed than NCEP FNL simulation 
while it is quite agreeable with ERA-Interim simulation (Figure 
2d). Namely, NCEP FNL simulation overestimated wind speed 
at the buoy and this could result in overestimation of significant 
wave heights in areas near the buoy. However, there have not 
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been enough available observational data to confirm the basis in 
the open sea and further careful validation would be required 
using wave data measured in the vicinities of Japan.  

 

 
(a) KOGA-E01 Buoy 

 

(b) KOGA-E02 Buoy 

 

(c) Ulreungdo Buoy (21229) 

 

(d) Geojedo Buoy (22104) 

 

(e) Donghae Buoy (22105) 

 

(f) Pohang Buoy (22106) 

 

Figure 5. Comparison between significant wave heights (Hs), peak wave 
period (Tp) and peak wave direction (deg), measured at open sea buoy 
sites ( ) and simulated products using global atmospheric reanalysis data, 
ERA-Interim( ) and NCEP FNL( ). 

 
 

In Figure 6, simulated wave products show big discrepancy at 
certain sites. For the northeastern coast of the Korean Peninsula, 
simulated wind speed is higher than observational data (Figure 
2c) and consequently significant wave heights are overestimated 
at nearby wave height buoys. The big discrepancy can be also 
attributed to a coarse grid size. When a spatial grid size is not 
enough to generate a detailed local bathymetry, the wave model 
calculates wave products insubstantially. For example, simulated 
wave products at Ulreungeup wave height buoy were completely 
different from the observed value since a grid size is not enough 
to represent detailed shape of Ulreungdo island.  

On the other hand, some part of the observational data at 
certain buoys show clearly abnormal pattern, wind and wave 
direction in particular. For example, wave direction of KOGA-
E02 and Ulreungdo buoys in Figure 5 is completely different 
even though those buoys are located quite closely. It is thought 
that the difference is originated from data analysis technique, 
and KHOA buoys are capable of showing reasonable wave 

direction but poor wind direction profiles while KMA buoys are 
adequate to wind direction but inadequate to wave direction.  

 

 
(a) Toseong wave height buoy 

 

(b) Yeongok wave height buoy 

(c) Samcheok wave height buoy 

 

(d) Jukbeon wave height buoy 

(e) Hupo wave height buoy 

 

(f) Guryongpo wave height buoy

(g) Jangan wave height buoy 

 

(h) Pusan Buk wave height buoy

(i) Guam wave height buoy 

 

(j) Heulam wave height buoy 

(k) Ulreungeup wave height buoy 

 

(l) Dokdo wave height buoy 

Figure 6. Comparison between significant wave heights (Hs), peak wave 
period (Tp) and peak wave direction (deg), measured at offshore wave 
station ( ) and simulated products using global atmospheric reanalysis 
data, ERA-Interim( ) and NCEP FNL( ). 

 
 

CONCLUSIONS 
In this study, two well-known global atmospheric reanalysis 

data were employed to simulate large swell waves in East Sea. 
The simulated wave products were reasonably agreeable with 
corresponding observational data while ERA-Interim simulation 
was qualitatively better than NCEP FNL simulation. Meanwhile, 
the latter estimated the maximum wave heights slightly better 
than the former during the extreme events. Additional analysis is 



168      Ha et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 79, 2017 

required to identify the brief discussions, and the observational 
data should also be carefully reprocessed to be identical with 
other reasonable recording.  
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Table 1. Comparison of statistical parameters between hindcasts from NCEP FNL and ERA-Interim based on the root–mean–square error (RMSE) 
and correlation coefficient (R) in 2014 (WHB: Wave Height Buoy). 
 

    Type        Station                              Location                    RMSE(Hs)                       R(Hs)                      RMSE(Tp)                       R(Tp)   
                                                Lon.(o E)   Lat.( o N)    NCEP        ERAI        NCEP        ERAI         NCEP        ERAI        NCEP        ERAI 

Buoy KOGA-E02 130.567 37.721 0.405 0.319 0.938 0.944 1.371 1.079 0.778 0.780 
Buoy ULREUNGDO 131.114 37.456 0.483 0.383 0.918 0.936 1.180 0.888 0.792 0.786 
Buoy DONGHAE 129.950 37.481 0.448 0.338 0.897 0.909 1.263 0.875 0.773 0.764 
Buoy POHANG  129.783 36.350 0.432 0.311 0.845 0.852 1.435 1.031 0.767 0.806 
Buoy GEOJEDO 128.900 34.767 0.325 0.263 0.744 0.734 2.610 2.028 0.509 0.527 
WHB YEONGOK 128.886 37.868 0.383 0.288 0.789 0.814 1.825 1.451 0.701 0.690 
WHB TOSEONG 128.576 38.277 0.396 0.299 0.721 0.698 1.887 1.562 0.691 0.634 
WHB SAMCHEOK 129.229 37.402 0.521 0.392 0.779 0.822 1.618 1.274 0.734 0.704 
WHB HEULAM  130.854 37.541 0.539 0.438 0.880 0.875 1.420 1.153 0.809 0.821 
WHB GUAM  130.804 37.479 0.976 0.801 0.850 0.863 2.380 2.049 0.532 0.508 
WHB ULREUNGEUP 130.900 37.471 1.005 0.803     -     - 2.570 2.147 0.286 0.256 
WHB JUKBEON 129.389 37.104 0.480 0.364 0.804 0.839 1.480 1.219 0.813 0.798 
WHB GURYONGPO 129.586 35.998 0.434 0.310 0.670 0.644 1.499 1.168 0.775 0.772 
WHB HUPO  129.488 36.719 0.439 0.325 0.741 0.726 1.721 1.356 0.704 0.687 
WHB JANGAN  129.289 35.297 0.170 0.132 0.651 0.601 2.509 2.035 0.655 0.663 

   WHB PUSAN BUK 129.128 35.095 0.284 0.229 0.445 0.493 2.710 2.091 0.708 0.736 
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ABSTRACT 
 
Jho, M.H.; Kim, G.H.; Yoon, S.B., and Hyun, S.G., 2017. Selection of ship evacuation area to construct tsunami 
emergency action plan. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 169–173. Coconut Creek (Florida), 
ISSN 0749-0208. 
 
When a tsunami occurs and starts to propagate towards coastal region, a tsunami warning is issued. Then, the captain 
of ship in a port is advised to make a decision in accordance with the situation. If a captain does not take his ship out 
of port, more damage to the infrastructures of a port, other ship and even itself is likely. To reduce additional 
damages, tsunami action plan is essential to lead ships out of a port. However, exact procedures to evacuate are not 
provided in the evacuation action plan. In this study, how to select a ship evacuation area outside of a port will be 
discussed  based on wave height, tsunami-induced currents and the behavior of ships. To illuminate the selection 
criteria to locate a safe zone, numerical simulation of the 2011 East Japan Tsunami is performed using a dispersion-
corrected finite difference scheme with the time-dependent fault parameters. Moreover, Masan and Jinhae bays are 
selected as sample cases in order to establish the base of ship evacuation action plan in Korea. 
 
ADDITIONAL INDEX WORDS: Tsunami, ship, evacuation action plan, numerical simulation. 
 

 
             INTRODUCTION 

Tsunamis devastate coastal areas and port infrastructures. 
This damage is often made worse by ships drifted and collide in 
harbors. As a precaution, harbor administrations have 
evacuation action plans which include guidelines for what the 
captain of ship must do after a tsunami warning is issued. 
Different guidance is given according to the magnitude of 
tsunami, type of ship, remaining time before tsunami attack, and 
present position of ship. Captains are advised to leave a port in 
most situations as this is the safest response. For example, ships 
in Onahama Port evacuated to offshore from the port and 
remained safe during the 2011 East Japan Tsunami (Makino, 
2012). An emergency action plan of Yokohama port of Japan is 
given in Table 1 (Japan Coast Guard, 2005). Even when 
otherwise well-developed action plans such as this one have 
been formulated, there is no exact guideline for where the ships 
must go. It merely states “evacuate outside the port”. This is a 
serious error because evacuation is a matter of time. Specific 
information is vital to reduce evacuation time, to avert 
unexpected accident and to estimate whether evacuation is 
possible or not. To determine the specific place for Onahama 
Port, numerical simulations of the 2011 East Japan Tsunami are 
performed again using the dispersion-correction finite-difference 
model developed by Yoon, Lim, and Choi (2007) and employed 
by Lim et al. (2008). A specific safe zone is selected based on 
 
 
 
 

the calculated wave height, velocity of tsunami-induced current, 
and investigation of the motion of ship. The results are 
compared to the sea area where ships evacuated in the 2011 
tsunami event. After the criteria to select safe zones for ship 
evacuation are found to be effective, the scheme is applied to 
construct emergency action plans against tsunamis generated 
along the Ryukyu Trench for Masan bay and Jinhae bay of 
Korea. In the following section numerical methods to simulate 
tsunamis and to track ship trajectories are introduced. The 
numerical results are presented and analyzed in the subsequent 
section. The major findings of this study are summarized in the 
final section. 
 

          METHODS 
Numerical Simulation of Tsunamis 

Various parameter sets of the 2011 East Japan Earthquake 
have been studied and proposed by many scientists and 
engineers (Satake and Fujii, 2014). This study makes use of the 
time-dependent fault parameter set given by Japanese Nuclear 
Energy Safety in 2011. The parameter set has time-dependent 
slippage of the fault every 30 s. The parameter set leads a result 
that agrees well with an observed data at offshore buoys near 
Onahama Port (Sugino et al., 2013). Computational domain 
covers an Eastern coast of Japan. Most coarse domain has 
spatial size of 1350  1000 in 1350 m spatial spacing and 3 s 
time interval. The spacing and time interval of the finer grid 
subdomain are one-third of those of the coarser domain. More 
details on computational information are tabularized in Table 2. 
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Table 1. Evacuation action plan of Yokohama Port of Japan. 
 

 
Determination of the Ship Trajectory 

There have been a large number of studies on the interaction 
between wave and ships, but most of studies have focused on the 
influence of short wave to moored ships. This study is aimed at 
the construction of ship evacuation zone based on the trajectory 
of ship under the influence of long waves. Computation is 
conducted by assuming the ship as a floating small object. Time-
dependent position of a ship is determined by using flow 
velocity components obtained from the nonlinear shallow water 
equations. The shallow water equations are given in (1) – (3), 
where  and  denote the flowrate per unit width in x- and y-
direction, respectively. ,  and  indicate the total depth, 
bottom friction, and surface elevation, respectively. Velocity 

components ( , ) are obtained by dividing  and  by the total 
depth, H=h+	 , where h is the still water depth.  

 

0      (1) 

 

0    (2) 

 

0     (3) 

 
Before discussing how to investigate behavior of ships by 

tsunami, three assumptions are made: (1) Ship does not operate 
its own engines, (2) Currents are generated by only tsunami, and 
(3) Ship behaves like a floating small object. Ships are assumed 
to be unmoored, floating or even abandoned on sea. The 
characteristics of ship motion related to its volume, weight and 
shape are excluded in this study. Based on these assumptions, 
the equation of ship trajectory proposed by Isobe et al. (2009) is 
employed. The equation describes the position of a floating 
object, X ( , ), as 

 

∆ ∆ ∙ ∆ 2 ∆ ,    (4) 

 

where U ( , ) is the current vectors, and  is the diffusivity.  
describes a random number created every time step. The last 
term of (4) states random-walk processes using random number 
to determine in which direction a particle moves. The concept of 
random-walk process is from oil-spill model. However, ship has 
less chaotic motion compared to what oil particles do. Thus, the 
last term is not included in the present simulation. 

To visualize and keep track of motion of ships during the 
2011 East Japan Tsunami event, 541 ship-tracing points were 
scattered over the sea around Onahama Port of Japan. For the 
convenience of observation and description, the port area was 
divided into three sub-regions. Each sub-region is divided into a 
wharf zone, in-harbor zone or offshore area. Sample points out 
of 541 ship-tracking points are presented in Figure 1. 

 
 

 
Figure 1. Classification of sub-regions and sample tracking points of 
Onahama Port. 

 
 
Application to Ports in Korea 

Korea is not a safe place from tsunami attack as well. Two 
historical tsunamis occurred in the eastern rim of the East Sea in 
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Table 2. Properties of computational information of 2011 Tsunami even t.
 

Computational 
Domain 

Size ∆x	(m) ∆t (s) 

A 1350 1000 1350.0 3.0 

B 925  475 450.0 1.0 

C 835  505 150.0 0.3333 

D 655  745 50.0 0.1111 

E 620  710 16.67 0.0370 

F  975  1065 5.56 0.0370 
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1983 and 1993. They brought an economical damages and 
casualties to the east coast of Korea. However, the southern 
coast of Korea is also vulnerable to tsunami attack generated 
along the Ryukyu Trench. Moreover, many cities with large 
population, ship-building plants and trade ports are located 
along the southern coast. Therefore, Masan and Jinhae bays 
located in the south coast of Korea were selected as a study area. 
A large number of cargo ships come in and out these bays so 
that evacuation plans for these areas have to be constructed. The 
mean depth of the study area ranges from 8 m to 25 m. Two 
places have a wide sea area with a narrow entrance, as shown in 
Figure 2. In particular, Jinhae bay has been used as a shelter for 
most ships in operation around the south-east coast of Korea 
during typhoon season due to its topography. 

 

 

  
Figure 2. Bathymetry and topography of Jinhae bay (left panel) and 
Masan bay (right panel). 

  
There has been no huge historical earthquake so far along 

Ryukyu Trench. However, a mega-thrust earthquake could occur 
along this trench. The probable maximum earthquake of Mw 9.2 
is assumed to occur for the construction of Emergency Action 
Plan for the ports along the south coast of Korea. The detailed 
information on fault parameters is shown in Table 3. Herein, H 
is the depth of the upper boundary of a fault,  is the orientation 
of fault from the north,  denotes the dip angle, and  is the slip 
angle. L and W represent the length and width of the fault, 
respectively. D is the displacement of the upper fault. The initial 
free surface displacement of tsunami due to submerged 
earthquake can be calculated using the fault model proposed by 
Mansinha and Smylie (1971). 

Table 3. Fault parameters of probable max. earthquake along Ryukyu trenc h.
 

No. 
Location 

H 
(km) 

 
(°  

δ
(°

λ 
(°  

L 
(km) 

W 
(km) 

D 
(m)

 Long. 
(°  

Lat. 
(°  

1 131.75 30.25 1.0 200 

25 90 110 190  27.28

8.8

9.2
(total)

2 131.32 29.31 1.0 202 8.8
3 130.87 28.39 1.0 204 8.8
4 130.40 27.49 1.0 208 8.8

 
RESULTS 

Onahama Port of Japan 
The results of the tracking ships are presented in Figures 3 to 

5. In the figures, the starting position of the ship before the 
tsunami attack is marked by a black solid circle, and the final 
position after the tsunami is presented by a red solid circle. As 
the first case, all of the tracking points in the wharf zone show 

that they go over the ground field or contact with breakwater at 
least once during the simulation. This tendency appeared 
without exception. The result is shown in Figure 3 and it means 
that ships moored in quay or stayed near wharf inside the harbor 
run aground during the tsunami attack and lead to destruction. 
This also signifies no safe area exists in the wharf zone. All of 
the ships in the port, therefore, must evacuate.  

 

 

 
Figure 3. Five hour trajectory of sampled points that were in wharf zone. 
The black point indicates initial position and red one is terminal position. 

  
Next, in the In-harbor zone covering a region surrounded by 

three breakwaters, frequent collisions with breakwaters are 
observed. Most of ships get damaged by collision that is fatal to 
infrastructure. Also, vortex flow occurs between breakwaters, 
some of ships get stuck by the vortex as shown in Figure 4.  

 

 

  
Figure 4. Five hour trajectories of ships located in In-harbor zone during 
the tsunami attack. A few ships run aground, and many of them bump 
into breakwaters. Severe damage to ships is expected. 

  
For the case of offshore zone only a few sampled points bump 

into breakwaters, while most of them staying outside of the 
harbor before the tsunami arrival remain safe as shown in Figure 
5. This indicates that somewhere offshore can secure safety of 
both ships and port facilities from collision. Thus, evacuation 
zone must be constructed in this type of area. 

By investigating every point whether its trajectory lies upon 
ground field or not, a line to separate the sea water zone into 
dangerous and safe one is established and presented by a black 
or an orange line in Figure 6. Ships evacuated outside of this 
line will not have possibility to collide with breakwater or run 
aground. The evacuation zone is selected by taking two 
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additional criteria into consideration, i.e., flow velocity and 
wave height. Two-dimensional distribution of maximum current 
velocity and wave height during the tsunami attack are also 
illustrated in Figure 6. A recommended evacuation zone is 
marked by a closed line. 

 
 

 

 
Figure 5. Five hour trajectories of ships located in offshore zone before 
the tsunami arrival. Most ships do not collide with breakwater or wharf. 
No collided ship will be safe without damage. 

 
 

 
Figure 6. Distribution of maximum wave height (left panel) and 
magnitude of maximum currents (right panel) during the 2011 East 
Japan Tsunami event. Black and red lines indicate a marginal safety line, 
and the area inside a closed line is selected as an evacuation zone. 

  
This zone is selected in accordance with relatively low wave 

height and weak currents. A transparent photo provided by 
Makino (2012) overlaid in Figure 7 shows the actual path of 
ship evacuation during the 2011 East Japan Tsunami event.  

 

 
Figure 7. Comparison of recommended evacuation zone (yellow closed 
circle) with actual evacuated area of ships (white circle) during the 2011 
East Japan Tsunami event. 

 

The evacuation distance which ships sailed was about 6 km 
that is 2 km farther away than a distance to the safety zone 
recommended in this study for Onahama Port. As a result, even 
though the maximum tsunami height outside the harbor reached 
over 8 m above mean sea level, all the ships evacuated were safe. 
On the other hand, even though the maximum tsunami height 
inside the harbor recorded less than 5 m, the ships failed to 
evacuate ran aground or collided with harbor structures.  
 
Jinhae and Masan Bays of Korea 

The results from the simulation of tsunamis generated by the 
earthquake of Mw 9.2 along Ryukyu Trench are presented in 

Figures 8–10. Figure 8 shows the distribution of maximum 
current induced by the tsunami attack in the Jinhae and Masan 
bays. At the entrances of each bay the current magnitude is 
relatively large, exceeding 1.0 m/s. However, weak currents less 
than 1.0 m/s are observed deep inside the bays.  

 

 

  
Figure 8. Distribution of maximum current in Jinhae bay (left panel) and 
Masan bay (right panel). Strong current over 1.0 m/s is observed at the 
entrance of each region. 

  
On the other hand, the free surface elevation becomes larger 

in these weak current regions as shown in Figure 9. The low 
lands along the shore of Masan bay are inundated by the tsunami 
action.  

 
 

  
Figure 9. Distribution of maximum free surface elevation in Jinhae bay 
(left panel) and Masan bay (right panel). Large wave height is observed 
at the Masan bay. 

  
The 6-hour ship trajectories are calculated and shown in 

Figure 10. The ships are drifted a long distance inside the red-
circled area where the current is relatively strong, while the 
ships stay around the original positions inside the black-circled 
area deep inside the Jinhae bay. Many rock islands are there in 
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the red-circled area, and the risk of collision with rocks and 
other ships is high. Accordingly, these areas are not appropriate 
to set as an evacuation zone. Thus, the evacuation zone is 
constructed in the black-circled sea area located deep inside the 
Jinhae bay.  
 

 

   
Figure 10. Six hour trajectories of ships in case of Jinhae bay (left panel) 
and Masan bay (right panel). Red circle in figures represents dangerous 
zone due to high risk of collision with rock islands or coastal structures. 
Black circled area is the safe evacuation zone. 

  
In the case of Masan bay, the distance of the ship trajectory is 

relatively large, but there are some places where the ship does 
not contact with the ground field. Even though the best 
evacuation zone for the ships in the Masan bay is the deep sea 
area of Jinhae bay, the black-circled area inside the Masan bay 
can be recommended as an alternative for the small vessels that 
have failed to move to the Jinhae bay before the tsunami arrival. 
Similar real case was observed in the Tokyo bay during the 2011 
East Japan Tsunami. Ships moored at the wharfs of harbors 
along the shore of the Tokyo bay gathered in the middle of the 
bay and averted huge damage (Makino, Furusho, and Yano, 
2012). 
 

DISCUSSION 
From the case study for the evacuation of ships at Onahama 

Port, we have learned the following lessons: Firstly, the ships 
have to evacuate out of the harbor to prevent them from running 
aground or colliding with harbor structures or other ships. 
Secondly, the magnitude of tsunami height or current velocity 
itself is not a critical issue. This implies that the ships are 
relatively safe from overturning due to violent wave motions or 
strong currents. The most important criteria to locate the safe sea 
area for ship evacuation are to secure the sufficient distance 
from harbor structures, shorelines, and submerged rocks to 
prevent from running aground or collision with those objects. 
The best way to secure the sufficient distance is to simulate the 
ship trajectory in advance for sufficiently large tsunamis. 
 

CONCLUSIONS 
Based on the numerical simulation of the hydrodynamic 

environments and the trajectory of ships associated with tsunami 
attack, this study investigates the factors to be considered in the 
construction of emergency action plan and the criteria to select 
an appropriate evacuation zone for the ships. General items for 
emergency action plan for ships in a harbor are established 
based on the lessons learned from the case study for Onahama 
Port of Japan where the actual evacuation record exists during 

the 2011 East Japan Tsunami: Firstly, the ships have to evacuate 
out of the harbor to prevent from running aground and collision 
with harbor structures or other ships. Secondly, the magnitude of 
tsunami height or current velocity itself is not a critical issue. 
Thirdly, the most important criterion to locate the safe sea area 
for ship evacuation is to secure the sufficient distance from the 
harbor, land, and submerged rocks to prevent from running 
aground or collision with those objects. The best way to secure 
the sufficient distance from the massive objects is to simulate 
the ship trajectory in advance for the probable maximum 
tsunamis. Based on the factors drawn from the case study, the 
tsunami action plans for Jinhae and Masan bays of Korea were 
constructed. 
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ABSTRACT 
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The POSCO (Pohang Steel Company) discharges about 1,000,000 m3/day of 30 ℃ power cooling water to the estuary 
of Hyeongsan River, which is located in the southeastern region of South Korea. The thermal effluent is mixed with 
sea water and diffused to Youngil Bay. At the beginning of the 1990s, the thermal effluent affects brackish water zone 
of Hyeongsan River and Youngil Bay and becomes a main cause of red tide in this sea area, which starts to occur from 
January. Besides, the thermal effluent also affects coastal sea water quality and ecosystem raising the surrounding sea 
water temperature. In this study, we figured out the present circumstances and problems in the brackish water zone of 
Hyeongsan River estuary and Youngil Bay, which resulted from the thermal effluent in winter season. We also found 
out the cause of red tide on the basis of 8 measured categories on site, such as temperature, salinity, DO, COD, TN, 
TP, chlorophyll-a, and flow velocity, and performed a numerical analysis using the measured data to precisely 
investigate the occurrence mechanism of red tide. The results show that intrusion range of saline wedge in the lower 
layer of water depth is reduced in summer season because of increased river discharge, however, the river water and 
thermal effluent is diffused to Youngil Bay forming a typical estuary front with stratified condition. On the contrary, 
in winter season, a constant vertical density distribution, resulting from a strong mixing of the upper and lower water 
layers, is formed at downstream of the thermal effluent outlet. However, a thermohaline front, developing a less denser 
distribution than that developed in the strong mixing area, is formed at downstream of the strong mixing area. The 
formation of thermohaline front induces flow stagnation in Youngil Bay and subsequently obstructs river discharge to 
Youngil Bay. Thus, a mass of chlorophyll-a is bred by the thermal effluent and consequently a red tide. 
 
ADDITIONAL INDEX WORDS: Power plant cooling water, red tide, thermal effluent, density current. 
 

 
        INTRODUCTION 

POSCO (Figure 1) discharges around a million tons of heated 
seawater used as cooling water through its drain system into 
Hyeongsan River each day. At the Hyeongsan River estuary, the 
sea water level reaches the intake weir twice each day due to the 
influence from the tide. Therefore, the discharged heated water is 
directly discharged into Youngil Bay. The diffusion of heated 
water causes hydraulic phenomena including water level change, 
flow rate change, density current, and sedimentation or 
precipitation of floating soil or contaminant. The sea water is 
thought to be the main cause of the red tide at the Hyeongsan 
River brackish water zone, which began to exacerbate into the 
1990's, recently starting as early as in January, during winter. 
Heater water also raises the temperature of the surrounding sea, 
which in turn affects the water quality and ecosystem of the 
coastal region.  

 
 
 
 

The purpose of this study is to collect observation data from the 
coastal regions around Hyeongsan River and Youngil Bay 
through onsite investigation and observation, use the data to 
identify the qualitative and physical phenomena around 
Hyeongsan estuary caused by the discharged heater water which, 
as mentioned above, is one of the causes of red tide (Figure 2),  

 

 
Figure1. Location map of study area. 
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and apply a 3-dimensional numerical model (Environmental 
Fluid Dynamics Code) to interpreting the sea water flow and   
heated water diffusion in coastal regions around POSCO 
Power plant. 
 

 

 
Figure 2. Red tide image. 

 
 
       ON-SITE VELOCITY AND WATER QUALITY 

SURVEY 
On-site observation was performed four times (December 23rd, 

2010; April 5th, 2011; August 11th, 2011; November 14th, 2011) 
in total at P1, where heated water is discharged, and P5-P13, 
where heated water is discharged and mixed with sea water, and 
P2-P4, where heated water is expected to indirectly affect. The 
temperature and salinity of the surface layer and the bottom Layer 
were measured at each point, and 5 parameters were measured 
through experiment: T-N, T-P, COD, chlorophyll-a, dissolved 
oxygen. The flow rate of the surface layer and the bottom Layer 
was measured with a flow rate meter. The positions are shown in 
Figure 3. 

 

 
Figure 3. Survey position. 

 
 

At some of the points, the temperature of the bottom Layer was 
higher than the surface layer, showing a temperature reversal. The 
findings indicate that strong mixing pattern is prominent in winter, 
unlike summer. The mixing pattern at the estuary decreases the 
scope of diffusion of the discharged heated water, and some of 
the discharged water reached the upstream of Hyeongsan River. 
Therefore, the mixing pattern seems to change in winter due to 

the discharge of the heated water, and it creates the conditions for 
the red tide at the estuary during winter. The following numerical 
calculations recreate these physical conditions, which will inform 
the efforts to find the root cause of the red tide. At selected 
positions in upstream/downstream of the discharge points, flow 
rate at different depths (surface, lower) was measured with a flow 
rate meter. At P1, where heated water is discharged, the flow rate 
was 0.66 m/s. The density Froude No. at P1 through P5 was 2.14, 
when setting the flow rate of discharged water (u ) at 0.66 m/s. 

Table 1. Quality survey result at 1st survey points (December 23, 2010). 
 

Point DO
(㎎/L)

COD
(㎎/L)

T-N 
(㎎/L) 

T-P 
(㎎/L) 

Tem 
(℃) 

Sal 
(ppt) 

Chl-a
(㎎/㎥)

Depth
(m)

P1
Surface 10. 62 2. 52 6. 87 0. 178 19. 8 16. 4 0 1 
Bottom 10. 79 3. 88 7. 06 0. 181 19. 6 16. 6 0 2 

P2
Surface 10. 32 8. 08 16. 28 0. 307 15. 3 13. 4 48. 25 1 
Bottom 10. 75 5. 48 6. 55 0. 121 12. 9 14. 5 0. 81 3 

P3
Surface 9. 88 5. 94 17. 43 0. 548 13. 9 13. 3 53. 93 1 
Bottom 9. 66 5 8. 81 0. 194 12. 7 15 9. 74 2. 5

P4
Surface 9. 02 7. 04 12. 47 0. 264 14. 6 12. 5 76. 16 1 
Bottom 9. 75 2. 4 4. 94 0. 155 12. 9 14. 7 3. 97 3 

P5
Surface 10. 54 1. 76 7. 16 0. 126 13. 7 13. 8 3. 25 1 
Bottom 10. 82 3. 16 4. 09 0. 126 12. 6 14. 4 0 3 

P6
Surface 10. 79 3. 88 8. 83 0. 11 13. 6 12. 8 0 1 
Bottom 11. 8 2. 92 2. 24 0. 088 12. 4 14 0 3. 5

P7
Surface 10. 92 2. 72 6. 17 0. 113 13. 1 13. 1 0 1 
Bottom 10. 94 4. 52 1.78 0. 079 12. 4 14 0 10 

P8
Surface 10. 9 3. 6 3. 33 0. 061 12. 8 11. 2 0 1 
Bottom 11. 42 2. 64 1.70 0. 054 12. 6 11. 6 0 12. 5

P9
Surface 10. 7 4. 84 3. 72 0. 086 12. 5 10. 4 0 1 
Bottom 11. 41 4 2. 19 0. 076 12. 7 10. 7 0 12. 5

P10
Surface 10. 73 0. 8 2. 20 0. 067 12. 1 11. 7 0 1 
Bottom 11. 35 0. 68 2. 25 0. 092 12. 1 12 0 7 

P11
Surface 10. 78 1. 6 3. 57 0. 121 11 12. 5 0 1 
Bottom 11. 15 4. 2 2. 65 0. 085 11. 8 12. 8 0 5. 5

P12
Surface 10. 98 3. 68 3. 85 0. 062 12. 7 5. 5 0 1 
Bottom 11. 36 3. 48 1. 70 0. 061 12. 8 6 0 12. 5

P13
Surface 11. 06 4. 28 1. 62 0. 052 12. 8 8. 5 0 1 
Bottom 11. 42 5. 56 1. 84 0. 069 12. 7 9 0 11 

 
Table 2. Flow rates observed at 1st survey (m/s). 
 

Point Surface Layer Bottom Layer 

P1 (Discharge Outlet) 0. 66 0. 57 

P2 0. 19 0. 15 

P3 0. 17 0. 12 

P4 0. 21 0. 08 

P5 0. 12 0. 14 

P6 0. 14 0. 3 

P7 0. 27 0. 3 

P8 0. 07 0. 2 

P9 0. 27 0. 18 

P10 0. 25 0. 2 

P11 0. 23 0. 13 

P12 0. 06 0. 23 

P13 0. 16 0. 21 
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       SUMMARY OF NUMERICAL MODEL 
Summary of EFDC Model 

The EFDC (Environmental Fluid Dynamics Code, Hamrick, 
1992) is a multi-purpose hydraulic model applicable to rivers, 
lakes, estuaries, and oceans. The EFDC model can selectively use 
the Cartesian coordinate system or the orthogonal curvilinear 
coordinate system for the horizontal direction. The orthogonal 
curvilinear coordinate system is good for representing a water 
body with an irregular shape or the shape of a complex winding 
river path, and forming grids on curved areas. It is capable of 
representing the terrain with a minimal number of grids around 
the main current, thereby eliminating unnecessary grids. This 
leads to relatively effective calculation of numerical solution, and 
reduces calculation time. 

 
Verification of Numerical Model 

The depth data used in this Study is from the digital nautical 
chart of the Korea Hydrographic and Oceanographic Agency. The 
boundary conditions were formed using the harmonic constants 
observed near the target waters. The sea water flow numerical 
model experiment is summarized in Table 3 and Figure 4 shows 
the grid chart of the target waters. 

 
Table 3. Overview of sea water numerical model experiment. 
 

Items Description 

Model Used 
EFDC(Environmental Fluid Dynamics 

Computer Code) 

Calculation Range 
Hyeongsan River and Youngil Bay,  

Buk-gu, Pohang-si, Gyeongsangnam-do

Grid Composition △x =△y =10∼200m 

Number of Grids 138 × 122 × 7 

Boundary Condition □ Main tides at 
boundary=M2+S2+K1+O1 

Calculation Time 30 days 

Calculation Interval △t = 1sec 

 
 

 
Figure 4.  Grid Chart Target zone. 

 

Tide Level Verification 
To verify the applicability of the numerical model, the 

harmonic constants observed at the observation points (Korea 
Institute of Ocean Science & Technology, 1979) were compared 
with the tide level calculated with the numerical model. The 
locations of the observation points are shown in Figure 5. The 
verification showed that the numerical calculation of the tide 
amplitude resulted in values similar to the observed data, save for 
slight differences. 
 

 

 
Figure 5. Observation point and reference profile line for vertical 
diffusion review. 

 
 

 
Figure 6. Comparison of tide level. 

 
 
Temperature and Salinity Verification 

The temperature and salinity near Hyeongsan River estuary 
calculated with the numerical model was compared with the 
observed temperature and salinity (Figure 7 and 8). At the 6 points, 
the model was proved to be capable of representing the 
temperature and salinity diffusion.  
 
Application of Numerical Model to Seasonal Change 

To compare the seasonal change characteristic (winter, summer) 
of heated water discharge, the numerical model was applied for 
30 days in each season, and the behavior of heated discharge 
water from POSCO was predicted by changing the discharge 
condition and boundary condition at Hyeongsan River in real time.  
 

          RESULTS 
The following figures (from Figure 9 to Figure 12) show 

temperature/salinity distribution at the surface/bottom layers in 
summer and winter. A look at the temperature/salinity 
distribution at the bottom layers in summer and winter shows a 
salt wedge intrusion in the upstream direction. 
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Figure 7. Comparison of observed temperature and calculated temperature 
by Point. 

 
 

 

 
Figure 8. Comparison of observed salinity and calculated temperature by 
point. 

 
 

In winter, in some zones around Hyeongsan River upstream, 
the temperature at the bottom layer is higher    than the top layer 
due to density difference. While the penetration range of salt 
wedge at the bottom layer decreases due to the increase of river 
flow, the river water and the heated water diffuses toward 
Youngil Bay in a typical estuary front form, maintaining the 
stratification. On the other hand, in winter, the water temperature 
reversal occurred along with strong mixing between the top layer 
and the lower layer in the vicinity of the direct downstream from 
the POSCO discharge outlet, forming a section where density is 
evenly distributed in the vertical direction. The downstream area 
of this strong mixing area manifested the formation of some type 
of front, as the density in some areas dropped below the density 
distribution. 

Table 4. Overview of numerical model application. 
 

Items Description 

Model Used
EFDC 

(Environmental Fluid Dynamics Computer Code) 

Calculation 
 Range 

Hyeongsan River and Youngil Bay, 
Buk-gu, Pohang-si, Gyeongsangnam-do 

Grid 
 Composition △x =△y =10~200m 

Number of 
 Grids 138 × 122 × 7 

Boundary 
 Condition 

4 tides at boundary = M2+S2+K1+O1 
Hyeongsan River flow condition = 56. 1 m /s in 

summer, 9. 29 	m /s in winter 
Heated water discharge volume = average of volumes 
observed at onsite surveys no. 1 through 4 Discharged 

volume calculated with flow velocity  

Boundary Condition of Temperature ․ Salinity at 
POSCO = (used values observed onsite) 

31 ℃, 12 psu in summer, 19. 7 ℃, 16. 5 psu in winter

Temperature․Salinity Initial Condition 

23 ℃, 34 psu in summer, 9 ℃, 34 psu in winter 

Calculation 
 Time 

30 days 

Calculation 
 Interval △t = 1sec 

 

 

 
Figure 9. Vertical temperature distribution after 30 days in summer. 

 
 
Further review is needed to verify whether the Front observed 

in this Study is the so-called thermal front (Figure 13) often 
discussed in oceanology circles. However, what can be stated for 
certain is that the heated water from POSCO influences a wide 
scope of zones across Hyeongsan River due to the decrease of the 
river flow caused by drought in winter, thereby restricting the 
leakage of flow from Hyeongsan River upstream toward Youngil 
Bay. The Front inhibits the flow, and keeps the large amount of 
chlorophyll-a spawned in the area from diffusing out to the outer 
sea, which in turn prolongs the red tide at Hyeongsan River after 
autumn. It is certain that the said inhibition of flow constitutes an 
important physical cause of the red tide in winter. 
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Figure 10. Vertical temperature distribution after 30 days in winter. 

 
 

 

 
Figure 11. Vertical salinity distribution after 30 days in summer. 

 
 

 

 
Figure 12. Vertical salinity distribution after 30 days in winter. 

 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 13. Thermohaline front. 

 
 

          DISCUSSION 
While the penetration ranges of salt wedge at the bottom layer 

decreases due to the increase of river flow, the river water and the 
heated water diffuses toward Youngil Bay in a typical estuary 
front form, maintaining the stratification. On the other hand, in 
winter, the water temperature reversal occurred along with strong 
mixing between the top layer and the lower layer in the vicinity 
of the direct downstream from  the POSCO discharge outlet, 
forming a section where density is evenly distributed in the 
vertical direction. The downstream area of this strong mixing area 
manifested the formation of some type of front, as the density in 
some areas dropped below the density distribution. Further 
review is needed to verify whether the Front observed in this 
Study is the so-called thermal front (Figure 13) often discussed in 
oceanology circles. However, what can be stated for certain is that 
the heated water from POSCO influences a wide scope of zones 
across Hyeongsan River due to the decrease of the river flow 
caused by drought in winter, thereby restricting the leakage of 
flow from Hyeongsan River upstream toward Youngil Bay. The 
Front inhibits the flow, and keeps the large amount of 
chlorophyll-a spawned in the area from diffusing out to the outer 
sea, which in turn prolongs the red tide at Hyeongsan River after 
autumn. It is certain that the said inhibition of flow constitutes an 
important physical cause of the red tide in winter.  

          CONCLUSIONS 
In order to prevent red tide in winter, it is the opinion of this 

researcher that the discharge outlet for heated water from POSCO 
should be relocated from Hyeongsan River downstream to 
Youngil Bay. However, the position of the discharge outlet 
should be selected after long-term in-depth researches and 
surveys, and sufficient reviews considering various influences 
including the marine ecosystem around Hyeongsan estuary. The 
analysis of temperature diffusion distribution and impact of 
cooling water discharge on water quality will be able to inform 
the efforts to prevent red tide in Hyeongsan River and protect its 
ecosystem, which will in turn improve the region's image and the 
quality of life for the citizens.  

  LITERATURE CITED 
Hamrick, J.M., 1992. A Three-dimensional Environmental Fluid 

Dynamics Computer Code: Theoretical and Computational 
Aspects. The College of William and Mary, Virginia 
Institute of Marine Science, Special Report 317, 63p. 

Harleman, D.R.F. and Stolzenbach, K.D., 1972. Fluid mechanics 
of heat disposal from power generation. Annual Review of 
Fluid Mechanics, 4, 7-32. 

Strea

Temperatur

Salinit

Density

Offshore



 
SI 79 Coconut Creek, Florida 2017Journal of Coastal Research 179-183

____________________ 
DOI:  10.2112/SI79-037.1  received 30 September 2016; accepted in 
revision 31 October 2016. 
*Corresponding author: leewoodong@gnu.ac.kr 
©Coastal Education and Research Foundation, Inc. 2017

Applicability of Multiple Submerged Narrow-Crested Breakwaters 
for Reduction of Mean Water Level in Rear Side and Flow Control 
 
Dong Soo Hur†, Won Chul Cho‡, Jong Sung Yoon††, Choonghyun Kang∞, and Woo Dong Lee§* 

 
 
 
 
  
 
 

 
 
ABSTRACT 
 
Hur, D.S.; Cho, W.C.; Yoon, J.S.; Kang, C., and Lee, W.D., 2017. Applicability of multiple submerged narrow-
crested breakwaters for reduction of mean water level in rear side and flow control. In: Lee, J.L.; Griffiths, T.; Lotan, 
A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. Journal of Coastal Research, 
Special Issue No. 79, pp. 179-183. Coconut Creek (Florida), ISSN 0749-0208. 
 
In this study, to confirm the applicability of multiple submerged narrow-crested breakwaters (SNCBs), a 3-D 
numerical simulation was conducted. The numerical simulation used the numerical model developed for analyzing 
the 3-D flow structure around the submerged breakwaters. In addition, to verify the validity and effectiveness of the 
numerical model, the wave height distribution and mean water level distribution around impermeable submerged 
breakwater (ISB) and permeable submerged breakwater (PSB) were compared with the results of the numerical 
model experiment. As a result, the simulated results accurately realized the experimental values. The numerical 
simulation was conducted by applying the multiple SNCBs and common PSB for comparative analysis of the 
effectiveness on flow control and increased mean water level in the rear side, respectively. When the SNCBs are 
installed by more than two rows, the flow control was better than that achieved by installing PBS. However, the wave 
reflection was high, and the water level difference between onshore and offshore increased, owing to increased water 
level in the rear side. Based on this, an opening was installed on the multiple SNCBs, for the reduction of water level 
in the rear side. As a result, an outgoing flow toward the open sea was generated, which reduced the mean water level 
in the rear side. When /  ≥ 0.2, the mean water level difference between onshore and offshore decreased, 
compared to the case of the PSB. Therefore, when appropriately installing the multiple SNCBs, whose applicability 
has been confirmed in this study, this can become one of the methods that can replace existing PBSs, which are bulky 
in size and expensive to construct. 
 
ADDITIONAL INDEX WORDS: Submerged narrow-crested breakwater, Navier-Stokes solver, return flow. 
 

 
INTRODUCTION 

As shown in Figure 1, the permeable submerged breakwater 
(PSB) generally reduces the wave energy by forcibly breaking 
the wave flowing in from the offshore above the crest. To 
satisfactorily accomplish this objective, a constant crest width 
and crest depth should be maintained. A PSB has a larger 
portion of its volume exposed to the surface than other 
breakwaters. This causes the mean water level in the rear side of 
the submerged breakwater to increase and results in a difference 
in the mean water level between the onshore and offshore. This 
difference generates the return flow that exits through the open 
inlet between the submerged breakwaters. In addition, by the 
series of the above process, a circulating flow occurs around the 
submerged breakwater (Hur, Lee, and Cho, 2012). Similarly, the 
return flow stemming from the increased water level in the rear 
side of the submerged water causes problems such as soil 

erosion toward the offshore or scouring of the open inlet. 
Submerged narrow-crested breakers (SNCBs) such as 
Beachsaver ReefTM, Double-T, and Prefabricated Erosion 
Prevention ReefTM were developed and installed at several 
coastal areas, for long-term on-site surveys (Stauble and Tabar, 
2003). The SNCBs applied here have a narrow crest, and are 
less effective for flow control in comparison with general 
submerged breakwaters because they have a deep valley. 
However, it is reported that they have been very effective in 
preventing the soil on the beach side from being discharged to 
the open sea. According to the monitoring results of Cape May 
Point, New Jersey where Beachsaver ReefTM and Double-T are 
installed as parts of the “Engineers National Shoreline Erosion 
Control Development and Demonstration Program” of US Army 
Corps, the SNCBs not only assist the stability of the beach, but 
also help reduce the waves. Additionally, in some of SNCBs, rip 
currents were observed. 

In this study, to review the applicability of the multiple 
SNCBs, first, the flow control functions of PSBs as well as the 
flow control functions of single, double, and triple SNCBs were 
compared and analyzed. Then, to control the fundamental reason 
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for the return flow occurring at the open inlet between the 
submerged breakwaters, an opening is installed on the multiple 
SNCBs, as shown in Figure 1. The reduction of mean water 
level in the rear side is then discussed in depth. Finally, the 
applicability of multiple SNCBs is reviewed. 

 

 
Figure 1. Schematization of wave-driven flows around submerged 
breakwaters based on Hur, Lee, and Cho (2012). 

 
 

3-D NUMERICAL WAVE TANK  
In this study, the 3-D Numerical Wave Tank (NWT), and 

LES-WASS-3D (Hur, Lee, and Cho, 2012) were used for 
directly analyzing the energy dissipation and interaction 
between the waves, structure, and seabed. The NWT is a 3-D 
Navier-Stokes (N-S) solver developed based on a porous body 
model (PBM). 

The numerical simulation of fluid flow at the free surface 
requires not only the solutions to the N-S equations, but also 
special treatment of the free surface, i.e., tracking of the fluid 
interface. In this study, the free surface is governed by Volume 
of Fluid (VOF) function (Hirt and Nichols, 1981). Regarding to 
NWT, Hur, Lee, and Cho (2012) already described in detail. 

Its effectiveness and validity were verified through a 
comparison and verification process involving various hydraulic 
experiments on the submerged breakwaters.  
 
NWT Verification 

 

 
Figure 2. Definition sketch of a NWT based on the experiment by 
Ranasinghe, Sato, and Tajima (2009). 

 
To confirm the validity and effectiveness of the NWT, which 

is applied prior to reviewing the applicability of multiple SNCBs, 
Ranasinghe, Sato, and Tajima (2009) constructed a NWT based 
on numerical experiment as shown in Figure 2. To constantly 
and steadily generate the wave, a non-reflected wave generating 
system is applied to the offshore side. The system is comprised 
of a wave source, which can actively exclude the wave 
reflection caused by the structures within the analysis area; an 
added dissipation zone, which can gradually absorb the wave 
energy; and an open boundary, which can completely radiate the 
wave energy outside the numerical wave tank. A submerged 
breakwater with a crest width ( ) of 30 cm, a free board ( ) -3 

cm, and a slope inclination of 1:1 is installed 2 m away from the 
coastal line at a depth ( ) of 30 cm on a slope inclination of 1:30 
in the analysis zone. Here, the types of breakwater are defined as 
impermeable submerged breakwater (ISB) and PSB. The 
constitution of the submerged breakwaters and the incident wave 
conditions are as shown in Table 1. 
 
Table 1. Incident wave and submerged breakwater conditions used in 
Ranasinghe, Sato, and Tajima (2009) experiments. 
 

No.

Wave Submerged Breakwater 

Height Period Diameter Porosity  
Material 

 [cm]  [s]  [cm]  

1 
4.1 1 

1.2 0.44 Permeable 

2 - - Impermeable

 

 
(a) Wave height 

 
(b) Mean water level 

Figure 3. Comparisons between the measured and the calculated wave 
heights and mean water levels. 

 
Figure 3 shows the results of comparison between the 

experimental values and numerical calculations developed by 
Ranasinghe, Sato, and Tajima (2009), where (a) refers to the 
wave height distribution, and (b) to the mean water level. Herein, 
the black and red solid lines show the experimental results, 
while the black circle and red rectangles show the calculation 
results. In addition, the black solid line and black circle refer to 
the case of the ISB, while the red solid line and red rectangle 
refer to the case of the PSB. 

It can be confirmed from Figure 3a, that the wave flowing in 
from the open sea generates the breaker on the crest, and the 
wave height abruptly decreases due to the same. Additionally, 
due to the energy dissipation from the fluid resistance of the 
permeable medium, the reduction of wave height is greater for 
the PSB than for the ISB. Moreover, on the offshore side of the 
ISB where the reflection is significant, it was found that large 
partial standing waves were generated. For the mean water level 
distribution shown in Figure 3b, the typical mean water level 
increased, occurring at the rear side of the submerged 
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breakwater. The mean water level in the rear side of the ISB is 
higher than the same for the PSB. Due to this factor, the ISB 
provides a larger difference in the mean water level between the 
onshore and offshore water levels. According to Hur, Lee, and 
Cho (2012), the water level difference acts as a major factor of 
the return flow in the open inlet. This return flow eventually 
causes scouring and erosion of the bottom that negatively 
influences the stability of the submerged breakwater. 

The hydrological features around the ISB and the PSB were 
well realized by the calculation results of the present study. 
Therefore, the effectiveness and validity of the numerical model 
applied to the present numerical simulation were confirmed. 
 
NWT Setup 

Figure 4 shows the 3-D NWT that was constructed for 
reviewing the applicability of multiple SNCBs. To prevent the 
disturbance in the wave field of the analysis area, the NWT was 
applied with the non-reflected wave generating system. The 
analysis area was 3  by length, and 30 cm by depth. The width 
of the water tank differs by the opening’s width ( ) of the 
SNCB. A non-slip condition is applied to the SNCB and bottom 
surfaces, while a slip condition is applied along the y-axis to 
promote convenience. This shows the same effect as when the 
target structures are repetitively arranged. Table 2 shows the 
detailed conditions of the incidental wave and the constituents. 
Herein, the incidental wave is generated based on the theory of 
third-order Stoke wave. To compare the performances of the 
SNCB and PSB, identical standards were applied. 

 
Table 2. Incident wave and structures conditions used in this study. 
 

Wave PSB SNCB 

 [cm]  [s]  [cm]  Layer /  

3, 5, 7 1.2, 1.5, 1.8 1 0.5 1, 2, 3  -0.2 

 

 
Figure 4. Definition sketch of a 3-D numerical wave tank including 
SNCBs. 

 
 

NUMERICAL ANALYSIS RESULTS 
Distribution of Wave Height 

Figure 5 shows the comparison of wave height distributions 
around the trapezoid PSB and SNCB. The black solid line shows 
the PSB, the blue circle shows the single SNCB, the red triangle 
shows the double SNCB, and the green diamond shows the 
triple SNCB. The incidental conditions are = 5 cm and =1.5 

s. The heights of the SNCB and PSB are the same where / =-
0.13, and the crest width are the same where =0.5  (  refers 
to the wavelength by 3rd-Stokes wave theory). 

From Figure 5, it can be confirmed that the partial standing 
wave is generated owing to the influence of wave reflection 
triggered by the submerged breakwater on the offshore side, 
while the height of the wave flowing into the rear side decreases. 
Compared to the PSB, the SNCBs, which have bigger wave 
reflection, show more prominent partial standing waves. 
Furthermore, in the case of the SNCBs with more than double 
rows, a wave whose height is lower than the PSB is delivered to 
the rear side. In this situation, no significant difference was 
shown between the double and triple SNCBs. Figure 6 shows 
the comparison of wave transmission coefficient ( ) affected 
by the ratio between the free board and wave height ( / ).  

 

 
Figure 5. Spatial distributions of wave heights around a permeable 
breakwater and SNCBs. 

 
 

  
Figure 6. Comparison of wave transmission coefficients between a PSB 
and SNCBs. 

 
Figure 6 shows the variation of  with / . The black 

inverted triangle shows the PSB, the blue circle shows the single 
SNCB, the red triangle shows the double SNCB, and the green 
diamond shows the triple SNCB. Herein, the specifications and 
planar arrangement of the PSB and the SNCB are similar to that 
shown in Figure 4.  

Figure 6 also shows the decreasing trend of , as a stronger 
breaker occurs on the crest when /  increases in the PSB. 
For the case of the SNCB, the influence of /  is not 
significant with  of the SNCB with double or triple layers is 
lower than that for the PSB. Regarding , there is no 
significant difference between the double and triple SNCBs. 
Additionally, when /  < -0.12, no strong breaker occurs in 
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the PBS. Therefore,  is sometimes larger than is typical for 
the single SNCB. 

The values of  with respect to the various specifications 
and arrangement conditions for the SNCB were not displayed. 
However, the results were very similar. Therefore, when the 
SNCBs are installed with triple layer, it can be determined that 

 of the PSB is not significant.  
 
Distribution of Mean Water Level 

 

 
Figure 7. Spatial distributions of mean water levels around a PSB and 
SNCBs. 

 
 

 
Figure 8. Comparison of the differences of mean water levels between 
the front and rear sides of a PSB and SNCBs. 

 
The increased mean water level in the rear side greatly 

influences the stability of the breakwater by generating a return 
flow. The return flow moves through the open inlet between the 
breakwaters. To analyze the increased mean water level in the 
rear side caused by SNCB, the mean water levels around the 
PSB and the SNCB were compared as shown in Figure 7. Herein, 
the conditions for calculating the incidental wave, the PSB, and 
the SNCB are the same, as shown in Figure 5.  

As shown in Figure 7, the mean water level in the rear side of 
the SNCB rises significantly when the mean water level on the 
front side decreases. This leads to a further increase in the 
difference in water level between onshore and offshore. In 
addition, the lower the number of rows installed with the SNCBs, 
the larger the water level difference. To comprehend the 
characteristics, the mean water level difference between onshore 
and offshore was quantitatively shown, in accordance with the 
Ursell number ( ). Herein, the water level difference refers to 
the difference that is averaged by each space within the range of 
1  rear and front of the structure.  

As shown in Figure 8, the mean water level difference 
between onshore and offshore increases since the quantity of 

overtopping increases as  increases in all cases. In addition, 
as confirmed above, as the number of rows installed with the 
SNCB decreases, the quantity of overtopping increases. Due to 
the same, the water level in the rear side increases, while that of 
the front side decreases. This indicates the increasing mean 
water level difference between the rear and front sides. 

Based on the above results, it was determined that when 
installing multiple SNCBs with an open inlet, the return flow, 
which is generated at the open inlet between the SNCBs owing 
to the mean water level difference between onshore and offshore, 
is expected to become stronger. Therefore, the installation of 
multiple SNCBs is determined to be inappropriate on the site. 
Nevertheless, the flow control of multiple SNCBs is excellent. 
The plans to reduce the mean water level in the rear side of a 
SNCB are reviewed and discussed further.  
 
Effect on Water Level and Flow Control 

 

 
       (a) No opening     (b) With opening ( /  = 0.2)

Figure 9. 3-D distributions of time-averaged velocities around SNCBs. 

 
The 3-D average flow field around the double SNCB is shown 

in Figure 9. Figure 9a shows the case without the installation of 
opening, while Figure 9b shows the case installed with opening 
based on a size of 0.2  (  refers to the length of SNCB). The 
incidental conditions used for the analysis are  = 5 cm and  
= 1.5 s. The height of the SNCB is /  = -0.2 while the crest 
width is  = 0.5 . 

From Figure 9a, a strong flow toward the same direction as 
the wave progress direction on the crests of two SNCBs was 
confirmed. This is caused by the wave overtopping, and it 
indicates an influx of significant flow into the onshore side. On 
the other hand, in Figure 9b, the development of a flow that exits 
the offshore side through the opening in the front of the SNCB 
was confirmed. Owing to its influence, a relatively low velocity 
on the crest of rear SNCB was shown, and the flux flowing into 
the onshore side decreased, compared with the former. To 
specifically determine the close relationship between the 3-D 
flow and water level distribution characteristics at the 
installation of the opening on the double SNCB, the mean flow 
and mean water level distribution are shown in Figure 10.  

In Figure 10, the vector shows the mean flow, and the colors 
show the dimensionless mean water. Figure 10a refers to the 
case without installing the opening, while Figure 10b refers to 
the case installed with the opening.  

From Figure 10a, the wave overtopping causes the water level 
between the SNCBs and the rear side of SNCB to greatly 
increase, while the water level on the front side decreases, as 
confirmed from Figure 7. Owing to the same overtopping effect, 
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a significant water level difference between the onshore and 
offshore sides occurs. However, in Figure 10b, the flow that 
exits through the opening is generated, so the water level on the 
rear side and between the SNCBs does not significantly increase. 
In addition, the water level increase in front of the SNCB does 
not occur. Consequently, the mean water level difference 
between the onshore and offshore sides decreases.  
 
Table 3. The differences of mean water level and wave transmission 
coefficient due to opening ratio ( / ). 
 

/  - 0.1 0.2 0.3 0.4 PSB 

∆ ̅/  0.081 0.054 0.029 0.023 0.018 0.041

  0.32 0.33 0.35 0.38 0.43 0.46 

 

 

 
(a) No opening 

 
(b) With opening ( /  = 0.2) 

Figure 10. Spatial distributions of mean flow and water level around 
SNCBs. 

 
Table 3 shows the mean water level difference (∆ ̅/ ),  

between onshore and offshore sides, and the opening ratio of the 
double SNCB ( / ). When /  ≥ 0.2, ∆ ̅/  is smaller 
than the PSB. Additionally, all the double SNCBs installed with 
openings showed better wave screening performance than the 
PSB. Therefore, by installing openings on multiple SNCBs, the 
mean water level difference decreases, and the return flow 
occurring at the open inlet between the submerged breakwaters 
weakens which aids in reducing relevant problems.  

 
CONCLUSIONS  

In this study, to verify the applicability of multiple SNCBs, a 
numerical experiment was conducted. The mean water level 
distribution and wave height distribution around SNCBs 
installed in single, double, and triple rows as well as a trapezoid 
permeable submerged breakwater were compared and analyzed. 
In addition, to reduce the water level in the rear side of multiple 

SNCBs, an opening was installed on the SNCB on the offshore 
side to numerically review the effectiveness. The major analysis 
results obtained are as follows: 

(1) To verify the numerical model applied to the study, the 
effectiveness and validity were confirmed by comparing it with 
the wave height distribution. Additionally, the mean water level 
distribution data around the PSB and ISB obtained from the 
existing numerical experiment of Ranasinghe, Sato, and Tajima 
(2009) were confirmed. 

(2) The multiple SNCBs showed a higher wave reflection than 
the existing PBS, but a lower transmission coefficient. Further, 
the SNCB showed a larger increase of water level in the rear 
side than the PBS. 

(3) To reduce the water level in the rear side, an opening can 
be installed on the SNCB. The opening significantly reduces the 
increase of water level in the rear side and decreases the water 
level in the front side. As a result, the mean water level 
difference between the onshore and offshore sides greatly 
decreased with a similar wave screening performance.  

(4) When the opening is properly arranged on the multiple 
SNCBs, the wave screening performance can be maintained at 
the same level, while the mean water level difference between 
onshore and offshore sides can be decreased. Therefore, the 
return flow, which is generated from the open inlet of the 
submerged breakwaters, can be controlled.  

Thus, it is expected that, when properly installing the multiple 
SNCBs, whose applicability was confirmed through this study, 
the SNCB can replace the PSB, which is bulky and expensive. 
In the future, the general hydrological characteristics around the 
multiple SNCBs caused by the installation of an opening shall 
be analyzed by directly simulating the changes of return flow of 
the open inlet as well as reviewing the specifications and 
arrangement of the multiple SNCBs. 
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under Various Wave Actions 
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ABSTRACT 
 
Shim, J.-S., Min, I.-K., and Yoon, J.-J., 2017. Hydraulic experiments on sinkable floating storm surge barrier under 
various wave actions. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 184–188. Coconut Creek (Florida), 
ISSN 0749-0208. 
 
A sinkable floating storm surge barrier is a new type of structure designed to reduce coastal disasters from storm 
surges. This barrier usually lies on the seabed, but its buoyancy allows it to rise up as a seawall when a storm surge 
occurs. A sinkable floating-type storm surge barrier consists of a buoyant main body connected to a foundation 
structure on the seabed by a hinge. In this study, the wave forces acting on the barrier were experimentally 
investigated. To evaluate the wave reflection and transmission from this buoyant floating-type storm surge barrier, 
hydraulic experiments were performed under regular and irregular wave conditions. The wave blocking capabilities 
of the sinkable floating barrier against surges were confirmed, and the characteristics of the barrier motion and wave 
pressure were clarified by changing the wave condition. Based on the hydraulic experiments, it was found that this 
type of barrier was effective at wave transmission, as well as reflection. It was shown that a sinkable floating barrier 
placed at the mouth of a bay as a storm surge barrier can be expected in the future. However, further detailed 
hydraulic and numerical experiments are also needed to accurately predict the barrier motion under combined wave–
current conditions.  
 
ADDITIONAL INDEX WORDS: Storm surge barrier, sinkable floating type, storm surge, hydraulic experiment. 
 

 
           INTRODUCTION 

Climate change factors such as the sea level rise caused by 
global warming and increase in the size of typhoons have 
increased the possibility of large coastal disasters. Therefore, 
various measures to prevent future coastal disasters have been 
planned and implemented by countries around the world. 
Related research has been conducted in Korea, including the 
“Estimation of Design wave height around the Korean peninsula 
(KIOST, 2005)” project and the revision project (KIOST, 2016), 
which is currently being performed. Research has also been 
performed on estimation of the design sea level height caused by 
a storm surge (MOF, 2010). In addition to reinforcing the design 
height of coastal structures, there has been an increasing need to 
actively develop countermeasures against a storm surge, high 
tide, and tsunami. For this reason, studies on the construction of 
barrier structures to prevent the inflow of seawater in an inner 
bay by extremely high waves have been expected and actively 
performed in various European countries, as well as Japan and 
the United States. The forms for such storm surge barriers have 
mainly been classified as the rotating gate type, up-lift gate type, 
and buoyant flap type. Other than these, the Osaka Arch Gate 
(1970) in Japan, Sauer Barrier (1993) in France, and Eider 
Barrage (1973) in Germany are currently in operation. In related 
research, studies on flap-type storm surge barriers have been 

 
 
 
 

performed, including those by Colamussi (1992), Eprim (2005), 
Jeong et al. (2008), Kimura et al. (2011), and Shimosako et al. 
(2007). In Korea, because the possibility of damage by a storm 
surge or extreme waves has not been insignificant in some 
places, the necessity of developing structures for disaster 
prevention appropriate to the Korean coast has been raised. 
Installing the structures developed by other countries incurs 
great costs related to patent fees and the installation and 
operation of these structures. This paper introduces a sinkable 
floating storm surge barrier. This is a structure designed to 
prevent disasters by blocking the cause of the enormous damage 
done to coastal areas and human lives by flooding, which is 
expected from a large storm surge. This structure is ordinarily 
contained under the sea. Then, when a storm surge occurs, it 
blocks the storm surge and overtopping waves by floating on the 
sea. This type of independent floating structure has the merit of 
not interfering with ship navigation. The operating principle 
involves pumping air or water into the tube on the upper part of 
the storm surge barrier through the installed air pressure device 
and pump facilities on the ground to move the barrier up or 
down. This makes it possible to directly stop long-period waves 
such as from storm surges, extreme tides, and wave overtopping 
and thus prevent damage to facilities and human lives in 
advance. To evaluate the stability of these structures, the shear 
stress caused by the sea level difference at the front and back of 
the barrier, and the influences of the waves and current, should 
be simultaneously considered. 

In this study, numerical and hydraulic experiments were 
performed to evaluate the movement feature of the newly 
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developed sinkable floating storm surge barrier in response to 
waves, along with the external force on the control cables. 

 
NUMERICAL EXPERIMENT 

Numerical model setup 
In this numerical simulation, the wave pressure on the upright 

wall of the storm surge barrier was measured. In addition, the 
influence of the wave force distributed along the wall of the 
barrier was confirmed by converting the wave pressure into a 
wave force. 

The CADMAS-SURF (CDIT, 2001) model was used in this 
numerical experiment. A numerical wave flume model was used 
to examine regular and irregular waves. In CADMAS-SURF, an 
irregular wave was reproduced using the linear superposition of 
a component wave from the linear theory, and the significant 
wave height was generated at the measurement location. 

 
Table 1. Experimental conditions. 
 

Cases Tidal Level (m) Mean 
Depth(m) 

Design Wave 

Height(m) Period(s)
Case 1 App. H.H.W DL.(+) 1.97 

DL.(-) 
25.00 

2.1 14.9Case2 M.S.L DL(+) 0.99 
Case3 App. L.L.W DL.(±) 0.00 

 
As listed in Table 1, the experimental plan utilized three tidal 

level cases: case 1 (approximate highest high water, H.H.W.), 
case 2 (mean sea level, M.S.L.), and case 3 (approximate lowest 
low water, L.L.W.). The design wave data from the entrance of 
Masan Bay, Korea, were used. Examinations of the wave 
pressure in front of the structures were performed according to 
the design wave conditions and horizontal flow along the seabed  
(Figure 1). 

 

 

 

Figure 1. Locations of embedded pressure and velocity gages at front of 
barrier.  

 
 
Numerical Model Results 

Wave pressure gauges were installed in front of the barrier at 
vertical intervals of 0.5 m, and the time series data were 
recorded at 0.1 s intervals. The maximum wave pressure from 
each wave pressure gauge is shown in Figure 2. The vertical axis 
of Figure 2 indicates the water elevation from the seabed, and 
the horizontal axis indicates the wave pressure. According to the 
test results, the maximum wave pressure was formed near the 

still-water level, and a higher wave pressure was distributed 
when the tidal level was higher (Table 2). 

 

 

Figure 2. Wave pressure distributions in front of barrier.  

 
 
Table 2. Maximum wave pressure results of experimental and analytical 
solutions. 
 

Cases Tidal Level (m) 
Max Wave Pressure (t/m)

Experimental 
Result 

Analytical 
Result 

Case 1 App. H.H.W. DL. (+) 1.970 79.49 85.48 

Case 2 M.S.L. DL. (+) 0.985 78.23 84.39 

Case 3 App. L.L.W. DL. (±) 0.000 76.21 83.30 

 
The maximum wave forces at the front side of the structure 

from the numerical experiment and theoretical results by Goda 
(1974) were compared (Table 2). Based on this, the propriety of 
the design wave force that was applied to examine the safety of 
the structure was analyzed. It was found that the experimental 
and theoretical results showed an agreement of about 91.5–
93.0%, which represents a small difference. Therefore, the 
design external force applied to the sinkable floating storm surge 
barrier was proven to be appropriate. The design wave force by 
the theoretical result can be applied to stability analysis of 
structures.   

 
HYDRAULIC EXPERIMENT 

Wave Flume 
A hydraulic experiment was performed at a scale of 1/10 to 

minimize the accumulation of errors from the movement of the 
sinkable floating storm surge barrier. The main goals of this test 
were to examine the movement of the developed barrier model 
under incident waves and confirm its operability, measure the 
tension on the cable controlling the movement of the upright 
barrier in waves, and examine the safety of the design conditions 
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of the cables by comparing the calculated and theoretical tension 
values.  

A two-dimensional complex water tank capable of 
simultaneously generating a wave and flow was used for the 
experiment. This water tank has a length of 100 m and height of 
3.0 m, and is capable of generating waves with a maximum 
height of 1.0 m. 

The measuring devices for this experiment were as follows: 
 three wave gauges for measuring the wave height at the 

front part of the water tank and five for measuring the 
reflected and transmitted waves at the back, 

 three load cells for measuring the tension on the cable 
applied to the barrier structures, and 

 a camcorder and digital camera for monitoring the 
experimental procedure. 

 

Structure Design for Hydraulic Experiment 

 

 

Figure 3. Design of sinkable floating storm surge barrier.  

 
 

Figure 3 shows the blueprint of the barrier model used in the 
hydraulic experiment. A scale of 1/10 was selected for the 

model barrier structures considering the size of the water tank 
and the design size of the structures to be installed in the sea. 
The installed water level inside the water tank was 2.0 m, and 
when air flowed into the wall of the barrier and inside of the 
round buoyancy container, these became buoyant and stood up. 
In contrast, when the air was pulled out and water flowed in, the 
barrier moved down. The upright angle of the barrier was 
controlled through the front cable, which allowed it to move up 
to 90°. In the experiment, when air was pumped in after filling 
the wave flume with water, the wall moved 87°. Figure 4 
provides a stage-by-stage explanation of the preparation for the 
experiment. 
 

Experimental Conditions 
The data of the regular and irregular waves used in the 

hydraulic experiment are listed in Table 3. The test was 
performed using five wave heights and period grades under a 
total of 22 waves (11 regular waves and 11 irregular waves). 

The irregular incident waves are summarized on the basis of 
Bretschneider–Mitsuyasu spectrum by Goda (1988) suggested in 
the following equation (1). 
 

0.205 / / exp	 0.75 /     (1) 
 

Here, S(f) shows the density of the wave energy, f shows the 
frequency, and H / 	and T /  show the significant wave height 
and significant wave period, respectively.  

All of the values applied in the scale model experiment were 
replaced by applying the scaling factor. In order to measure the 
maximum tension in the cables installed on the barrier for the 
wave generation for the different cases, tension gauges (load 
cells) were installed on three cables. 

 
 

 

Figure 4. Procedure of hydraulic model experiment. 

Step 1. Injecting into the water tank of the structure. Step 2. Installing structure. 

Step 3. Realizing the experimental tidal level and air inflow. Step 4. Wave generation. 
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Table 3. Experimental conditions. 
 

Cases 
Regular Waves Irregular Waves 

H (m) T (s) H (m) T (s) 

Case 1 1.5 6.0/9.0/12.0 1.0 6.0/9.0/12.0 

Case 2 2.0 7.5 1.5 7.5 

Case 3 2.5 6.0/9.0/12.0 2.0 6.0/9.0/12.0 

Case 4 3.0 10.5 2.5 10.5 

Case 5 3.5 6.0/9.0/12.0 3.0 6.0/9.0/12.0 

 
In addition, the characteristics of the wave responses were 

measured by installing wave gauges to measure the transmitted 
wave at the back and reflected wave at the front of the structure. 

 
Wave Transmission and Reflection 

The results of this research mainly focused on the experiment 
under irregular wave conditions, which is similar to the incident 
wave environment of the actual sea. Generally, in the case of a 
floating breakwater, when the reflection coefficient increases, 
the transmission coefficient decreases, and vice versa. These 
tendencies are shown in Figure 5. The reflection rate ( ) is 
generally distributed in the range of 0.12–0.24. As the wave 
height and period increase, the value of the reflection coefficient 
decreases on a small scale, and the influence of the change in 
wave height is relatively small. 

The transmission rate ( ) is mainly distributed in the range of 
0.85–1.08. Usually, the transmission rate showed a tendency to 
increase as the wave height and period increased. In addition, 
the influence of the wave height changes was shown to be 
relatively small. 

When the structure moved, the transmittance was shown to be 
85% or more, which verified a relatively higher wave 
transmission rate. This seemed to be the result of the linear 

movement of the barrier wall with the movement of the wave 
due to its buoyancy. In other words, the wave energy loss was 
small, because the hinge frictional force of the structure itself 
was not very high. When considering an improvement in the 
structural design in the future, solutions to limit the movement 
of the barrier structure at a certain angle can be examined.  

 
Cable Tension during Barrier Movement 

When the floating-type storm surge barrier moves, the 
stiffness of the cables supporting the barrier under extreme 
external forces is a very important factor. In order to examine 
the stability in relation to this, measurements were made of the 
cable tension force produced by irregular waves, which are 
similar to the waves occurring in the real sea. The averaged 
tension force per cable was then estimated using the measured 
maximum tension data from the three tension gauges. This was 
compared to the calculated cable tension force based on the 
theoretical formula. The theoretical value for the cable tension 
force was calculated based on the structure size and external 
force, and compared to the result measured in the hydraulic 
model experiment (Figure 6). 

For a wave height of 1.0 m, the experimental result was 
similar to the suggested theoretical value for the model structure. 
However, when the wave height was higher than this, the 
measured tension force was larger than the theoretical value. 
The results of the hydraulic model experiment showed measured 
values that were approximately double the theoretical values. 
This seemed to prove that the momentary cable tension becomes 
much larger when the external force is increased by the 
interaction of the wave components and currents on the barrier. 
Therefore, when designing the cable for the structure and the 
anchor chain for the connection part, a safety ratio that is double 
the design force calculated by the theoretical formula should be 
applied. 

 

 
Figure 5. Wave reflection rates and transmission rates for each wave height and period case.
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Figure 6. Comparison between experimental and theoretical tension data. 

 
 

CONCLUSION 
In this study, in order to examine the movement of a storm 

surge barrier model using a buoyancy similar to the actual 
movement, a hydraulic experiment was conducted at the 1/10 
scale. The model barrier structure resisted under the 
experimental wave condition with free movement, and the 
tension force applied to the cable increased with the wave height 
and period. 

A similarity was found between the experimental and 
theoretical values when conducting an experiment on the cable 
tension force in irregular waves. However, when the wave 
height increased, the measured value of maximum tension 
increased as a result of the barrier’s momentary maximum 
movement. When considering the uncertainty of the 
experimental force and the nonlinearity of the moving 
characteristics, the design internal tension force on the cable and 
anchor chain should be double the theoretical value. 

Regarding the reflection and transmission coefficients, the 
measured transmission rate was found to be relatively large. 
This might have been because the behavior of the barrier was 
not distinctively limited. Thus, the behavior of the barrier itself 
transmitted the wave to the back side and the transmission ratio 
showed a higher value. In terms of the reflection ratio, the wave 
was dissipated by the behavior of the barrier. Thus, the value 
was relatively low compared with the reflection rate for the 
upright wall structure. For the storm surge barrier suggested in 
this research, even if covering the wave itself is not the main 
purpose, it will be necessary to study a method to increase the 
wave reflection and transmission performances. 

Sufficient experiments under various conditions have not 
been fully performed because of environmental limits such as 
those of the experiment facilities. Further hydraulic experiments 
under various wave conditions and wave–current complex 
environments should also be considered necessary and 
performed. The preparation of improved solutions such as 
methods for optimizing the buoyancy and fixing the part 

connecting the hinge and cables are expected based on the 
results of this model experiment. 
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ABSTRACT 
 
Lim, C.; Park, S.-H.; Kim, D.-Y.; Woo, S.-B., and Jeong, K.-Y., 2017. Influence of steric effect on the rapid sea level 
rise at Jeju Island, Korea. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 189–193. Coconut Creek (Florida), 
ISSN 0749-0208. 
 
According to a report by the Korea Hydrographic and Oceanographic Agency (KHOA), the sea level rise in west 
coast (1.31 mm/yr), east coast (2.69 mm/yr) and south coast (2.05 mm/yr) of Korea are different. Especially, the 
seas around Jeju Island show one of the most rapid increase of sea level rise in recent years. This investigation 
on the data from Jeju and Seogwipo tidal station indicated that the sea level rises around Jeju and near Seogwipo 
were 5.63 mm/yr and 3.75 mm/yr, respectively. This shows that the northern and southern parts of the island 
have different temporal rates of sea level rise. The purpose of this research is to analyze the influence of the 
steric effect caused by density change in the water to the rate of sea level rise, by using sea temperature and 
salinity data measured by the National Institute of Fisheries Science (NIFS). It is found that the trend of seawater 
density variation near Jeju Island changed by the time of around 2006 and so does the sea level rise, indicating 
that there is a meaningful correlation between sea level rise and density variation. The rate of steric height rise 
by the density were calculated, resulting in a 15.8% and 23.2% of sea level rise in Jeju and Seogwipo, 
respectively. 
 
ADDITIONAL INDEX WORDS: Jeju Island, sea level rise, change of density, steric height. 
 

 
INTRODUCTION 

The sea level rise (SLR) resulting from global warming has 
accelerated rapidly in recent years. A sea level increase in coastal 
areas bring about various coastal damage as well as the risk of 
flooding and inundation, causing immediate threat to large cities 
mostly located on the shoreline with high population densities. 
Recently, several studies have examined SLR in many countries 
and regions as well as at the global level (Nicholls and Cazenave, 
2010).  

According to the IPCC 5th Assessment Report (Stocker et al., 
2014), the global mean SLR was calculated for each time period 
and was more than 2.0 ±0.3 mm/yr from 1971 to 2010. Report 
published by Korea Hydrographic and Oceanography Agency 
(KHOA, 2015) showed that the average SLR of the entire coastal 
areas in Korea was 2.48 mm/yr, which is rather higher than the 
global mean SLR. Also it is reported that each coastal region in 
Korea face a different rate of SLR, i.e., 1.31 mm/yr in the west 
coast, 2.69 mm/yr in the east coast and 2.89 mm/yr in the South 
coast of Korea. Especially, the vicinity of Jeju Island showed one 
of the highest rate of SLR, which is 4.56 mm/yr. Due to its 
geographic characteristics, the island Jeju is much more 
vulnerable to high rate of SLR. However, a serious study has not 
been made to understand what causes this high rate SLR. 

 
 
 

 

 
Figure 1. Sea level rise around Korea: The west coast (1.31 mm/yr), east 
coast (2.69 mm/yr) and south coast (2.05 mm/yr) of Korea. In particular, 
the sea level rate around Jeju Island (4.56 mm/yr) has increased rapidly. 
(KHOA, 2015).
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In this study, we try to determine the reason for the rapid 
increase in sea level, using the field measurement data of tidal 
level, sea temperature and salinity. We aim to find out the 
relationship between high rate SLR and recent steric effect caused 
by density change. The tidal level data is measured and published 
by KHOA (http://www.khoa.go.kr/koofs) and sea temperature 
and salinity data are from National Institute of Fisheries Science 
(NIFS). The tide level data was used to estimate the increase rate 
of, and the salinity data was adapted to understand the impact of 
steric height by a density change on the SLR. 
 

          METHODS 
Data 

KHOA provides tide level data at hourly intervals, and among 
them the materials from Jeju Tidal Station (JTS) and Seogwipo 
Tidal Station (STS) were used to analyze the trend of SLR. The 
observation period of the data was from 1978 to 2015 (38 years) 
for JTS and from 1985 to 2015 (31 years) for STS.  Temperature 
and salinity data was obtained from 1978 to 2015 and the data 
measured from 5 selected vertexes near the island were used in 
the study. The locations of each tidal station (red triangulation 
point) and TS observation point (blue dot points) are marked at 
Figure 2. 

 

 
Figure 2. Research area around Jeju. The red triangulation points are the 
tidal station and the blue dot points are the temperature-salinity 
observation point.

 

Methodology 
An analysis of the sea level trend was implemented through the 

analysis method KHOA (2015) and the Korean sea level change 
analysis program in KHOA after preprocessing the hourly data, 
including the abnormal data detection and missing data 
compensation.  

In this study, the interpolation using a harmonic constant was 
applied to compensate for the missing data after any abnormality 
of the data from each station was checked. The harmonic analysis 
and sea level estimation TASK-2000 program (Tidal Analysis 
Software Kit 2000, 1999), which was developed by the British 
organization, Permanent Service for Mean Sea Level (PSMSL), 
was utilized.  
 

 

 
Figure 3. Sea level trend analysis process.

 
 

A total 62 harmonic constants were calculated in this study 
during missing data compensation through the hourly sea level 
data from each station for the concerned year (369 days). In order 
to estimate the average sea level as accurately as possible and 
determine the most significant factors that could impact on the 
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long-term SLR, a careful data quality checking is made. The 
abnormal data was compensated for by inserting the estimated sea 
level in the missing sectors that was calculated through the 
harmonic constants and the programs included in TASK-2000. 
During harmonic analysis process, if the missing period exceeded 
30 days for the year of concern, the harmonic constant from the 
previous year was adapted to compensate for the missing data. 

To analyze the accurate linear trend of the mean sea level, 
seasonal cycle should be removed using the monthly mean data. 
The seasonal cycle was calculated using the 5~19 year measured 
monthly mean data, which is by the cumulative average (so called 
normals) or can be calculated obtaining Sa (Solar annual) and Ssa 
(Solar semiannual) through harmonized analysis by the least 
squares method. In this study, the seasonal cycle can be calculated 
by the monthly average normals data. Figure 3 presents the flow 
chart of the sea level trend analysis process. 

The observation data from NIFS was used to determine the 
influences of temperature and salinity on the sea level change. 
The NIFS measures the temperature and salinity around the 
Korean peninsula 6 times a year in February, April, June, August, 
October, and December. Among the measured materials, the data 
acquired from more than 5 measurements a year including 
summer and winter season was selected for analysis. 

 

 

 
Figure 4. Time series of the sea level rise at JTS and STS. The blue line 
shows the linear trend from 1978 to 2015 in the first graph and from 1985 
to 2015 in the second graph. The red dot line shows the linear trend for 
1985~2006 and 2006~2015. Trend changes occurred near 2006.

 

          RESULTS 
Analysis of Sea Level around Jeju Island 

Figure 4 presents trend analysis based on the sea level data from 
JTS and STS. The monthly average data was used for trend 
analysis. As a result, the SLR was 5.63 mm/yr and 3.75 mm/yr at 
JTS and STS, respectively. The sea level observed from JTS was 

1.88 mm/yr higher than that from STS, meaning that the northern 
part of Jeju Island shows higher rate of SLR than the southern 
region. Also, although the sea level around Jeju Island was rising 
consistently, the areas near STS displayed a sudden drop in sea 
level in around 2012.   

Another characteristic of SLR near Jeju Island is that there is 
change of rate SLR by the time of 2006. The rate was 6.93/6.11 
mm/yr for JTS and STS, respectively, before 2006, turning to 
0.1/-0.36 mm/yr after 2006 (Table 1). The rise tended to slow 
down since 2006, and interestingly, this shows a similar tendency 
to the global mean sea level trend suggested by the Ablain et al. 
(2009).  

 
Table 1. Sea level linear trend at JTS and STS (mm/yr).
 

Station Linear Trend
Linear Trend 
(1985~2006) 

Linear Trend
(2006~2015)

JTS 5.63 6.93 0.1 
STS 3.75 6.11 -0.36 

 

 
Figure 5. Temperature (red line), salinity (blue line), density (brown line) 
time series. Temperature is increased, salinity and density are decreased.

 

Analysis of the Reason for the SLR near Jeju Island through 
Density Changes 

Spatially averaged density of sea water was calculated using 
temperature and salinity, as indicated in Figure 5. The equation 
of state presented by UNESCO in 1980 was used in the density 
calculation. Figure 5 shows that the temperature increased, and 
the salinity and density decreased. The density showed a sudden 
increase as a result of a temperature decrease at 1984 and a 
density decreases due to a salinity decrease from 2005 to 2007. 
The correlation coefficient of the density was -0.67 to temperature 
and 0.87 to salinity. The density of Jeju Island had a stronger 
impact due to salinity. 
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Figure 6. Annual see level anomaly, which is the black line (JTS) and gray 
line (STS). The inverse annual density anomaly is the red line. The figure 
shows the tendency of an increase before 2006 and a decrease after the 
year.

 

Figure 6 shows annual sea level anomaly (JTS:black line, 
STS:gray line) and inverse annual density anomaly (red line), 
which corresponding to the so-called dynamic height due to 
density change. The anomaly of data was calculated using the 
mean value during 1993 ~ 2012. It showed a change in terms of 
its trend from 2006 when the SLR started to decline. The density 
showed a tendency of a decrease before 2006 and an increase after 
the year, and this temporal trend change is also showed in Figure 
3 for SLR. In other words, it is by the time of 2006 when the trend 
change for both SLR and density of sea-water is made. According 
to the result, the SLR slowed down around Jeju Island in 2006, 
which would be determined by the density. 

The steric heights were estimated using the density, which is 
calculated from temperature and salinity measurement data.  The 
steric height indicates the sea level that varies by the changes in 
density and has been considered to be more important recently 
due to global warming.  The steric height is defined by Equation 
(1) (Landerer, Jungclaus, and Marotzke, 2006; Siegismund et al., 
2007): 

 

Steric height = - ρ′/ρo dz                  (1) 
 

where ρ′ is the density, ρo is usually referenced to a temperature 
of 0°C and a salinity of 35 psu. The rising of steric height near 
Jeju Island, calculated from Equation (1), was found to be 0.883 
mm/yr, meaning that the contribution of steric effect on total SLR 
is 15.8% at Jeju and 23.2% at Seogwipo, respectively (Figure 4). 
This rising of steric height near Jeju Island is higher than that of 
global mean steric height, which is 0.6 mm/yr (during 1971 to 
2010, for 0 to 700 m depth), presented in the IPCC 5th Assessment 
Report (Stocker et al., 2014). 
 

DISCUSSION 
This density change is believed to have originated from the 

complicated ocean environment around Jeju Island. Jeju Island is 
located at an area that is exposed to the direct influences from the 
Kuroshio current, the Taiwan current, Changjiang diluted water 
of the East China Sea, Yellow Sea bottom water, coastal waters 
around the Korean peninsula, and inflow of rivers to the South 
sea. These regional characteristics are a reflection of the 

complicated seasonal changes (Chen et al., 1994; Chen, 2009; 
Ichikawa and Beardsley, 2002; Lie and Cho, 2016). Further 
studies will be required on the sea level changes considering these 
complex characteristics in the area. 

 

 

 
Figure 7. Research around the Jeju Island in summer (right) and winter 
(left) (Lie and Cho, 2016).

 
According to Lie and Cho (2016), around Jeju Island is 

influenced clearly in summer and winter. Figure 7 shows phase 
change of major current around Jeju in summer and winter. In 
winter, the current based on Kuroshio and its branch are the major 
flow that affect the formation of water mass around Jeju. As is 
known, Kuroshio current has the characteristics of high salinity 
and high temperature and the Jeju warm current, which is the 
branch of Kuroshio, drive the density change around Jeju Island. 

On the other hand, in summer, it is more influenced by Yellow 
sea bottom cold water as well as Changjiang diluted water. In 
recent years, it seems the Jeju water mass are more affected by 
the Changjiang diluted water discharge. Since the diluted water 
has relatively lower density, its steric effect is getting stronger in 
the summer. In 2006, rapid changes of salinity that is thought 
occurred from the change due to Changjiang diluted water 
affecting around Jeju Island. On top of this effect, the wind-drive 
current is another factor to be considered the sea structure around 
Jeju Island (Bai et al., 2014). 
 

CONCLUSIONS 
The rate of SLR around Jeju Island is one of the highest in 

Korea. It is shown that the pattern of SLR is also different in the 
areas of northern and southern part of the island. The SLR was 
found to be 5.63 mm/yr at JTS located in the northern part and 
3.75 mm/yr at STS in the southern part of the island. To 
investigate the cause of this high rate of SLR, temperature and 
salinity data was examined to grasp the contribution of steric 
effect to the SLR. Through calculations and an analysis of the 
density of water mass, it is find that there is strong correlation 
between the SLR and sea-water density variation, i.e., there is a 
continuous density decrease during the time of continuous 
increase of SLR around Juju island.   

It is also found that, SLR trend changed and has slowed down 
since 2006 and the it seems it is also resulted from density 
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alterations. Steric height change was due to density alterations 
and the rise rate was indicated in this study. The contribution of 
steric effect to the SLR in Jeju Island is calculated, i.e., 15.8% at 
Jeju and 23.2% at Seogwipo.  

Therefore, the density change around Jeju Island is inevitably 
strongly affected by this seasonal oceanic current system. A 
further quantitative SLR analysis concerning the seasonal change 
of density structure is needed in the future. 
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ABSTRACT 
 
Park, J.R.; Jeon, H.S.; Jeong, Y.M., and Hur, D.S., 2017. Numerical analysis on energy dissipation of tsunami 
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ISSN 0749-0208. 
 
We have improved a 2-D Numerical Wave Tank (NWT) based on a Porous Body Model (PBM) for the simulation of 
energy dissipation during the interaction with a tsunami. In order to quantitatively evaluate the energy dissipation by 
vegetation drag during the process, the fluid resistance with regard to the vegetation and the vegetation drag 
coefficient according to the Reynolds number were applied. Moreover, to confirm the validity and effectiveness of 
the improved NWT, the results were compared with the existing numerical experimental results of tsunami–
vegetation interaction. The comparison showed that the water waveforms of the tsunami around the vegetation zone 
well are well simulated. As a result, the height of tsunami, the width, the density of vegetation, the reflection of the 
tsunami by freeboard, and the reflection and transmission characteristics of the tsunami were confirmed. In addition, 
the characteristics of the decrease in the energy of the tsunami as it passes through the vegetation zone were analyzed. 
As the vegetation width, height, and density increase, the transmission coefficient decreases, the decrease in the 
energy increases, and the reflection coefficient does not change significantly. In addition, since a vegetation zone 
with a large porosity gradually decreases the energy, the decrease in the energy becomes clear as the vegetation 
width increases. 
 
ADDITIONAL INDEX WORDS: Tsunami-vegetation interaction, wave energy dissipation, fluid resistance, 
vegetation drag, drag coefficient. 
 

 
INTRODUCTION 

In the 2000s, some researchers conducted fundamental studies 
of the influence of vegetation drag on the reduction in the wave 
height. As the number of researchers concerned with vegetation 
increased in the 2000s, many full-scale studies have been 
conducted. Recently, numerical models capable of analyzing the 
energy dissipation by vegetation have been developed and for 
various studies. In some coastal states, vegetation has been 
implanted for the purpose of controlling ocean waves and littoral 
sediment.  

Huang et al. (2011) analyzed the characteristics of the wave 
height reduction by performing a numerical experiment and 
simulation regarding the tsunami–vegetation interaction. 
Moreover, Maza, Lara, and Losada (2015) applied the 
experimental conditions of Huang et al. (2011) and carried out a 
numerical simulation considering individual vegetation, which 
well-simulated the deformation characteristics of the tsunami 
passing through the vegetation zone on other aspects. Similar to 
the study by Maza, Lara, and Losada (2015), each plant of the 
vegetation can be modeled by a 3-D numerical simulation. 
However, since the calculation requirements can be greatly 

increased and the number of required computational grids can 
increase without limit when the experimental scale increases 
beyond the laboratory scale, a simulation cannot be conducted. 
Most numerical models other than this regard vegetation as a 
large single lump, and the energy loss caused by the fluid 
resistance inside the vegetation zone is estimated. Therefore, a 
numerical simulation with a relatively short calculation time of a 
large area is possible. Among the numerical analyses, the most 
important aspect is to quantitatively evaluate the vegetation drag. 
To do so, the input of an accurate drag coefficient is the most 
important. However, unlike common ocean waves that 
repeatedly move with a constant period, the tsunami follows the 
hydrological characteristics close to the flow. Therefore, in order 
to simulate the tsunami–vegetation interaction, the existing drag 
coefficient considering the ocean wave should not be used, and a 
more appropriate coefficient should be utilized.  

In this study, to estimate the energy dissipation caused by the 
tsunami–vegetation intervention, a 2-D NWT (LES-WASS-2D; 
Hur et al., 2011) based on a PBM was improved. Moreover, the 
drag coefficient was derived from the comprehensive results of 
Cheng and Nguyen (2011) regarding the flow vegetation. From 
the numerical analysis results considering numerous calculation 
conditions, the energy dissipation characteristics of a tsunami 
passing through vegetation will be analyzed. 
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NUMERICAL ANALYSIS MODEL 
Governing Equations 

The governing equation comprises the continuity Equation 1 
considering an incompressible viscous fluid and the modified 
Navier–Stokes momentum Equations 2 based on a PBM. 
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where, u  and w  are the horizontal and vertical components of 
the flow velocity, respectively;  is the pressure;  is the fluid 
density;  is the time; 	 is the gravitational acceleration;   is 
the sum of the dynamic viscosity coefficient of the fluid ( ) and 
the estimated eddy viscosity coefficient ( ) by the turbulence 
model; γ  is the volume porosity; γ  and γ  are the components 
of surface permeability in the horizontal and vertical directions, 
respectively; 	is the wave dissipation factor that equals zero 
except in the added fictitious dissipation zone;  and  are the 
horizontal and vertical fluid resistances, respectively; and ∗ is 
the flux density of the wave source. In the cell that included the 
wave source, the flux density is expressed as  
 

∗ , /∆  (3)

where,  is the flow density in accordance with the ocean-wave 
approximation theory, and ∆  is the horizontal grid size of the 
cell. 

To simulate a complex free surface such as a wave breaking, 
the advection equation of the VOF function in Equation 4 is 
applied. 

 

∗ (4)
where,  is the rate of the fluid volume flowing into the cell 
relative to the whole cell volume. Therefore, in the numerical 
model, 1 is processed as the fluid cell, 0 is processed 
as an empty cell, and 0 1 is processed as a surface cell. 
 
Fluid Resistance by Vegetation 

In the modified N-S momentum Equations 2,  and  are 
based on Morison’s equation and are identical to the fluid drag 
by vegetation in Equation 5. Moreover, the fluid drag by 
vegetation can be divided into two terms regarding the drag and 
inertial force. 
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where,  is the vegetation density, and  is the vegetation drag 
coefficient derived from Equation 6 of Cheng and Nguyen 
(2011). Further,  is the inertial resistance coefficient, and its 
value is 1.5, which is the same as that of porous media 
(Sakakiyama and Kajima, 1992). 
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where, Re  is the Reynold's number (= / ;  is the flow 
velocity of water particle, and  is the characteristic length of 
the vegetation). 
 

Generation of Tsunami (Solitary Wave) 
To accurately make the target wave, the intensity in Equation 

7 suggested by Brorsen and Larsen (1987) is applied. In other 
words, since the intensity of the metrics of wave approximation 
theory is controlled by / , the wave eventually 
approximates the theoretical value by this system. 
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where,  is the depth,  and  are the horizontal velocity and 
surface elevation at the source position based on the theoretical 
function, and  is the surface elevation in the wave source cell.  

To consider a tsunami, the waveform Equation 8 and the 
horizontal velocity Equation 9 on solitary wave suggested by 
Dean and Dalrymple (1991) were applied. 
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where,	  is the incident wave height, and  is the wave celerity, 
as shown in Equation 10. Moreover,  is the intensity coefficient 
between the surface elevation by Equation 8 and incident wave 
height (= / ),  is the ratio of the incident wave height and 
depth (= / ), and  is the ratio of the vertical position from 
the bottom to the depth (= / ;  is the lowest distance from the 
bottom).   
  

C 1
2
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Verification of LES-WASS-2D 

In order to verify the improved numerical model for the 
analysis of wave energy dissipation by vegetation, the results 
were compared with the results of a hydraulic model experiment 
conducted by Huang et al. (2011). Figure 1 shows the two 
vegetation models used for the hydraulic experiment. The 
calculation conditions are listed in Table 1. 

Figures 2 and 3 show comparisons of the time waveforms of a 
solitary wave measured by the wave gauge 1 on the front and the 
wave gauge 5 on the rear. Here, the red circle (○) indicates the 
experiment values, while the black line (━) indicates to the 
calculated values. 

In Figures 2 and 3, the waveform of the incident solitary wave 
and the waveform of its reflected wave are clearly shown on the 
front side of the vegetation (a). Moreover, on the rear side of the 



196 Park et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 79, 2017 

vegetation (b), the transmission waveform of the solitary wave is 
confirmed. The deformation characteristics of the tsunami are 
well reflected, as per the above. Therefore, the validity and 
effectiveness of the drag coefficient applied to the improved 
numerical model and fluid drag can be confirmed in this study. 

 

 

  
(a) Model no. A1                          (b) Model no. B2 

Figure 1. Schematics of the vegetation models used in the experiments 
of Huang et al. (2011). 

 
 
Table 1. Vegetation models and incident conditions for verification. 
 

Model No. 
Vegetation Solitary Wave 

Height,  [cm]Density,  Width,  [cm] 

A1 0.175 54.5  4.17 

B2 0.087 109 3 

 

 

 
(a) Wave gauge 1 

 
(b) Wave gauge 5 

Figure 2. Comparisons between the measured (Huang et al., 2011) and 
simulated free-surface elevations for model no. A1. 

 
 
Setup of the Numerical Water Tank 

To comprehend the energy dissipation characteristics of the 
tsunami passing through the vegetation zone, the 2-D NWT in 
Figure 4 is used. To prevent the disturbance of the NWT, sponge 
layers are arranged on both sides of the analysis zone, while the 
open boundary condition was applied to their boundaries. The 
vegetation is arranged in the analysis zone with a depth of 25 cm. 
The calculation conditions of the tsunami and the vegetation are 
nondimensionalized, as summarized in Table 2. In Table 2, 
/  is the ratio of vegetation width to the effective 

wavelength. /  is the ratio of the freeboard to the depth.  
/  is the ratio of the incident wave height to the depth.  
 

 

 
(a) Wave gauge 1 

 
(b) Wave gauge 5 

Figure 3. Comparisons between the measured (Huang et al., 2011) and 
calculated free-surface elevations for model no. B2. 

 
 

 
Figure 4. Schematic of the 2-D numerical wave basin.

 
 
Table 2. Initial and incident conditions used in numerical simulations. 
 

Vegetation Tsunami 

/  /    /  

0.25 
0.5 
0.75 

1 
1.25 
1.5 

-0.2 
-0.1 

0 
0.1 
0.2 

0.025 
0.05 

0.075 
0.1 

0.125 
0.15 

0.1 
0.2 
0.3 

 
NUMERICAL ANALYSIS RESULTS 

Propagation Characteristics  
Figure 5 shows the respective surface waveforms of the 

tsunami at points WG1 and WG2 in Figure 4. 
In Figure 5a, the incident wave height ( ) and reflected wave 

height ( ) at WG1 can be confirmed. In Figure 5b, the 
transmitted wave height ( ) at WG2 can be confirmed. By 
using these heights, the rate of decrease in the energy of the 
tsunami can be obtained with Equation 11.  

 

1  (11)

where,  and  are the reflection and transmission 
coefficients, respectively, and are respectively calculated as 
/  and / . 
Figure 6 shows the height distribution of the tsunami around 

the vegetation zone according to the vegetation conditions. Parts 
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a, b, and c respectively show the simulation results for changes 
in the vegetation height, width, and density. Here, the incidence 
condition is /  = 0.2. 

In Figure 6, as / , / , and  increase, a more effective 
reduction in the tsunami height is obtained because of the 
vegetation. In other words, as the vegetation height, width, and 
density increase, the energy dissipation inside the vegetation 
zone is large. This will be discussed in depth, in the following 
discussion of the rate of decrease in the energy. 

 

 
(a) WG 1 

 
(b) WG 2 

Figure 5. Time-domain waveforms of the tsunami at the front and rear of 
the vegetation zone ( /  = 1, /  = 0,  = 0.1, /  = 0.2). 

 
 

 
(a) According to the vegetation height ( /  = 1,  = 0.1) 

 
(b) According to the vegetation width ( /  = 0,  = 0.1) 

 
(c) According to the vegetation density ( /  = 0, /  = 1) 

Figure 6. Distribution of the tsunami heights around the vegetation zone 
for /  = 0.2. 

 
 
Reflection, Transmission, and Energy Dissipation 

In Figures 7–10, the reflection coefficient, the transmission 
coefficient, and the rate of decrease in the energy of the tsunami 

according to the size, arrangement, and incident wave height of 
the vegetation are shown. Figure 7 shows the ratio of the 
incident wave height to the depth ( / ), Figure 8 shows the 
ratio of the freeboard to the depth ( / ), Figure 9 shows the 
ratio of the vegetation width to the effective wavelength 
( / ), and Figure 10 shows the characteristics according to 
the vegetation density ( ). In all graphs, the black circles (●) 
indicate the reflection coefficient, the blue diamonds (♦) indicate 
the penetration ratio, and the red inverted triangles (▼) indicate 
the rate of decrease in the energy.  

 

 
Figure 7. Characteristics of the reflection, transmission, and energy 
dissipation of a tsunami according to the incident tsunami height.

 
 

 
Figure 8. Characteristics of the reflection, transmission, and energy 
dissipation of a tsunami according to the vegetation height. 

 
 

 
Figure 9. Characteristics of the reflection, transmission, and energy 
dissipation of a tsunami according to the vegetation width. 

 
Figure 7 shows the results of a numerical analysis for the 

vegetation conditions of / 	 = 1, /  = 0 and  = 0.1 and 
the characteristics according to the incident tsunami height. For 
submerged vegetation ( /  = 0), where the vegetation height is 
identical to the static surface level, as /  increases,  
decreases,  increases, and  is not significantly influenced. 
The reflection is not large because the porosity of the vegetation 
zone is far larger than that of a low-crested structure (LCS). In 
addition, although not shown in this paper,  decreases as /  
increases, as shown in the study of Huang et al. (2011) for 
emergent vegetation ( /  ≥ 0).  

Figure 8 shows the results for the vegetation conditions of 
/  = 1 and  = 0.1, and the tsunami condition of /  = 
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0.2. The results show the reflection, transmission, and energy 
dissipation characteristics of a tsunami according to the 
vegetation height. As /  increases, the vegetation drag 
increases. Therefore,  increases,  decreases, and  
increases. Moreover, if the vegetation is emergent from the 
surface level ( /  > 0) and if the tsunami height is small, the 
effect triggered by the vegetation height is halved. However, in 
case of a tall tsunami, as the vegetation height increases, it is 
clear that  decreases, and  increases. 

Figure 9 shows results for the vegetation conditions of /  = 
0 and   = 0.1 and the tsunami condition of /  = 0.2, 
resulting in a decrease in  and an increase in  as /  
increases. Moreover,  is not significantly influenced by the 
vegetation width. Moreover, the range of increase and decrease 
in  according to the changes in /  is constantly 
maintained. This is because the high-porosity vegetation 
gradually decreases the energy, unlike the LCS, which induces a 
rapid decrease in the energy by the forced breaker. 

 

 
Figure 10. Characteristics of the reflection, transmission, and energy 
dissipation of a tsunami according to the vegetation density. 

 
Figure 10 shows a decrease in  and increases in  and  

for / = 1, / = 0, and /  = 0.2 since the inertial 
resistance due to vegetation increases as the vegetation density 

 increases. In addition, as  increases, the reflection by the 
vegetation increases. Therefore, it is found that  decreases, 
and the range of increase in  decreases. 

As a consequence, as the vegetation height, width, and density 
increase, the decrease in the energy of the tsunami becomes 
more pronounced. Here, the height and density of the vegetation 
are unique characteristics that distinguish the type of vegetation. 
Therefore, assuming the implantation of vegetation for the 
purpose of coastal disaster management, the vegetation width 
needs to be considered.  

 
CONCLUSIONS 

In this study, to investigate the energy dissipation 
characteristics of a tsunami passing through a vegetation zone, a 
2-D NWT (LES-WASS-2D; Hur, Lee, and Choi, 2011) based on 
PBM was improved to simulate the energy dissipation by the 
tsunami–vegetation interaction. In addition, the energy 
dissipation features derived from various tsunami heights and 
various vegetation conditions were analyzed. The fundamental 
results of the study are as follows: 
 
(1) To simulate the energy dissipation by the tsunami–

vegetation interaction, the fluid resistance due to the 
vegetation was applied, and the vegetation drag coefficient 
was introduced by estimating the Reynolds number. 

(2) By a comparison with the numerical experimental results 
for the tsunami and vegetation according to Huang et al. 
(2011), the validity and effectiveness of the improved 
numerical were confirmed. 

(3) From the time waveform of the tsunami, the reflection 
coefficient, transmission coefficient, and the rate of the 
decrease in the energy were estimated. 

(4) For submerged vegetation ( /  = 0), the reduction in the 
transmission coefficient and the increase in the rate of 
decrease in the energy the tsunami according to /  were 
very small, whereas the reflection coefficient was not 
significantly influenced. 

(5) As / , / , and  increase, the transmission 
coefficient decreases, the rate of decrease in the energy 
increases, and the reflection coefficient does not change 
significantly. In particular, as the width and density of the 
vegetation increase, the decrease in the tsunami energy 
becomes more pronounced. 

Consequentially, an appropriate arrangement of the vegetation 
zone can reduce the energy of an incoming tsunami, thereby 
reducing damage. Further, in order to establish a disaster 
management system using the vegetation in an actual coastal 
region, an energy dissipation function of locally and sustainably 
suitable vegetation should be determined in advance. Moreover, 
the location of the vegetation being implanted should be selected 
if the purpose of disaster management is to be fulfilled. 
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ABSTRACT 
 
Lee, J.K.; Lee, I., and Kim, J.O., 2017. Analysis on tidal channels based on UAV photogrammetry: Focused on the 
west coast, South Korea case analysis. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 199-203. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
In the coastal waters of the Republic of Korea, the incidence of marine vessel accidents has been increasing in recent 
years, due to increased maritime traffic and complex terrain conditions. With the proliferation of marine leisure 
activities and the maritime conditions such as tides, rocks, typhoons, tsunamis, there are various types of marine 
accidents that have not been experienced before. Therefore, it is imperative to establish an information based system 
(like digital map or 3D distribution map) that can be utilized in marine safety fields such as accident and disaster 
prevention. In this investigation, it will be discussed the safety mapping for tidal channel connected directly with 
human life. A tidal channel is a waterway where occurs by the process of ebb tide and flood tide in the tidal flats. 
Since the shape (included exact depth) of tidal channel cannot be identified when a tide comes in, it must be 
considered as the main causes of the summer drowning fatalities. A map for tidal channel has been proposed by a 3D 
distribution map that can be identified the shape and location of tidal channel, and also, this map should be offered to 
marine tourist and maritime safety authority. A cartography based on image collected by manned aerial 
Photogrammetry or satellite has the insoluble limitations in terms of economy, time constraint and periodic for 
measurement. Due to temporary erratic overflow through the tidal amplitude, the information for tidal channel cannot 
be monitored in real time. Therefore, in the present investigation, a UAV (Unmanned Aerial Vehicle) recently been 
actively used in the field of spatial information is considered in analyzing the status of tidal channel. First of all, the 
DEM (Digital Elevation Model) of tidal flats generates through UAV based auto-image, the distribution map for tidal 
channel expresses different colors by the height of topographic. A tidal channel encoding specific color (normally red) 
can be provided dangerous signal to the user. It can be identified the sea leveling at the certain time that can be 
measured whole shape of tidal channels, and also, provided a more realistic and readable information on tidal flats. 
The information provided through the tidal channel map was verified by comparison with the VRS GPS positioning 
solution. Since information such as the exact distribution location and shape should be considered as the first priority, 
the coordinates of the tidal channel was compared with the previously proven method, VRS GPS. As a result, it is 
determined that the location of attribute information and the 3D shape analysis value analyzed by UAV image can 
fully provide information within the convergence range. In this investigation, UAV image can be estimated on the 
location and shape of tidal channel by observing exactly at the time zone for flood tide. It can be fully expected that 
the UAV is contributed to preventing the marine accident in advance by maximizing the latent properties with 
regards to periodicity, accuracy, operation convenience and economy.  
 
ADDITIONAL INDEX WORDS: Tidal channel map, UAV, remote sensing, 3D modeling. 
 

 
          INTRODUCTION 

Since the users of spatial information today demand high 
level requirements such as high accuracy position and real time 
information and convenience of data acquisition, manufacturing  
companies in related industries have developed various types of 
devices and systems (Eisenbeiß, 2009; Stødle et al., 2014). In 
terms of the contemporary needs of the users and propagation, 
UAV has been highlighted unprecedentedly. As UAV is able to 
measure high resolution image in real time, the availability of 

UAV has rapidly been spread to various fields of society such as 
construction, agriculture, and distribution industry (Klemas, 
2015). UAV photogrammetry has the specific advantages 
regarding fast analysis and periodic monitoring even though it 
has smaller measurable range than a remote sensing based on 
satellite image. (Casella et al., 2014; Luhmann et al., 2006). 
Moreover, the UAV has become miniaturized, lightening of 
weight with high performance, and the price down through the 
electronic technology progress (Colomina and Molina, 2014). 
Based on this background, the UAV can be introduced for 
maritime safety management (Chaumillon et al., 2014; 
Gonçalves and Henriques, 2015). 

The previous coastline surveying, investigation on reefs and 
uncovered rocks have been conducted by direct surveying using 
GPS or echo sounder to the coast or on the rocks at full tide. 
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This inferior surveying condition makes workers extremely 
dangerous. In Korea, as an example, 23 people died by falling 
into mudflat, and 112 people were isolated in the mudflat. 
Therefore, the main purpose of this investigation is to introduce 
the application plan of UAV in the aspect of maritime safety 
management. To be specific, it generates 3D mapping of tidal 
channel located in the western coastal area in Korea, and 
provide a safety map of tidal channel. By doing so, the presented 
study is expressed usability of UAV maximizing the benefits. 
 

          METHODS 
In this investigation, the eBee was hired as the main 

surveying device that manufactured by Sensefly in Switzerland 
having auto pilot ability, and ground coordinating/monitoring 
system as seen in Figure 1. The specification of eBee is 
introduced in Table 1. A 16 M pixel digital camera, named 
PowerShot ELPH 110HS is used as a sensor for image data 
acquisition. The number of trigger shootings and camera station 
are automatically calculated depending on Ground Sampling 
Distance (GSD) which is determined by the specification of the 
camera lens and the flight height. By default, the setting of the 
takeoff and landing of the UAV is automatically operated. In the 
case of manual setting, however, the aircraft can be controlled 
by controller and portable laptop using a software connected 
with the GCS (Ground Control System). The GCS displays 
reception of GPS and battery power level during the flight. If the 
UAV is under the out of control, it would stay the points where 
the signal disconnected or return to the takeoff point. 

 

 

 
Figure 1. Ultra-light UAV. 

 
 

Table 1. UAV specification. 
 

Item Specifications 

Weight 0.7 kg 
Camera 16 MPx 
Electric propeller (associated speed) 16m/s 

Autopilot 
SenseFly 
autopilot 

Battery or flight time 45min 
Data link frequency and range 2.4 GHz (3km) 
Radio control receiver (optional manual option) Yes (2.4 GHz) 
Wings Detachable 
Linear landing Yes 
Wind resistance 12 m/s 
Processing software Post flight 
Image resolution  3~30 cm/pixel 
Size of transport Hand luggage 
 

Figure 2 below introduces the field test-site where is Tae-An 
gun located in the west-middle part of Korea. It has wide mud 
flat and is one of the most popular places with regard to marine 
sports such as mud festival, at the same time, most victims 
generating area.  

 

 

 
Figure 2. Field test site: Tae-An gun, Korea. 

 
 
Data Processing of UAV Images 

Figure 3 represents the procedure for UAV photogrammetry 
to practical use. The UAV image eventually is used to establish 
a Digital Surface Model (DSM), orthoimage, digital map. To 
begin with, the operation options such as the measurement area, 
GSD, flight height, overlap raito, shutter speed, mission flight 
plan are set-up in the preparatory stage. During the flight, a 
landing procedure establishment considering wind velocity, real-
time monitoring statue, and data backup is conducted. Moreover, 
a post processing procedure in terms of aerial photogrammetry 
including image distortion correction is accompanied. The focal 
distance and principal coordinates are also calibrated during the 
distortion correction step. As the camera attached in UAV is not 
for the aerial photogrammetry (means not for surveying oriented 
camera), it is essential to secure accurate data on interior 
orientation parameters of camera for procuring accuracy of 
subsequent image processing. After being the camera calibration 
AT (Aerial Triangulation) would be conducted by using images, 
camera calibration data, GPS/IMU data, and Ground Control 
Points (GCPs). By conducting the AT, exterior orientation 
parameters of the camera can be extracted, and the exterior 
orientation parameters is used for input value of DSM, image 
matching, and orthoimage. The image matching is mainly used 
for making DSM. The DSM is created by using SIFT (Scale 
Invariant Feature Transform) image matching, original digital 
map, and point cloud data. After the processes mentioned above 
are finished, it is possible to produce ortho-image by using the 
camera calibration data, UAV images, AT accuracy, and DSM 
determined previous steps.  

The image matching technology is essential to realize 3D 
formation through a series of single-photos and video data, and 
in general, used both correlation method and featuring method 
(Jutzi, Weinmann, and Meidow, 2014; Yasutaka and Jean, 2010). 
The correlation method has a disadvantage with regard to 
extreme computation process due to the high overlapping ratio. 
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In contrast, since the featuring method adjusts images with 
edges or corners in the images, the processing should be faster 
than the previous.   

In this study, a commercial software, named Agisoft’s 
Photoscan, which conduct image matching with featuring 
method is hired, and also the SIFT algorithm extracts some key 
points from overlapped area, and then create descriptors of the 
extracted key points, finally adjust the images by using the 
descriptors (Lowe, 2004). The Structure from Motion (SfM) 
algorithm is a method to create 3D structure by calculating pose 
on camera from 2D images (Clapuyt, Vanacker, and Van Oost, 
2016; Mancini et al., 2013). 

 
 

 

 
 

Figure 3. Procedure for image processing. 

 
 

RESULTS 
Based on single images from UAV, orthoimage was generated 

as seen in Figure 4 to implement an ocean safety map through an 
analysis of the shape and location of tidal channel. As 
mentioned above, the process of image matching and DSM 
creating was conducted by a commercial software called 
Photoscan. 

The yellow highlighted area in Figure 4 represents the area 
where tidal channels are distributed intensively. In this study, 
therefore, it was selected the yellow highlighted area as a field 
test site to confirm the distribution map for the tidal channels. 
According to ASPRS positioning accuracy standards, it should 
be necessary for achieving 2 cm level GSD, which guarantee a 
positioning accuracy less than 5 cm. For this reason, the flight 
height should be 80m or lower considering the camera on the 
UAV. 

Figure 5 shows the distribution of tidal channels acquired 
from UAV image, and the indicated areas show the previous 
actual accident occurrence. So, in this study, 5 tidal channels 
having over 1 m of depth have been analyzed shapes and 
positions. 

For conducting the comparison verification in terms of 
accuracy of the marine safety map by comparing, UAV 

coordinates extracted from image attribute data were directly 
compared with VRS_GPS positioning data.  

 

 
Figure 4. Ortho-image on test-bed. 

 
 

 

 
Figure 5. Sample of ocean safety mapping. 

 
 

 
 

 
Figure 6. Tidal channel analysis. 

 
 

 

 
 
Figure 7. Tidal channel analysis by elevation in the DEM. 
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The proceeds UAV image is able to identify the exact depth 
and location of tidal channel. Figure 6 explains the depth of one 
of tidal channel having over 1 meter waterway fully considering 
as a dangerous tidal channel.  

Figure 7 shows the steps of rising water levels in the tidal 
channel on time series (0 m, 1 m, and 1.5 m). Moreover, turning 
the tide by elevations can be checked by UAV image, it can be 
fully applied to make the navigation such as an evacuation route. 
In this process, Global Mapper manufactured by Blue Marble 
Geographic was used; it was able to estimate the depth of the 
tidal channel. 

The configuration, volume, and location of tidal channels 
were verified by comparison with GNSS positioning solutions. 
Generally, since the accuracy of GNSS positioning solutions is 
higher than the coordinates extracted from UAV image, it 
supposed that the GNSS position solution is considered by MPV 
(Most Probable Value). In the Figure 8 below, it represents 
analysis results of the variance of volume and length. It applied 
to a Network RTK called VRS for GNSS positioning. The 
GNSS receiver was Trimble’s R8. 

 

 

 
 
Figure 8. Length and volume analysis of tidal channel. 

 
 
UAV images set-up at the mean sea level are analysed the 

hazard tidal channels. Figure 9 is the distribution map measured 
at the mean sea level. Consequently, some tidal channels can be 
identified the location and distributed shape and the case having 
over 1 meter depth should be considered as the hazard ones.  

 

 

  
 

Figure 9. Hazard tidal channel analysis. 

 
 
Both figures in Figure 10 introduce the analysis value 

regarding the changed height and differences between UAV and 
GNSS. 

 

Changed Height of Tidal Channel 
Table 2 shows a depth analysis of tidal channels that 

considered as the dangerous tidal channels. The differences 
between UAV coordinates and GNSS positioning solutions 
varied from 3 cm ~ 40 cm. The reason why the differences were 
uneven is that it was extremely difficult to set up the GNSS on 
the bottom of the tidal channels covered marshy muds. In 
comparison, the UAV image is able to fully analyze the depth of 
the tidal channels. However, the more precise depth analysis can 
be conducted. Normally, the period of ebb tide is only allowed 
two hours in a day, so it is inevitable for UAV operation and 
selection of UAV type for measuring the whole the mud flat.  

 

 
(a)

(b)

 
Figure 10. Comparison of changed length (a) height and (b) differences 
between UAV and GNSS. 

 
 

Table 2. Statistics for changed length analysis. 
 

 UAV GNSS UAV GNSS UAV GNSS

 Max Min RMSE 
Tidal channel 1 -1.84 -1.99 -2.1 -2.5 0.04 0.12 
Tidal channel 2 -1.98 -2.01 -2.2 -2.24 0.08 0.07 
Tidal channel 3 -1.3 -1.39 -1.6 -1.81 0.1 0.07 
Tidal channel 4 -0.7 -0.82 -1.4 -1.52 0.09 0.04 
Tidal channel 5 -1.54 -1.67 -2.23 -2.33 0.11 0.07 
 

Table 3. Volume analysis of tidal channel. 
 

 
UAV 
(m3) 

GNSS 
(m3) 

Similarity 
(%) 

Differences
(m3) 

Tidal channel 1 60 74.3 81 14.3 
Tidal channel 2 46.8 59.4 79 12.6 
Tidal channel 3 91.2 102 89 10.8 
Tidal channel 4 83.6 101.4 82 17.8 
Tidal channel 5 33.4125 45.3125 74 11.9 
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It also conducted a comparative analysis of the volume of the 5 
tidal channels in Figure 11. In case of GNSS, the volume was 
calculated by connecting the check points. On the other hand, in 
case of UAV, the volume was measured from DEM, and it has 
been calculated by Global Mapper. Table 3 shows the volume of 
the 5 tidal channels calculated by UAV Photogrammetry and 
GNSS. The similarity of the results was from 74 % to 89 %. 
Although the volume measurement using GNSS is not precise 
because it cannot represent a detailed shape of the tidal channels, 
UAV is able to describe the detailed feature of the tidal channels. 

 

 
(a) 

(b) 

 

Figure 11. Comparison analysis (a) tidal channel volume and (b) 
differences between UAV and GNSS. 

 
 

          DISCUSSION 
The previous distribution of the tidal channel was drawn by 

fusing the topographic relief measured by GPS and orthoimage 
of Coastal land. This previous method using direct survey and 
satellite image is economically infeasible. In case of UAV 
photogrammetry, however, it is possible to collect the image 
data anytime. This study conducted an analysis of the position 
and shape of the tidal channels with semi real time when the tide 
was on the flow. 

This study obtains progressive results about an availability, 
method and verification of UAV in the maritime safety 
management field. Furthermore, this study may be used for 
future studies about availability of UAV in coastal safety 
management. 
 

          CONCLUSIONS 
In this study, it presents a case study maximizing availability 

of UAV, such as periodicity, high accuracy, convenience, and 
economical. Consequently, it can be fully expected that the 
improved UAV can help to prevent marine accidents by 
achieving a various geological information system to identify 

risk factors under the sea. In addition, it predicts the UAV is 
applied to various survey fields as well as a coastal area. 
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ABSTRACT 
 
Ahn, Y.; Shin, B., and Kim, K.-H., 2017. Shoreline change monitoring using high resolution digital photogrammetric 
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Shoreline change has been measured with conventional surveying techniques such as Total station, GNSS, EDM etc. 
These measurements provide short/long term variation of nearshore evolution which enables us to estimate erosional 
and accretion sediment volume of the beach. This observation of ocean morphology currently has been utilized through 
the advance of optical imaging system and related digital image analysis. When deployed with proper viewing 
geometry, ground based digital imaging system can provide higher spatial/temporal resolution of shoreline change than 
satellite remote sensing data. In this study, we focus on generating time series of shore line change in Songjung beach 
in Busan, Korea where two DSLR imaging station have been successfully installed nearly at the end of each beach 
span. Via single photo photogrammetric techniques such as lens calibration, interior/exterior orientation, feature 
tracking, projection toward water surface, we aim to (1) calibrate out time lapse camera system, (2) verify with 
conventionally observed shorelines and finally (3) quantify the trend of ocean morphology in target sites. 
Understanding that shoreline monitoring system compliments existing conventional survey, its pros and cons should 
be treated as integrated method with conventional method. 
 
ADDITIONAL INDEX WORDS: Shoreline change, photogrammetric, time lapse camera system, image process, 
collinearity equation. 
 

 
           INTRODUCTION 

The most noticeable thing from morphological changes of the 
beach is the position of shoreline, in other words, a change width 
in the beach. A topography change can be estimated from a 
change in the shoreline, so the investigation of the shoreline is 
important for investigating most sediment transport and the 
investigation of the shoreline is carried out by various methods. 
The direct shoreline observation is known to be the most reliable 
method to identify the characteristics of the shoreline. However, 
such method requires a lot of time and money in case of a wide 
area, and this method is very useful for the observation of the 
target object but it also has various problems for understanding 
the relative relationship with surrounding elements. Due to recent 
development of video hardware and image processing technology, 
the observation of shoreline change, shape of offshore bar, wave 
run-up and swash movements using a video camera became 
available. Especially, quantitative information can be obtained 
through the image digitization, rectification and processing 
processes. In this study, the long-term shoreline changes were 
analyzed using the shoreline measurement technique with the 
time lapse camera system enabling high-resolution image 
photographing at a fixed time interval and the causes for shoreline  

 
 
 
 

changes were analyzed by comparing such changes with incident 
waves during the investigation time. 

 
      Study Area 

Songjung Beach which is the study area features a shallow 
depth, a gentle slope and small wave height so that it is suitable 
as a family summer resort. 

 

 
Figure 1. Study area (Busan, Republic of Korea). 
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The length of sandy beach is 1.2 km currently and the beach 
width was 57 m on average until early 2000s, maintaining a 
relatively wide beach, but the result of DEM (Digital Elevation 
Model) change analysis shows that the general elevation of beach 
has been reduced the slope of berm has increased after 
construction of coastal road along the beach, indicating that the 
erosion environment was dominant (Jang, Kim, and Baek, 2012). 
In order to review the shoreline change history of the study area, 
the aerial photographs for each year were collected and the 
shoreline was analyzed using the affine transformation method 
appropriate for the analysis of orthophoto and specific range. The 
photographs that had an available resolution for the analysis of 

shoreline taken on May 1967, November 1975, January 1982, 
May 1993, February 2008, September 2013, and May 2014, 
among the aerial photographs were used. The analysis result of 
the aerial photographs showed that the beach width was 
maintained due to the impact of groin on the north side of the 
beach but a rapid beach width decrease occurred after 1982 when 
the groin was removed. However, the beach width continued to 
increase until 2013, and then it started to decrease again since 
2014. Therefore, it is necessary to identify the causes for such 
phenomenon along with continuous investigation on shoreline 
changes in future. 

 

 
Figure 2. Aerial photography and analysis of shoreline change. 

               SHORELINE CHANGE ANALYSIS 
Time Lapse Camera System 

Key technology of video monitoring technologies is to enable 
distance control of the device for facilitating the automated 
observation for a long period of time at a low cost. Due to the 
recent development of information and communication 
technologies, it is possible to control a device located anywhere 
in the world remotely through Internet and the time lapse use of 
data collected through devices becomes possible. In this study, 
the time lapse camera system used consists of the CCTV cameras 

and high-resolution DSLR (Digital Single-Lens Reflex) camera 
photographing units installed at high-rise buildings near the study 
area enabling the monitoring of the whole area, software which 
enables the photographing at a fixed time interval and the system 
which sends captured photographs internally as shown in Figure 
3. The photographs captured are large photographs at the field, so 
the automatic transmission of such photographs to a computer in 
the lab at night time when the network connection is smooth 
should be set.

 

 
Figure 3. Video monitoring system. 
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The photographs are not captured at the site directly at a high 
altitude just as satellite images or aerial photographs but at a slope, 
so a series of image processing steps such as geometric correction 
are necessary as shown in the flow chart of Figure 4. 

 
 

 
 
Figure 4. The Research Flowchart.

 
 

Image Process 
Since the field investigation of shoreline using video enables a 

broad range of data collections, it makes it possible the real-time 
monitoring of the entire flow pattern in a cost-effective way. 

However, there exists a discrepancy in scales between the 
collected images and actual areas, which make it difficult to 
estimate the location and distance of shoreline. In order to fix the 
inconsistency, geometric calibration of the collected images was 
conducted before image processing. The projection 
transformation-based correction was used for the determination 
of focal length, lens calibration and the geometric correction of 
the images. 

 
Stereo Image Calibration 

The image processing scheme in this paper is based on the 
geometry under the principle of photogrammetry. That is, the 
coordinates of each image are fixed as a single same coordinate. 
The image is formulated as a function of locations, focal lengths, 

camera tilt, camera swing, camera azimuth, and camera elevation 
on the real ground, shown as equation (1). 

 
, , , , , ∅, ,   (1) 

   
Here, (x, y) is the coordinate of images, X,Y,Zc is the real 

three-dimensional coordinate that corresponds to(x, y) of image 
in the real ground, fc is focal length of camera,  is tilt of camera 
(in the upward direction from the horizontal axis), ∅ is the camera 
angle, s is the elevation of camera from the origin, respectively.  

To measure high quality data using the limited number of 
cameras (e.g., two cameras in this paper), it is desirable to 
maximize the overlapped areas. Therefore, 12 overlapping points 
in the subject area were selected to film the dye movement.  From 
the collected images, the parameters on the camera disposition, 
the angle of depression and the angle of view are determined. The 
estimate of the real coordinates is determined using the calculated 
camera parameters and the overlapping coordinate of the two 
images. The perspective transformation model based on Pin-hole 
Camera was employed to measure real spatial coordinates (Sato 
and Inokuchi, 1985). Figure 5 shows the coordinate system used 
for the transformation. To transform the 2D image coordinate of 
(Xp, Yp) into the 3D real coordinate of (xp, yp, zp), the 
correlation equation between equations (2) and (3) is used. 

 

 

 
Figure 5. Coordinate system for the transformation (Sato and Inokuchi, 
1985).
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where [xp, yp, zp] is the 3D coordinate in real space, [x0, y0, 

z0] is the central position of lens in real space, a11 ~ a33 is the 
rotational angle of x0, y0, z0, which is estimated from [ω, φ, κ] 
and c represents the focal length of camera lens, respectively. 
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Absolute Coordinate Analysis 
When the images are taken on inclined target surfaces, it is 

important to determine the correlation between the image and the 
real coordinates. In other words, using the difference of real 
distances between the image and real coordinates, the distance 
can be estimated and the quantitative analysis can also be 
conducted. It is noted that the coordinates of the image and real 
targets need to be geometrically calibrated. In general, the cross 
correlation method and cross correlated spectrum method using 
luminance value are commonly adopted approaches for analyzing 
coordinates: in this study, the cross correlation method is used to 
calculate identical spots of two photos. The two-dimensional 
signals f (X, Y) and g (X + ΔX, Y + ΔY) are calculated from the 
distribution of brightness-values of the two photos. The cross 
correlation function Cfg (ΔX, ΔY) can be calculated from a 
standard closed form expression. When the analysis target area is 
N by N pixels, its cross correlation function is given by equation 
(4). 

 
Real Coordinate by Bundle Adjustment Method 

In Bundle Adjustment Method, image coordinate system, 
model coordinate system and barycentric coordinate system are 
used in addition to the previously mentioned coordinate systems. 
The coordinate systems of both cameras are transformed into an 
image coordinate system (called inner orientation), and then is 
transformed into a model coordinate system (called relative 
orientation). Then, the estimated value of the model coordinate is 
transformed into a world coordinate (called absolute orientation). 
This study has focused on the collection of the transformed 
numerical images.  Since there are differences of the RGB codes 
in between seawater and dye, the image of dye was extracted and 
digitized as a pictorial result. 

 
RESULTS 

Analysis of Wave Data in Study Area 
There was no construction of the surrounding structure in 

Songjung Beach in Busan which was reviewed in this study 
during the period of this study, and beach deformation due to high 
waves during the winter season, so it was intended to review the 
correlation between the beach deformation and the waves. As 
shown in Figure 6, a significant wave height over 3.0 m was 
observed during October 2014, when the typhoon Vongfong 
approached but no monitoring equipment was installed during 
this period so that the shoreline was not observed. The results of 
the shoreline change was compared with the case on November 
2014 and December 2014. A significant wave height was 
approximately 2.0 m and the significant interval was 10 sec on 
November 2014, and a significant wave height was 
approximately 2.0 m and the significant interval was over 
approximately 11 sec on December 2014, so it is predicted that 
the shoreline change occurred when high waves approached on 
December. 

 
Image Process using Time Lapse Camera System 

For quantitative evaluation of the shoreline, the GCP image 
position of the video camera, actual position and length were 
confirmed relatively and the actual distance of each investigation 

section per unit pixel was calculated. Figure 7 shows the analysis 
result of beach width and area according to the position of the 
shoreline from October 2014, when the observation began to 
February 2015. According to the overall aspect, the shoreline 
advanced and retreated repeatedly but no constant aspect of 
change was shown. Since there has been no impact such as the 
construction of structure near the shoreline after the observation 
began, it is predicted that the change of beach width was caused 
by approaching high waves. In addition, the beach area increases 
and decreases repeatedly as shown in the figure showing the 
change of beach area. Therefore, the analysis result of image data 
captured continuously for 1 year shows that the shoreline 
advanced and retreated repeatedly but no significant change was 
found lastly. It shows that when large and long cycle waves 
approach, the shoreline changes drastically. 

 

 

Figure 6. Wave data analysis in study area.

 

CONCLUSION 
In case of indirect measurement just as the investigation 

method used in this study, the process to improve accuracy 
through the quantitative evaluation with the direct measurement 
result is important. Therefore, it was intended to improve the level 
of result using the fixed positions on the topographic map and 
GCP measurement results in this study, and the technique to 
improve the resolution of coordinates and the level of analysis 
result using the stereo image technique was introduced for high-
resolution photographs. It is necessary to accumulate more 
observation and image data to reduce the error mentioned in the 
result in future for more accurate observation. 
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Figure 7. Correlations between wave characteristics and shoreline changes. 

 
  ACKNOWLEDGMENTS 

This research was partly supported by a grant (14CRTI-
B063773-03) from Infrastructure and Transportation Technology 
Promotion Research Program funded by MOLIT (Ministry of 
Land, Infrastructure and Transport) of Korean government and 
research fund of Catholic Kwandong University (CKURF-
201604590001). 

 
 LITERATURE CITED 

Cheryl, H. and Bruce R., 2000. Monitoring beach morphology 
change using small-format aerial photography and digital 
softcopy photogrammetry. Environmental Geoscience, 7(1), 
32-37. 

Elizabeth H.B. and Ian L.T., 2005. Shoreline definition and 
detection: A review. Journal of Coastal Research, 21(4), 
688-703. 

Elraey, M.; Sharaf El-din, S.H.; Khafagy, A.A., and Abo Zed, A. 
I., 1999. Remote sensing of beach erosion accretion patterns 
along Damietta-Port Said shoreline, Egypt. International 
Journal of Remote Sensing, 20(6), 1087-1106. 

Jang, D.H.; Kim, J.S., and Baek, S.G., 2012. Analysis of shoreline 
change using multi-temporal remote sensed data on  
 

Songjeong Beach, Busan. Journal of the Korean 
Geomorphological Association, 19(4), 59-71. 

Jung, S.J.; Kim, K.H., and Pyun, C.K., 2004. Investigation of 
long-term shoreline changes using aerial images. Journal of 
Korean Society of Coastal and Ocean Engineers, 16(1), 10-
17. 

Kroon, A.; Davidson, M.A.; Aarninkhof, S.G.J.; Archetti, R.; 
Armaroli, C.; Gonzalez, M.; Medri, S.; Osorio, A.; Aagaard, 
T.; Holman, R.A., and Spanhoff, R., 2007. Application of 
remote sensing video systems to coastline management 
problems. Coastal Engineering, 54, 493-505. 

Pianca, C.; Holman, R., and Siegle, E., 2015. Shoreline variability 
from days to decades: Results of long-term video imaging. 
Journal of Geophysical Research: Oceans, 120(3), 2159-
2178. 

Sato, K. and Inokuchi, S., 1985. Three-dimensional surface 
measurement by space encoding range imaging. Journal of 
Robotic Systems, 2(1), 27-39.  

Shin, B.S. and Kim, K.H., 2015. Estimation of shoreline position 
and change using high resolution images. Procedia 
Engineering, 116(1), 994-1001. 



 

 
 

Journal of Coastal Research SI 79 209-213 Coconut Creek, Florida 2017

 
____________________ 
DOI:  10.2112/SI79-043.1  received 30 September 2016; accepted in 
revision 31 October 2016. 
*Corresponding author: ksjun@skku.edu 
©Coastal Education and Research Foundation, Inc. 2017 

MCDM Approach for Identifying Urban Flood Vulnerability under 
Social Environment and Climate Change 
 
Gyumin Lee†, Jinwon Choi‡, and Kyung Soo Jun‡* 

 
 
 
 
 

ABSTRACT 
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International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 209-213. Coconut 
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This study examines a method for conducting flood vulnerability assessments based on urban environmental and 
social characteristics. In other words, the purpose of this study is to analyze the characterization of flood damage to a 
city and determine assessment factors, thereby establishing a vulnerability assessment procedure. In order to consider 
urban environments in the future, the trend for socio-economic changes and changes in rainfall patterns due to 
climate change are included. The established assessment procedure consists of the following three steps: criteria and 
weights determination using Delphi and Entropy methods, data acquisition and construction of database, and 
vulnerability quantification and priority decision making. Future precipitation is estimated from the RCP scenario, 
and the indexes that indicate social and economic changes in a region, such as population change and urbanization, 
are calculated using a scenario based on the data from Statistics Korea. In this study, the assessment method was 
applied to the Dorimcheon basin in Seoul, Korea, where inland flooding caused substantial damage in 2011. It was 
found that the influence of increased precipitation (due to climate change) on flooding risk was less than that of the 
increase in vulnerability factors caused by social and economic development. The approach used in this study can 
suggest preferred regions or objects for urban flood management by considering characteristics of each region and 
recognizing intrinsic vulnerability factors in advance. 
 
ADDITIONAL INDEX WORDS: Urban flood vulnerability, MCDM, social environment and climate change. 
 

 
           INTRODUCTION 

Urbanization is one of the factors that aggravate damage 
caused by natural disasters, and social changes such as 
urbanization, industrialization, and centralization influence the 
size of damage more than any other factors (Choi, 2004). In 
other words, the type of urban flood damage sustained by a 
particular area is dependent upon spatial characteristics, such as 
surface topography and the amount of resilient areas. It is also 
related to vulnerable underground elements, including 
underground shopping centers, subways, and semi-basement 
flats (Kim, 2013). 

Barroca et al. (2006) divided factors for assessing urban flood 
vulnerability into three categories: disaster response capability, 
history of damage, and damaged regions. These categories are 
further divided into three sub-categories: residence, commercial 
area, and industrial area. They highlighted the fact that it is 
necessary to build an organic combination that considers not 
only economy, employment rate, construction, urban 
development plan, safety control capability, sanitation, society, 
ecology and environment, but also the physical and mental 
health of each person, and the characteristics of an assessed area.  

 
 
 
 
 
 

Chakraborty, Tobin, and Montz (2005) tried to contribute to 
the development of emergency evacuation strategies based on 
regional vulnerability assessments that reflected certain social 
vulnerability indexes. These indexes place special emphasis on 
the careful consideration of the characteristics of local residents. 

The intrinsic flood vulnerability assessment of a local 
community is an approach for preventing or reducing damage by 
determining vulnerability factors. In this regard, the approach is 
unlike the flood risk estimation, which proposes a quantitative 
analysis to predict damaged areas and the size of damage. Such 
an intrinsic assessment should consider variability and 
complexity of the damage that a local community could sustain. 
Therefore, it is necessary to examine vulnerability factors more 
carefully in order to respond effectively to urban flooding. In the 
most recent cases of urban flooding in Korea, the flooding of 
underground urban structures were responsible for property 
damage and several casualties. Therefore, a different 
combination of factors should be used when assessing flood 
vulnerability.  

In addition, to maintain a certain level of safety from flooding, 
it is necessary to consider both environmental change caused by 
climate change and social change including changing 
demographics in order to assess future flood vulnerability 
beyond the assessment for the city. For these reasons, this study 
tried to assess urban flood vulnerability by considering the 
future environment change of a city using MCDM (Multi-
Criteria Decision Making) methods. 
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METHODOLOGY  
Study Procedure 

This study included following considerations:    
(1) Since floods have a more immediate and vital influence on 

various elements of a community, it is necessary to consider the 
characteristics of the target area.   

(2) Future floods are influenced by global climate change, and 
the vulnerability factors are influenced by socio-economic 
change in the community.  

(3) As Seoul and other major Korean cities continue to expand, 
it is necessary for urban flood assessments to consider 
sustainable development. 

For these reasons, the basic premise guiding this methodology 
is to introduce a way of assessing urban flood vulnerability in 
the future. 

 

 

 

Figure 1. Procedure for urban flood vulnerability assessment.

 
 
The assessment procedure comprises three steps: 
Step 1 involves determining criteria and weights. Meyer, 

Scheuer, and Haase (2009) presented that the set of criteria 
should be minimized in order to reduce the complexity of the 
evaluation process. We tried to identify the most important 
criteria of flood vulnerability using Delphi and Shannon entropy 
methods, which are described as follows (Figure 2): (1) Choose 
the candidate criteria via brainstorming; (2) Choose the criteria 
in order of importance using rounds of the Delphi process; (3) 
Identify the primary criteria using Shannon entropy analysis. 
Weights of the adopted criteria are determined by the Delphi 
round.  

Step 2 is the construction of the database. This step has three 
stages. The first stage was to acquire criteria data. Each dataset 
was collected from government agencies such as the Statistic 
Korea, and the Ministry of Public Safety and Security. Then, the 
criteria are needed to set normalization for comparison with 
each other because their observation scales are different. Next, 
the spatial database was built using GIS tools based on grid.  

Step 3 involved estimation of the assessment results. The 
vulnerabilities were quantified and ranked using the TOPSIS 
method.  
 

 

 
Figure 2. Procedure of identifying criteria.

 
 
Delphi Survey Method 

The Delphi method is a structured process for collecting and 
distilling knowledge from a group of experts using a series of 
questionnaires with controlled opinion feedback. This technique 
uses a series of iterative questionnaires. We have simplified the 
Delphi process such that experts are provided detailed and 
concrete information for candidate criterion by the organizing 
group. The results of the previous questionnaires are returned to 
the respondents, who are then able to modify their responses. By 
the second or third round of this process, it is expected that the 
experts will be able to arrive at a consensus on the estimation 
problem (Figure 3).  

 

 

 

Figure 3. Procedure of Delphi method. 

 
 
Entropy Analysis 

Entropy has been widely used in many different scientific 
fields. In social science, physical science, and information 
theory, it represents the amount of the present insignificance of 
the expected informational content of a message (Lotfi and 
Fallahnejad, 2010). The Shannon entropy method  is one of the 
most famous approach for determining the objective attribute 
weights, which express the relative intensities of attribute 
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importance to signify the average intrinsic information 
transmitted to the decision maker (Gang, Agarwal, and Choubey, 
2015). We used the Shannon entropy concept to identify 
important criteria.  

The procedure for the Shannon entropy algorithm is defined 
as follows:  

(1) Determine the normalized matrix ( ) of the obtained 
redundancy ( ) using Equation 1. 

∑
, 1,⋯ , , 1,⋯ ,                            (1) 

where  are built by alternatives 	 1,⋯ ,  which are 
evaluated against criteria 	 1,⋯ , . 
 

(2) Estimate the insignificant coefficient ( ) of each category 
using Equation 2. 

∑ ln , 1,⋯ ,                             (2) 

 
(3) Estimate divergence( ) using Equation 3.  

1                                                                           (3) 
 
(4) Estimate the significant coefficient ( ) of each category 

using informational load of categories using Equation 4. 

∑
, 1,⋯ ,                                                    (4) 

 
TOPSIS Technique 

The Technique for Order of Preference by Similarity to Ideal 
Solution (TOPSIS) is a technique that allows humans to induce 
rational choice by considering the best and worst alternatives 
simultaneously, i.e. this is a concept for choosing an alternative 
that is closest to the positive ideal solution (PIS) and/or choosing 
an alternative that is farthest from the negative ideal solution 
(NIS), preferentially (Chu, 2002; Jun et al., 2011). Therefore, it 
is a method that provides assessment priority using a range scale. 
Furthermore, the assessment results of all the alternatives are 
easily calculated and presented in the form of multiple criteria 
(Chung and Lee, 2009; Lee, Jun, and Chung, 2013).  

The procedure for TOPSIS is as follows:  
(1) Calculate the weighted normalized decision matrix ( ) 
                                                         (5) 

where  are built by alternatives 	 1,⋯ ,  which are 
evaluated against criteria 	 1,⋯ , . The performance 
matrix is composed of rows of unit area with columns of criteria. 

 
(2) The PIS( ) and NIS( ) of unit area are computed as 

shown below. Equation 6 sorts the weighted normalized values 
for each criterion in descending order. 

, , ⋯ ,
, , ⋯ ,

                                                              (6) 

 
(3) The distance from the positive ideal ( ) and the negative 

ideal ( ) solution for each alternative is calculated as 

∑
/
, 1,⋯ ,                             (7) 

∑
/
, 1,⋯ ,                             (8) 

 

(4) The optimum membership degree (  of each alternative 
calculated as follows: 

, 1,⋯ ,                                                                (9) 

 
 

STUDY AREA 
The Dorimcheon Stream Basin was selected as the object of 

assessment in this research. The Dorimcheon Stream, the first 
branch of the Anyangcheon Stream, rises from the valley of 
Gwanak and the Samsung Mountains and joins the 
Anyangcheon Stream. It is 14.2 km long and contains the 
Daebangcheon Stream (7.4 km in length) and Bongchuncheon 
Stream (5.15 km in length) as branches. The Dorimcheon 
Stream flows through a total of five administrative districts, 
which include the Guro, Geumcheon, Yeongdeungpo, Dongjak, 
and Gwanak districts. More than 90% of Gwanak and 
Yeongdeungpo, approximately 40% of Dongjak and Guro, and 
10% of the total area of Geumcheon, are included in the area of 
the assessment object.  

 

 

 

Figure 4. Study area (Dorimcheon Stream Basin). 

 
 
 

ASSESSMENT RESULT 
Step 1. Criteria and Weights Determination  

Most Delphi studies have used panels of 15 to 35 people 
(Gordon, 1994). However, we have organized small panel group 
because the draft criteria set of urban flood vulnerability were 
based on the flood vulnerability criteria that have been 
determined from previous studies, Lee, Jun, and Chung (2013). 
The five experts have participated to Delphi survey were 
members of the research group that specializes urban floods. 
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By conducting the Delphi survey and performing an entropy 
analysis, seven criteria were adopted. As shown in Table 1, the 
selected assessment criteria was classified by general 
vulnerability factors, such as the urban structure, the type of land 
use and resident, the critical points specific to urban floods, and 
the response capabilities. Annual maximum precipitation was 
involved to be investigated for effect of climate change.   

 
Table 1. Hierarchical structure of the characteristics of the criteria. 
 

Criteria and Sub-Criteria Weight Classification 

C1  
Urban Structure 

C1.1  
Type of  
Building 
Utilization 

0.030 Detached House  
Apartment 
Multi-Household Living and 

Row Houses 
Non-Residential Building 

C1.2 Basements 0.000  

C2  
Type of 
Land Use 

 0.051 Residential Section 
Manufacturing Area 
Commercial Area 
Bare Ground 
Green and Open Space 
Special facility  
Complex area  

C3  
Resident 

C3.1  
Population 
Density 

0.170  

C3.2  
Proportion of 
Weak Groups 

0.052 Age Profile  
Rate of the Handicapped 

C4  
Critical Points 

C4.1  
Critical Traffic 
Spots 

0.430 
 

Over Four-Lane Load 
Under Wwo-Lane Road  
Daily Average Traffic Volume
Peak Hourly Volume  

C4.2 
Underground 
Entries 

0.000 Subway 
Shopping Malls 
Underpasses 

C5  
Response 
Capabilities 

 0.160 Police Force  
119 Rescue Center 
Public Official 

C7  
Elevation 

 0.107  

C6  
Annual 
Maximum 
Precipitation 

 1.00  

 
Step 2. Data Acquisition and Construction of Database 

Each criteria dataset was built from the GIS database from the 
unit areas. Dataset of urban structure (C1) and resident (C3)  
were collected from the Statistic Korea. Then we investigated 
trends of each criteria over time. Figure 5 shows the population 
growth in South Korea. It is the population projection from the 
Statistic Korea. Because of the difficulty of securing data from 
which an analysis of the trends of all damage factors is possible, 
analysis results regarding only the population density and 
proportion of weak groups of the resident category were 
reflected in the evaluation. The quantitative value of type of land 
use (C2) were determined as to consider classification. Critical 
points (C4) and response capabilities (C5) were collected from 

the Seoul Transport Operation and Information Service and the 
Ministry of Public Safety and Security.   

In this study an analysis of the statistical probability of the 
recorded annual maximum precipitation and the annual 
maximum precipitation of an RCP scenario was conducted and 
used as a factor to evaluate flood vulnerability due to climate 
change. The closet weather station of study area is Seoul 
weather station. The calculated annual maximum precipitation 
(C6) for 100-year return period are shown in Table 2.  

 
 

 

Figure 5. Population projection. 

 
 

Table 2. Maximum precipitation for 100-year return period. 
 

 
Observed 

(1981 
~2010)

RCP2.6 
(2011 

~2040) 

RCP4.5 
(2011 

~2040) 

RCP6.0
(2011 

~2040)

RCP8.5
(2011 

~2040)
Maximum 

Precipitation
397.7 331.9 343.0 349.3 354.4 

 
Sub-criteria of basements and underground entries were 

excluded because of limited data availability. Data were 
collected from the subject regions according to the selected 
criteria and were organized spatially. The weights for each 
criterion were derived from the entropy method. In the case of 
annual maximum precipitation, its weight can not be calculated 
by entropy method because of study area was too small. Thus its 
weight is assumed 1.00. 

The collected data was compiled into a database, Figure 6 
shows the density of the population and the rate of land use. 
Since the collected data have different spatial distributions and 
units, 0.2 × 0.2 km grids were set up to assess their vulnerability, 
and then the applicable values were recalculated in each grid 
depending on the index. 
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(a) Daily average traffic volume.        (b) Type of land use. 
Figure 6. Examples of normalized evaluation data grid. 

 
Step 3. Vulnerability Quantification and Priority Decision 
Making 

The assessed urban flood vulnerability is shown in Figure 7.  
We studied two cases: one for 2010 and the other for 2040. 
These two cases applied the socio-economic change scenario 
which considers population density and proportion of weak 
groups. The effects of climate change couldn't distinctly be 
confirmed because the study area is small in size.  

Nevertheless, discernible changes have appeared on 
vulnerability ranks. we found a change between the two cases: 
In some areas, the ranking decreased as much as 20 percent. 
This means that the flood vulnerability of this region is affected 
by socio-economic changes. 

The assessment results provide information on the regions 
that are more vulnerable to urban floods, and can be used as 
useful data to select the priority control region when floods 
occur in the area. 

 

 

 

Figure 7. Urban flood vulnerability assessment results. 

 
 

CONCLUSIONS 
 This study presented an approach that uses criteria derived 

from geodata and census data to analyze the vulnerability of an 
urban area to floods. In particular, the road transportation 
problems, which are affected by inland inundation in urban areas 
and by vulnerable groups, such as inhabitants’ age and disability, 
are considered in the evaluation. It can be used to define and 
control development directions and to identify problematic areas, 

for example areas with a high number of people exposed or 
areas with unfavorable usage. From the results, it was 
determined that socio-economic change has some effects on 
flood vulnerability. 
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ABSTRACT 
 
Hung, N.T.; Vinh, B.T.; Nam, S.Y., and Lee, J.L., 2017. Cause analysis of erosion-induced resort washout on Cua 
Dai Beach, Vietnam. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 214-218. Coconut Creek (Florida), 
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On an eroding beach, high waves can completely wash out beaches, swimming pools, and resorts. Cua Dai shore, 
which is located immediately north of Thu Bon river mouth in central Vietnam, has eroded on the order of hundreds 
of meters in beach width. The present study estimated the erosion rate of sediment volume into the estuary through 
the Thu Bon river mouth by using recent satellite images, and utilized a shoreline change model to reproduce the 
erosion of shoreline near the river mouth. Results are in good agreement with observed data. The numerical model is 
modified by including the equilibrium angles that were obtained from a static shoreline equation of parabolic shape. 
Through the sediment conservation rule, the main cause of shore retreat is found to be sediment loss in the Thu Bon 
river estuary with the reduction in river sediment. The possible causes for this type of sediment loss are mining in the 
estuary and reduction of river flow action against waves in the river mouth with the reduced sediment supply. Proper 
management of Cua Dai beach requires the development of a monitoring system to fully understand beach dynamics 
and to mitigate the further resort washout owing to background erosion. 
 
ADDITIONAL INDEX WORDS: Sediment budget, shoreline rotation, equilibrium shoreline, MEEPASOL. 
 

 
INTRODUCTION 

A sand beach must be a safe area with a sufficient buffer 
zone. However, most beaches suffer from the severe erosion 
owing to human-induced and climate changes in the past decade. 
As climate changes, in particular, beach erosion may increase 
dramatically, reshaping shorelines much faster than ever. 

Without exception, the safety of oceanside resorts in the 
central coastal zone of Vietnam has been threatened by serious 
beach erosion. Erosion along Cua Dai beach is much more 
severe because it is located near the entrance of the Thu Bon 
river mouth on the east side of Hoi An City. Beach erosion has 
become more serious in recent years. Figure 2 shows the serious 
beach erosion in front of beach resorts located in the Cua Dai 
beach area, and thus the swimming pool disappeared. 

Hoi An City, which is located in the central part of Vietnam, 
is a famous landmark for tourists all around the world. This city 
has a long history, and its ancient town is a World Heritage Site. 
Many tourist facilities have been built in Hoi An City and the 
Cua Dai beach area along the river and coast, and they play key 

roles in the economic development. Thus, tourism is affected 
considerably by changes in the physical environment such as 
shore erosion and channel deposition.   

Many research studies have been conducted on the evolution 
of morphology at the Vietnam river mouth (Cong, Shibayama, 
and Cu, 2005; Duc, Nhuan, and Ngoi, 2012; Huong, Quy, and 
Thanh, 2009; Hung and Larson, 2014; Noshi et al., 2015). 

 

 

 
Figure 1. Resort washout owing to beach erosion along Cua Dai beach 
(http://english.vietnamnet.vn/fms/vietnam-in-photos/145846/hoi-an-
coast-threatened-by-erosion--in-pictures.html).
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With regard to the severe erosion in the Cua Dai beach, Viet 
et al. (2015) reported on an analysis of satellite images and also 
proposed the potential erosion mechanism that might result 
from construction of reservoirs upstream, and sand mining 
along the Thu Bon river or at the river mouth area. In addition, 
Hoang et al. (2015) proposed an analytical model to simulate 
the formation of Cua Dai River mouth delta and effects of the 
reduction in sediment supply from river. 

Waves, nearshore currents, and flooding cause sedimentation 
and morphological changes at the estuaries. In the present study, 
however, we present a simple cause analysis based on both 
analytical and numerical approaches of shoreline response. 

 
DESCRIPTION OF A STUDY SITE 

Cua Dai beach is located on the northern side of Thu Bon 
river mouth at the east side of Hoi An City, as shown in Figure 
1. Morphology changes in this area were revealed from aerial 
photographs from 2004 to 2014. An approximately 200m width 
of sand beach has been eroded in the past 10 years (Hoang, Viet, 
and Tanaka, 2015). Within 5 km from the river mouth, the 
beach is being severely eroded. It appears that the adjacent 
beaches are not seriously eroding at this time, but the erosion is 
propagating to the north shore. Man-made structures in this area 
(such as coastal embankment, beach resorts) have also 
influenced the evolution of shoreline. 

The northern coast from river mouth to SonTra peninsula is 
approximately 32 km, and the southern coast from river mouth 
to Tam Hai is approximately 50 km. The CuLaoCham islands 
are located approximately 14 km from the shore, directly front 
of the mouth of the Thu Bon river, and the river originates from 
the west mountainous area of Quang Nam Province. The river is 
152 km long with a watershed area of 4100 km2, an average 
annual discharge of 327 m3/s, and the annual amount of 
suspended sediment transport of 390,000 m3/year. Thu Bon and 
Vu Gia river are interconnected by Quang Hue river and Vinh 
Dien river; so that these rivers are usually called the Vu Gia – 
Thu Bon river system. 

 

 

 

Figure 2. Location of study site: SonTra peninsula–DungQuat harbor. 

 
 

Wave conditions are directly influenced by the monsoon 
conditions that are NE-dominated in winter time and SW-
dominated in the summer. Condition are calm in Apr-Aug, very 
high in Sep-Nov (typhoon), and high in Dec-Feb (NE monsoon). 
The tidal regime along the study coast changes from an 
irregular dual tide in the northern part to an irregular semi-dual 
tide in the southern part. Mean high tide is approximate of about 
0.5-2 m, and the spring tides rarely exceed 2 m.  

 
BACKGROUND EROSION 

As described in the previous section, a reduction in the 
sediment supply from the river is thought to be the primary 
cause of erosion in Cua Dai beach. A lot of reservoirs 
constructed upstream are the main causes of reduction in 
sediment supply, along with other local-scale effects such as 
forestation, land and water use changes owing to urbanization, 
irrigation for agriculture and farming, sand/gravel extraction 
and river re-alignment. Vörösmarty et al. (2003) estimated that 
more than 30% of the global sediment flux is trapped in 
reservoirs, and Milliman (1997) and Syvitski et al. (2005) 
reported that the global sediment flux from the rivers to the sea 
has decreased significantly.  

A long term trend in the shoreline variations across the entire 
study area is the background erosion rate. Background erosion 
is defined as the long-term removal of sediment from the coast, 
causing a landward retreat of the shoreline. Its rate is measured 
by the change in beach width per a designated period. Thus, the 
volume rate of erosion is expressed in volume/ length/ time (e.g., 
in m3/m/year), while the background erosion rate is expressed in 
m/year.  

Ideally, each cell exists as a distinct entity with little or no 
transport of sand between cells. The sand volume in a littoral 
cell V is mainly governed by the balance between the sediment 
source and sink as as follows: 

 

	                            (1) 

 
The sand volume for a littoral cell area A can be estimated by 

 

V                                  (2) 
 

where w is the beach width, h is the vertical height between the 
berm crest to closure depth, and l is the longshore axis. The 
approximate mean shoreline retreat can be estimated by the 
deficit of sediment volume in a littoral cell as 

 

∆W 	 ∆                                     (3) 

 
assuming the active height h and the shoreline length L are 
maintained. Normally, h rages from 4 m to 15 m depending on 
the sand grain size and annual mean wave height. 

There are two types of sediment removal; the loss or supply 
deficit. Therefore, the creation of a sink causes sand loss from 
the beach, and decline of sediment supply to the coast generally 
results in increased rates of erosion. 
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Effect of Sediment Supply Reduction 
The influx rate of suspended sediment source from the river 

Ssource is obtained by multiplying flow rate Q by suspended 
sediment concentration C: 

 
                                    (4) 

 
Dam and reservoir construction, forestation, land and water 

use, and sand extraction decrease the concentration of 
suspended sediment C within a river system and also play a part 
in reducing the sediment-carrying capacity of the river. In 
addition, a decrease in the flow rate Q also lowers the sediment-
carrying capacity of the river, as shown in Equation 4. 

When sediment reaches the coast, it flows along the coast 
with longshore gradient by littoral drift. Therefore, the 
reduction in sediment supply on a coastline causes the shoreline 
straightening along concave-shaped sections of both sides of 
river mouth, starting from a river mouth, as shown in Figure 2a. 
When assuming the minor change in the longshore gradient in 
the CERC formula, the change of the shoreline gradient can be 
simply estimated by using the reduction in the sediment supply 
rate, as follows: 

 
∆α~∆                                    (5) 

 
Breaching Effect of a Barrier Spit 

In order to maintain the well-developed sand barrier spit, 
balance is required between the wave and flow action. As the 
flow action decreases, however, the spit is no longer maintained 
but is breached and lost into the estuary. Consequently, the 
wave action has intruded into the estuary, and the river mouth 
turns into a huge sink hole that sucks up sand from the nearby 
beach to the estuary, as shown in Figure 3b.  

For this reason, the entire Cua Dai beach shore is the more 
significantly exposed to erosion. Figure 4 shows clear 
disappearance of a barrier spit formed in 1990 and the 
consequent destruction of the nearby beach in 2014. It was also 
reported that the retreat of the shoreline is most severe on the 
beach adjacent to the Dai River mouth, whereas it was mild on 
the beaches far away from the river mouth. 

The removal of water for irrigation or deepening of seabed 
for mining in the estuary and dredging along navigation channel 
causes a reduction in river flow action against waves in the river 
mouth. By applying a hypothesis usually applied to shoreline 
change models, the background erosion rate by this process can 
be estimated from the losing rate of sediment volume Ssink by 
combining Equations 1 and 3 as 

 
∆

∆
                                      (6) 

 
 

APPLICATION TO A STUDY SITE 
The pattern of beach erosion along the 1~2 km stretch from 

the river mouth, and the sediment deposition along the river 
mouth channel, are clear evidence for a reversal of longshore 
transport owing to destruction of barrier spit along Cua Dai 
beach. 
 

Static Equilibrium Shoreline 
Geomorphologically, a salient or cuspate beach develops 

behind an island. If there exists a river mouth, it moves towards 
the tip of the salient beach by converging of longshore sediment 
transports. This trend was clearly shown in Figure 4a even if 
there was temporal variation. The barrier spit was well formed 
near the river mouth in static and well-balanced natural coastal 
environments. 

 

 

 
(a) 

 
(b) 

Figure 3. Diagram of sediment processes in Thu Bon river mouth (green; 
original; red: present); (a) reduction in sediment supply and (b) 
breaching of barrier spit owing to reduction of river flow action against 
waves. 

 
 

 

 
(a) 

 
(b) 

 
Figure 4. Disappearance of spit formed along the north coast of Thu 
Bon river mouth in 1990; (a) satellite image taken in 1990, (b) satellite 
image taken in 2014 (Hoang et al., 2015; images courtesy of the USGS). 

 
 
Estimation of Ssink and Background Erosion Rate 

Once the spit is destroyed, the diffracted waves coming from 
both sides meet each other and are offset. Therefore, the mean 
wave direction along the section intersecting the river mouth 
would be the same as offshore incident wave angle. The satellite 
images shown in Figure 5 indicate that the shore south from the 
river mouth has suffered the clear adverse sediment transport 
during the past 10 years. A mean slope of both sides of 
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approximately 45o is measured from the satellite image taken in 
2014. Thus, the sink effect of the estuary is considered to reach 
the maximum of possible longshore drift at this time. This 
implies that the sand loss to the estuary is extreme. The eroding 
rate of sediment volume Ssink can be estimated by using the 
CERC formula given as 

 
. cos . sin                      (7) 

 
where K is a constant, Ho is the annual mean height of offshore 
incident waves, and αo the wave angle. If the units of Ssink and 
Ho are m3/sec and meter respectively, then K is considered to be 
approximately 0.18 for normal wave periods and beach sand.  

Calculations for the erosion rates of sediment volume for 
incident wave heights of 0.25, 0.50, 0.75 and 1.00 m are listed 
in Table 1. The eroded beach width can be estimated from 
Equation 6. Estimated beach widths are listed in Table 2 for the 
most possible wave height of 0.5 m. Those values show good 
agreement with the values roughly observed from the satellite 
image of Figure 5. Therefore, if this sediment loss proceeds 
farther without any measures to reverse the trend, both side 
beaches at the river mouth may continuously suffer from similar 
tremendous background erosion.  

 

 
 

 
Figure 5. Recent variation in shoreline positions of Cua Dai River 
mouth (Hoang et al., 2015). 

 
 
Table 1. Calculation of Ssink for four wave height values. 
 

Duration 
αo	

Degree) 

Ho  

0.25m 0.50m 0.75m 1.0m 

Ssink (X106m3/yr) 
5-16-2003 ~ 
3-16-2007 

45.0 0.0946 0.5014 1.3277 2.6490

3-16-2007 ~ 
8-28-2009 

22.6 0.0725 0.3753 0.9934 1.9805

8-28-2009 ~ 
5-25-2015 

31.3 0.0883 0.4636 1.2236 2.4409

 
Table 2. Calculation of background erosion for Ho=0.50m. 
 

Duration t(Year) L(km) 
W(m) 

Calculated Measured
5-16-2003 ~ 
3-16-2007 

3.84 1.061 165.0 105.5 

3-16-2007 ~ 
8-28-2009 

2.44 0.854 97.5 116.6 

8-28-2009 ~ 
5-25-2015 

5.73 1.118 216.0 163.8 

 

The reverse trend can be verified from the results of shoreline 
change model (Shoaib, Kim, and Lee, 2016). Figure 6a shows 
that the sediment loss into the estuary causes the shoreline to 
retreat back and move to the south. A sediment loss rate for 
Ho=0.5 m was uniformly applied to three grid (grid size = 400 
m) in a simulation. In particular, Figure 6a also shows the 
decline of the shoreline gradient along the northern beach, 
similar to that shown in Figure 5. This indicates that all beach 
resorts could be completely washed out in the near future. 
Figure 6b shows the overall static shoreline simulated by the 
shoreline model. The model can reproduce the shoreline 
features accurately even if there are many natural headlands, 
islands and coastal structures that often generate diffraction 
waves. The model was developed by using a static shoreline 
equation of a parabolic shape. This guarantees that the 
simulated shoreline will eventually follow the features of the 
real shoreline. 
 

 
(a) 

 
(b) 

 
Figure 6. (a) Numerical results of shoreline change plotted at five-year 
intervals, and (b) static shoreline simulated by shoreline model to adapt 
a static shoreline equation of parabolic shape. 

 
 

DISCUSSION 
From the cause analysis described in the previous section, we 

found two significant causes: Mining or dredging, and a 
reduction of river flow action against waves in the river mouth 
with the reduced sediment supply. The best method is to stop 
mining and dredging in order to mitigate further erosion. When 
the mining volume for sand use or dredging volume for 
navigation is greater than about 2XSsink as an annual average, 
this would be the obvious cause of beach erosion at both river 
mouth banks including Cua Dai beach area. 

Regarding to the reduction of river flow action, it would be 
difficult to reduce water use (the effect of navigation are 
excluded here but are included in the first cause above). 
Construction of a jetty is suggested along the river mouth bank. 
This would help protect the sand loss toward the estuary, and 
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would solidify the sand deposition along both shores (except in 
the jetty gap). Beach erosion would proceed farther even if the 
mining or dredging was prohibited. Therefore, construction of a 
jetty of adequate size would be helpful in stopping further 
eroding and in preventing the further washout of beach resorts. 

In the present study, many uncertainties were included. At 
this time, further scientific analysis is required to examine the 
possible causes of the erosion-induced washout of the Cua Dai 
resort, and to find effective treatments against further resort 
washout. We found the erosion was mainly caused by the 
destruction of barrier spit formed at the river mouth. Therefore, 
we need develop a monitoring master plan that covers the entire 
coastal area around the river mouth as soon as possible. This 
plan would include wave measurement, periodic shoreline 
surveys, river flow measurement, and bathymetry surveys for 
the river mouth terrace and estuary.  

 
CONCLUSIONS 

This study estimated the eroding rate of sediment volume into 
an estuary through the Thu Bon river mouth by using recent 
satellite images, and simulated the shoreline changes using a 
shoreline change model. The CERC formula was used to 
estimate the erosion rate, and the numerical model was 
modified to include equilibrium angles that were obtained from 
a static shoreline equation with a parabolic shape.  

Given the sediment conservation rule, the main cause of the 
shore retreat is found to be sediment loss into the Thu Bon river 
estuary. The possible causes for this type of sediment loss are 
mining or dredging in the estuary, and reduction of river flow 
action in the river mouth against waves. It is sure this loss was 
accelerated in combination with deposition in reservoirs 
upstream. In advance of local treatments by stakeholder’s wish, 
construction of a jetty along the river mouth bank is strongly 
suggested to prevent further sand loss toward the estuary. A 
numerical simulation was conducted to determine how the 
shoreline has changed with sediment loss into the estuary 
through the river mouth.  

The evolution of morphology at the river mouth and estuary 
is very important in clarifying the causes of beach erosion at 
Cua Dai beach, where a resort is located. Thus, a periodic field 
survey and development of a persistent monitoring system 
covering river estuary, river mouth terrace, and coastal zone are 
highly recommended.  
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ABSTRACT 
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In this study, three-dimensional numerical simulations were conducted to investigate the effect of the coastal vegetation on 
the wave and current controls. The model was modified to apply three-dimensional Navier-Stokes solver based on porous 
body model for the direct simulation of the wave energy dissipation through the vegetation. The new formula of a vegetation 
drag coefficient based on the wave-vegetation interaction was proposed through the hydraulic model tests and the formula 
was implemented to the model. The modified numerical model was tested and the results were compared with the 
experimental results to verify the numerical model capability. The model results well reproduced the wave energy 
dissipation inside the vegetation zone. Moreover, the numerical modeling was also conducted for the hydrodynamics on 
permeable submerged breakwater and the model results were compared with the results of vegetation. Inside the vegetation 
zone, the wave energy slowly decreased and the water level behind the vegetation was not increased seriously.  Since the 
vegetation reduces the wave energy gradually, the width of the vegetation zone is an important factor for the effective 
control of the wave energy.  Because the water level behind the vegetation zone did not increase too much, the return flow 
was small compared with that in the gap between the submerged breakwater cases. Therefore, if we deploy coastal 
vegetation effectively, this may be a better measure than coastal structures in terms of effectiveness and economy. 
 
ADDITIONAL INDEX WORDS: Coastal vegetation, wave and current control, permeable submerged breakwater, 
return flow, 3-D numerical simulation.  
 

 
INTRODUCTION 

Current strategies of coastal disaster prevention mostly consist 
of gravity type coastal structure to block the wave force. This 
type of structures can show positive aspects but provide 
unexpected side effects such as beach erosion and scouring.  

As of the year 2000, coastal vegetation has been considered as 
an alternative of coastal disaster prevention. Some developed 
countries already tried to plant the vegetation in the coast to 
control the wave energy and sediment transport. So many 
researchers are studying on the coastal vegetation in terms of the 
wave energy dissipation. 

In order to apply numerical models to simulate coastal 
vegetation, the model should be modified to estimate energy 
dissipation directly by the vegetation drag coefficient (de Oude, 
2010; Suzuki, 2011).  Therefore, the application of proper drag 
coefficient is important to estimate the fluid resistance through 
the vegetation drag coefficient.  

For this reason, many empirical formulae of drag coefficient 
have been proposed through the laboratory experiments. 
However, most of the drag coefficients are the constant value in 
the steady flow. A few researchers studied drag coefficient 
characteristics by using Ursell number, Keulegan-Carpenter ( ) 
number, and Reynolds number by considering temporal and 

spatial varied wave-flow fields. 
This study investigated the vegetation drag coefficient, based 

on KC number in the experiments by Wu and Cox (2015) and 
propose a new formula of drag coefficient. In addition, the fluid 
resistance term of vegetation was implemented to the three-
dimensional Navier-Stokes (N-S) solver (LES-WASS-3D; Hur, 
Lee, and Cho, 2012) based on the porous body model (PBM). 
The numerical model is used to investigate the wave energy 
dissipation mechanism in both vegetation and submerged 
breakwater cases. Two-dimensional simulation investigates 
wave dissipation under the different condition of wave and 
vegetation. Then three-dimensional model simulation 
investigates the mechanism of return flow control near the gap 
between the vegetation zones. 

 
METHODS 

In this study, 3-D N-S solver based on PBM is modified to 
simulate the wave energy dissipation directly by the vegetation. 
Then, a new drag coefficient based on  number is proposed 
by analyzing the vegetation drag coefficient through the 
laboratory experiments. 
 
Governing Equations 

The basic equation consists of continuity equation including 
source term to generate wave and current without reflection in 3-
D incompressible and viscous fluid and modified Navier-Stokes 
momentum equation in which inside fluid resistances of 
permeable structure and vegetation zone are applied. 
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where,  is the Cartesian coordinate system ( ,  and 	 ), 
where	 -axis is a vertical axis with zero on the still-water and 
positive upward; is velocity component corresponding to  
direction;  is the volume porosity; is surface porosity in  
direction; ∗  is the flux density of source term  required to 
generate waves and current at the source position ( );  is 
the time;  is the fluid density;  is the fluid pressure;  is the 
total of kinematic viscosity coefficient ( ) and eddy viscosity 
coefficient ( ) by turbulence model (Smagorinsky, 1963);  is 
the strain rate tensor;  is the wave and current source terms; 

 is the fluid resistance terms by vegetation;  is the fluid 
resistance terms by porous media;  is the acceleration of 
gravity; and  is the damping term in added damping zone. 

The numerical simulation of fluid flow at the free surface 
requires not only the solutions to the governing equations 
(Equations 1 and 2), but also special treatment of the free 
surface, i.e. tracking of the fluid interface. In this study, the free 
surface is governed by Equation 4 in terms of the VOF (Volume 
of Fluid) function, F (Hirt and Nichols, 1981), which represents 
the rate of the fluid volume flowing into the cell relative to the 
whole cell volume.  

 

∗ 
(4)

 
Fluid Resistance by Vegetation and Porous Media 

The fluid resistance by the vegetation ( ) can be estimated 
by using Equation 5 and this term is divided by drag force and 
inertial force terms. Inertial resistance,	 , is set to 1.5 that is 
suggested by Sakakiyama and Kajima (1992). The drag 
coefficient, , is proposed as Equation 6 by analyzing the 
experimental results conducted by Wu and Cox (2015) as shown 
in Figure 1.  

 
1
2

1  
(5)

1.4 1
15

 
(6)

where,  is the density of vegetation;  is the Keulegan-
Carpenter number.  

The fluid resistance by porous media, RPi, includes the 
resistance terms for laminar flow (Ergun, 1952), turbulent flow 
(Liu and Maslivah, 1999), and inertia (Sakakiyama and Kajima, 

1992) as shown in Equation 7. Regarding to PBM, Hur, Lee, and 
Cho (2012) already described in detail. 

 

1 1
2

1

1  

(7)

 

where,  is the median grain size,  is the coefficient of 
laminar flow resistance,  is the coefficient of turbulent flow 
resistance, and  the coefficient of inertial resistance.

 

 

Figure 1. Comparisons between the measured (Wu and Cox, 2015) and 
the estimated drag coefficients of vegetation due to  numbers. 

 
 
Verification of Numerical Model 

 

 

Figure 2. Definition sketch of 2-D numerical wave tank based on Wu 
and Cox (2015)’s experiments. 

 
The present study modified the 3-D N-S solver based on PBM 

to simulate the wave energy dissipation due to the wave-
vegetation interaction. In order to verify the model and the 
vegetation drag coefficient, a two-dimensional numerical wave 
tank was established based on the experimental setup by Wu and 
Cox (2015) as shown in Figure 2.  In the numerical wave tank, 
non-submerged and non-flexible stems with the width of 5 mm 
and the thickness of 1 mm were deployed  across the width of 
180 cm in vegetation density 0.0105 (2100 stems/m2). In order 
to avoid the wave field disturbance due to the long time wave 
generation, the added damping zones and open boundary 
condition were placed on both ends of the tank. On the left-hand 
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side of the tank, non-reflective wave source was placed. The 
model generated irregular waves by using JONSWAP spectrum 
with 100 frequency components. The peak wave period (Tp) was 
1.6 s and the significant wave heights were 1.6, 2.4, 3.3, 4.1 cm. 

Figure 3 shows the relative wave height distribution as a 
function of the cross-shore distance normalized by the width of 
vegetation zone (x/B). H0 represents the significant wave height 
at x/B = 0. Symbols and lines in Figure 3 represent the 
experimental results and the numerical simulation results, 
respectively, at each wave gage (G1~G7). The numerical model 
results successfully predict the wave height decay compared 
with the experimental results and show that the wave heights 
decrease more as the incident wave heights increase. Therefore,    
the modified model and new formula of vegetation drag 
coefficient are applicable to predict the wave energy dissipation 
in the coastal vegetation zone. 

 

 
Figure 3. Comparisons between the measured and the calculated wave 
heights in a vegetation zone. 

 
 
Numerical Wave Tank Setup 

First, two-dimensional numerical wave tank was set to 
investigate the effect of wave control under the different 
vegetation characteristics and incident wave conditions as 
shown in Figure 4. Inside the tank, the wave generation source 
was located on the left-hand side of the tank and the added 
damping zones were placed on both ends of the tank for stable 
wave generation without wall reflection. The initial conditions 
of vegetation and incident wave conditions are shown in Table 1. 

, , , , , and  indicate vegetation widths, freeboards, 
vegetation densities, incident wave heights, incident wave 
periods, and incident wave lengths respectively. 
 
Table 1. Initial and incident conditions used in numerical simulations. 
 

Vegetation Wave 

Width 
( / ) 

Freeboard 
( / )  

Density 
 

Height 
 [cm] 

Period 
 [s] 

0.5 
1.0 
1.5 

-0.1 
0 

0.1 

0.05 
0.1 
0.15 

3 
5 
7 

1.2 
1.5 
1.8 

 

 
Figure 4. Definition sketch of 2-D numerical wave tank. 

 
 

 
Figure 5. Definition sketch of 3-D numerical wave tank. 

 
Three-dimensional numerical wave tank with the beach and 

the gap was also established to understand the flow 
characteristics in the vicinity of coastal vegetation as shown in 
Figure 5. The slip condition was applied to the sidewalls for the 
effective calculation and the gap width was set to the half of the 
width of the vegetation zone. 

 
RESULTS 

Hydraulic Characteristics 
Figure 6 shows the hydraulic characteristics in the vicinity of 

vegetation zone and permeable submerged breakwater, which 
the transmitted wave heights are similar, each other under the 
wave height of 5 cm and the wave period of 1.5 s, / 	 1, 

0.1 in vegetation and / 0.375, 0.5 in the case 
of submerged breakwater.	 / 0 in both cases.  

In Figure 6a, it can be found that the submerged breakwater 
with the width ( / ) of 0.375 can provide same wave control 
performance to the vegetation with B/Li of 1.0. However, in 
front of the structure, partial standing waves were significantly 
larger in the case of submerged breakwater than those in the case 
of vegetation. In term of the wave energy dissipation, the 
submerged breakwater rapidly reduce the wave heights due to 
the lower porosity than that in vegetation zone. This result 
indicate that two cases have different mechanisms of the wave 
energy dissipation. 

Figure 6b represents the time-variation of the relative water 
surface levels behind the structure. In the case of submerged 
breakwater, wave crests are separated due to the rapid change in 
the water depth on the submerged breakwater, which is also 
suggested by Hur et al. (2011). However, in the case of the 
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vegetation zone, the wave shape does not change even if the 
wave height decreased. This is because the porosity of the 
vegetation zone is very low compared with the submerged 
breakwater and the wave energy dissipates slowly.   

Figure 6c shows the cross-shore variation of the time-
averaged water surface level. The mean water level behind the 
submerged breakwater is almost 1.5 times higher than that of the 
vegetation zone, which is the typical issue for the submerged 
breakwater and gives damage due to the increase in runup height 
on the beach. In addition, when the water level difference in 
between the gap and the structure is large, the strong return flow 
can be generated through the gap. Therefore, the vegetation zone 
is also effective for return flow control. 

 

 
(a) Wave heights 

 
(b) Time-domain waveforms 

 
(c) Mean water elevations 

Figure 6. Comparisons of hydraulic characteristics between permeable 
gravity-type breakwater and vegetation zone. 

 
 
Wave Control Effects 

Figure 7 shows the cross-shore variation of the wave height in 
the vicinity of the vegetation zone under the different conditions 
as shown in Table 1.  

In Figure 7a, it is found that the transmitted wave heights 
decrease as the relative incident wave heights (Hi/h) increase 
due to the increase in the wave energy dissipation. Figure 7b 
indicates that the amplitudes of partial standing wave increase as 

 increase because of the larger inertial resistance. In addition, 
the transmitted wave heights decrease because the wave energy 
dissipation rate is larger in the vegetation zone. Figure 7c shows 
that the wave height difference between the node and antinode 
of the partial standing wave become large when Fb/h increases 

because the wave reflection become larger. However, when 
/ 0 , there is no big difference in the transmitted wave 

heights behind the vegetation zone. In Figure 7d, B/Li does not 
affect the amplitude of the partial standing wave in front of the 
vegetation zone. However, the transmitted wave heights 
decrease as B/Li increase. 

In this section, it is found that there is no rapid change in 
hydraulic characteristics inside the vegetation zone because the 
porosity is very large. The wave height decreases slowly due to 
this effect. Therefore, the vegetation zone should be wide 
enough to maximize the effect of the wave energy dissipation. 

 

 
(a) According to incident wave height ( / ) 

 
(b) According to vegetation density ( ) 

 
(c) According to vegetation height ( / ) 

 
(d) According to vegetation width ( / ) 

Figure 7. Spatial distributions of wave heights around vegetation zone. 
 

 
Current Control Effects 

Figure 8 shows the simulation results of the three-dimensional 
numerical wave tank for the permeable submerged breakwater 
(Figure 8a) and the vegetation zone (Figure 8b) as shown in 
Figure 5. In this figure, the arrows indicate the flow direction 
and speed, and the colored contours represent the mean water 
levels. As mentioned in the previous section, in order to 
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investigate the similar case in term of the wave attenuation, the 
widths of the submerged breakwater and the vegetation zone are 
set to 0.375 Li and 1 Li respectively. 

Figure 8a shows the typical pattern of the hydrodynamics in 
the vicinity of the permeable submerged breakwater such as the 
strong return flow in the gap, the faster flow speed on the crest 
of the structure and the water level rise behind the structure. The 
broken waves on the crest induce the water level rise, and the 
water level difference between the lee side of the structure and 
the gap become large. This generates strong return flow through 
the gap and the return flow affects the scouring and sediment 
drain near the structure. 

Compared to the permeable structure, in Figure 8b, the water 
level difference in the vicinity of the vegetation zone is smaller. 
The speed of return flow is also slower than the case of the 
submerged breakwater. Therefore, the coastal vegetation can be 
a good alternative to hard structures in terms of not only the 
wave control but also the reduction of disadvantage in hard 
structures such as the return flow, scouring, and sediment drain 
near the structure. 

 

 
(a) Permeable submerged breakwater 

 
(b) Vegetaion zone 

Figure 8. Spatial distributions of depth-averaged velocities and water 
elevations near coastal area. 

 
 

CONCLUSIONS 
This study modified the three-dimensional numerical model, 

LES-WASS-3D (Hur, Lee, and Cho, 2012), based on the porous 
body model in order to simulate the wave energy dissipation 
directly. From the numerical investigation for both the 
submerged breakwater and the vegetation zone, the following 
summary and conclusion were drawn: 

(1) New formula of vegetation drag coefficient according to 
KC number was proposed by analyzing the experimental study 
by Wu and Cox (2015). 

(2) The modified numerical model was verified with the 
results of Wu and Cox (2015), and successfully reproduced the 
wave energy dissipation inside the vegetation zone. 

(3) The numerical model was also used to simulate the 
hydraulic characteristics for both the submerged breakwater and 
the vegetation zone. In the case of vegetation zone, the wave 
height decreased slowly and the water level slightly increase. 

(4) However, in order to have similar performance of wave 
energy dissipation to the submerged breakwater, the vegetation 
zone should be wide enough. 

(5) In the three-dimensional numerical simulation, the water 
level difference was small and the return flow was slow in the 
case of the vegetation zone while both values were very large in 
the submerged breakwater case. 

Therefore, the coastal vegetation can be an effective measure 
for the coastal disaster prevention because it is eco-friendly and 
cost effective compared with the gravity-type structures. 
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ABSTRACT 
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In this study, the generation of rip currents at Haeundae Beach, Korea, is investigated using an advanced, non-
hydrostatic wave-resolving model SWASH. It is found that the presence of offshore shoals leads to strong wave 
refraction, creating significant alongshore wave height variations and mega-scale rip current systems. The modeled 
rip currents occurring locations correspond well with the low wave height areas. The rip currents persist even if the 
surf zone rip-channel topography is smoothed, with very similar spatial patterns and occurring locations compared 
with those generated under the original bathymetry. We argue that the mega-scale rip currents generated at Haeundae 
Beach are controlled by the offshore shoals, while the effect of the rip-channel morphology is minor. An idealized 
embayed beach with an offshore Gaussian-shape shoal is further designed to study the shoal characteristics on the 
resulting rip current patterns. Primary numerical results show that wave focusing and spreading happens in the 
presence of the shoal, leading to the formation of rip currents in the wave shadow area behind the shoal. However, a 
shallow shoal closer to the shoreline favors wave breaking on top of it and strong onshore-directed wave-induced 
currents, instead of offshore-directed rip currents. 
 
ADDITIONAL INDEX WORDS: Rip current, SWASH, embayed beach, shoal, wave-driven current. 
 

 
INTRODUCTION 

Rip currents are offshore-directed, rapid and narrow flows 
originating inside the surf zones (Dalrymple et al., 2011; 
MacMahan, Thornton, and Reniers, 2006). Rip currents are 
among the most deadly beach hazards, and contribute to over  
80% of all the rescues conducted by beach lifeguards. Rip 
currents are reported on almost all kinds of beaches, exhibiting a 
wide variety of types and causes.  

Rip currents are basically generated in the presence of 
alongshore variations of wave heights and associated gradients 
in mean surface elevations (Dalrymple et al., 2011). Various 
mechanisms have been proposed to explain the alongshore wave 
height gradients, including wave-wave interactions (Bowen 
1969), wave-current interactions (Dalrymple and Lozano, 1978; 
Yu and Slinn, 2003), inherent inhomogeneous in incident waves 
(Dalrymple, 1975; Reniers, Roelvink, and Thornton, 2004; Shin 
et al., 2014), and non-uniform beach topography (Haller, 
Dalrymple, and Svendsen, 2002; Long and Haller, 2005). For 
specific beaches, rip currents may be generated and influenced 
by many factors, such as beach shape and sizes (Castelle and 
Coco, 2013), tidal levels and currents (Austin et al., 2014), local 
(such as rip channels and bars) and offshore (such as offshore 
shoals or canyons) bathymetric variations (Haller, Dalrymple, 
and Svendsen, 2002; Long and Haller, 2005). Except for some 

transient rip currents (Johnson and Pattiaratchi, 2006), most rip 
currents can be regarded as morphologically controlled 
(Dalrymple et al., 2011). 

Haeundae Beach is located in the southeast of Busan, Korea 
(Figure 1a). It is an embayed beach exposed directly to the open 
ocean. Haeundae Beach is one of the most famous beaches in 
Korea and attracts millions of people each year from different 
parts of the country. However, rip current have been occurred 
frequently and pose a great threat to swimmers (Figure 1b). It is 
crucial to understand the generation mechanism of rip currents 
in Haeundae Beach for future forecasting and warning. In the 
present study, an advanced, non-hydrostatic wave-resolving 
model, SWASH (Zijlema, Stelling, and Smit, 2011), is 
employed to investigate the controlling factors of rip current 
generation in Haeundae Beach. For the following part of the 
paper, model setups are described firstly, including the 
bathymetry, computational grids, boundary conditions and some 
key physical parameters. Then the contributions of the surf zone 
rip-channel topography and the offshore shoals to the generation 
of mega-scale rip currents are identified with numerical 
experiments. To highlight the critical effects of offshore shoal 
characters on resulting wave-induced current patterns, an 
idealized embayed beach with a Gaussian-shape shoal is 
designed and simulated, revealing two different wave-driven 
current patterns. Lastly, discussions and conclusions are given. 
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Figure 1. (a) Haeundae Beach (from Google Maps). (b) Rip currents at 
Haeundae Beach. 

 
 

METHODS 
Numerical Model 

SWASH model solves the multi-layer nonlinear shallow 
water equations with non-hydrostatic pressure, using a finite-
difference scheme on a staggered horizontal grid and a sigma 
vertical grid (Zijlema, Stelling, and Smit, 2011). The model was 
further improved in the treatment of wave breaking for 
simulating surf zone dynamics (Smit, Zijlema, and Stelling, 
2013). The governing equations are given by (Zijlema, Stelling, 
and Smit, 2011): 
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where t is time, ξ(x,y,t) is the surface elevation measured from 
the still water level, d(x,y) is the still water depth, h=ξ+d is the 
total water depth, u(x,y,t) and v(x,y,t) are the depth-averaged 
flow velocities in x- and y- directions, respectively, q(x,y,z,t) is 
the non-hydrostatic pressure (normalized by the density), g is the 

gravitational acceleration, cf is the bottom friction coefficient, 
and τxx, τxy, τyx and τyy are the horizontal turbulent stress terms. 
Readers can refer to Zijlema, Stelling, and Smit (2011) for 
detailed description of the calculation method of non-hydrostatic 
pressure and turbulent stress terms. 
 
Model Setup 
  Phase-resolving wave models have been successfully applied 
in the simulations of nearshore wave dynamics and wave-
induced mean circulations (Chen et al., 2003; Geiman et al., 
2011; Kirby, 2016). SWASH model is set up for Haeundae 
Beach to simulate the rip currents. The bathymetry of Haeundae 
Beach is shown in 3-D visual effect in Figure 2. Two distinct 
topography features, i.e. the rip channels near the shoreline and 
shoals in the offshore area, exist besides the curved shoreline 
shape (see Figure 2). The minimum water depth on top of the 
offshore shoals is around 5 m, compared with the maximum 
depth of about 16 m at the offshore boundary. These 
bathymetric variations are believed to be critical to the waves 
propagating over them, creating spatial variations in the 
resulting wave heights.  

 
Figure 2. Bathymetry of Haeundae Beach with nearshore rip channels 
and offshore shoals. (land area elevations are united to 10 m).

 
The computational domain extends for 2530 m in the west-

east direction and 1330 m in the north-south direction. The grid 
size is set as 5 m × 5 m, which is sufficient to resolve the 
nearshore waves. Water columns are divided into 3 sigma-layers 
in the vertical direction to obtain good dispersion properties. 
According to Yoon (2014), waves usually approach the 
Haeundae Beach from the south, and the typical wave conditions 
range from 0.5 to 1.0 m in significant wave height and 7.0 to 
11.0 sec in wave period. Rip currents have been observed under 
various incident wave conditions. In this study, we set the 
incident waves at the offshore boundary as coming from the 
south, with a significant wave height of 0.75 m and a peak 
period of 9.0 s. At the sea bottom, a Manning’s coefficient of 
0.02 was used to calculate the bottom friction terms. The 
Smagorinsky horizontal turbulence model was employed to 
include subgrid turbulent mixing effects. In the vertical, the 
standard k-ϵ turbulence model together with a background 
viscosity of 0.0001 m2/s were applied to take into account of the 
vertical mixing. Wave breaking are captured by enforcing a 
hydrostatic pressure distribution at the front of a wave, reducing 
the non-hydrostatic model to the shallow water equations (Smit, 
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Zijlema, and Stelling, 2013). SWASH uses an adaptive time 
stepping method based on the CFL number, and the minimum 
and maximum Courant number were set as 0.2 and 0.5, 
respectively. The total simulation time last for 40 min, and the 
last 20 min and 1 min were used to calculate the significant 
wave heights and mean wave-driven currents, respectively. 

 
RESULTS 

Wave Height and Wave-driven Currents 
Figure 3a shows the calculated significant wave heights at the 

Haeundae Beach. Distinct spatial variations of wave heights can 
be seen. Due to the complex topography, wave refraction and 
diffraction take place around the offshore shoals, leading to 
significant wave height of over 1.2 m on top of the shoals and 
less than 0.6 m in the shadow areas behind the shoals. Waves 
break when approaching the shoreline, resulting in a rapid 
decrease of wave heights. Small oscillations of wave height 
contours can be detected near the shoreline, which can be 
attributed to the non-uniformity of wave breaking in the 
presence of multiple surf zone rip channels. Significant 
alongshore wave height gradients exist just outside the surf zone, 
promoting the formation of macro-scale rip current systems as 
presented in Figure 3b. Persistent and strong rip currents are 
formed inside the surf zone and extend to as far as about 200 m 
into the sea. The simulated rip currents occurring locations also 
match the observed occurring locations closely as reported in 
Yoon (2014). The simulated rip currents occurring locations in 
Figure 3b correspond well with the low wave energy area in 
Figure 3a if we compare the spatial patterns of significant wave 
height and wave-driven currents in the two panels of Figure 3. 

 

 
Figure 3. (a) Spatial distribution of modeled significant wave heights 
(m); (b) Simulated wave-driven currents patterns: Velocity (vectors) and 
vortices field (colors). 

 

Effects of Surf Zone Rip Channels 
  At Haeundae Beach, numerous micro-scale rip channels exist 
along the shoreline. On many straight beaches around the world, 
rip channels act as a dominating factor for rip currents 
generation. Limited by water depth, waves break on top of surf 
zone bars incised by rip channels, and reinforce water to return 
back seaward through the rip channels. As pointed by Dalrymple 
et al. (2011), surf zone rip-channel morphology are not required 
to generate mega-scale rip current systems where offshore 
bathymetric anomaly prevails. To examine the effects of surf 
zone rip channels, a comparative simulation was conducted in 
which the surf zone rip-channel morphology were smoothed. 
Figure 4 shows the comparison of resulting wave heights and 
wave-driven currents. It can be seen that the spatial distribution 
of wave heights and rip current patterns change very little after 
smoothing the surf zone rip-channel morphology, indicating that 
the surf zone rip channels have a very minor effect on the 
generation of the modeled mega-scale rip current system. 

 

 
Figure 4. Comparison of wave heights (colors) and wave-driven currents 
(vectors) patterns. (a) Original bathymetry (with rip channels); (b) 
Locally smoothed bathymetry (without surf zone rip channels). 

 
 
Effects of Offshore Shoals 

The influence of offshore bathymetric anomaly like canyons 
or holes on nearshore rip current generation has been studied in 
previous research (Dalrymple et al., 2011; Long and Haller, 
2005). Although the roles of offshore shoals can be similar with 
offshore holes, the effects of shoal characteristics on the 
resulting waves and wave-driven currents are few investigated. 
To isolate the effects of offshore shoals, idealized numerical 
experiments are designed. As shown in Figure 5, the schematic 
embayed beach system is composed of a cos function shaped 
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shoreline and an alongshore-uniform sloping shelf. The shelf 
starts at the 6 m depth isobaths and extends to the depth of 16 m 
at the offshore boundary with a slope of 1:100. Between the 6 m 
isobaths and the shoreline (0 m isobaths), water depth are 
linearly interpolated based on the distance in the cross-shore 
direction. The resulting bathymetry is further superposed with a 
hump, which can be described with a 2-D Gaussian function: 
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               (4) 

where h is the height of the hump, hmax is the maximum height 
of the hump, (xc, yc) defines the location of the hump center, and 
σ represents the horizontal scale of the hump. The model domain 
is 2000 m in the alongshore direction and 1600 m in the cross-
shore direction.  

 

 
Figure 5. Topography of the idealized beach. 

 
To verify our assumption that shoal characteristics have a 

major impact on the resulting wave-driven current patterns, two 
cases with different shoal parameters are tested. We varied the 
distance between shoreline and the Gaussian hump to obtain 
different water depths on top of the shoal, while keeping the 
height and scale of the shoal fixed as hmax = 5.0 m and σ = 100 m. 
We set (xc, yc) = (1000, 500) and (xc, yc) = (1000, 1000) for case 
1 and case 2, respectively. Normally incident regular waves with 
1.0 m wave height and 8.0 sec wave period were imposed on the 
south boundary. The computed distribution of wave heights and 
wave-driven currents for case 1 and case 2 are shown in Figure 6 
and Figure 7, respectively. 

 

 
Figure 6. Computed wave heights (colors) and wave-driven currents 
(vectors) for idealized embayed beach (case 1). The bold arrows denote 
the main patterns of the current field. 

 

For case 1 in Figure 6, strong wave focusing and spreading 
happens due to the presence of the shoal, resulting in sharp 
gradients in alongshore wave heights. Alongshore currents 
pointing to the bottom of the shoreline-bowl develop on its both 
sides, reinforcing water to return back seawards through several 
conduits in the low-wave-energy area. For case 2 in Figure 7, 
intensive wave breaking takes place on top of the shoal because 
of the shallow water depth, inducing strong onshore-directed 
wave-driven currents. We argue that when the offshore shoal is 
not too shallow (case 1), wave refraction and diffraction prevails 
and the resulting alongshore gradient of wave height is 
responsible for the generation of rip currents. When the shoal is 
too shallow and close to the shoreline (case 2), wave breaking 
overwhelm the refraction and diffraction processes, leading to 
onshore-directed wave-driven current on top of the shoal. 

 

 
Figure 7. Computed wave heights (colors) and wave-driven currents 
(vectors) for idealized embayed beach (case 2). The bold arrows denote 
the main patterns of the current field. 

 
 

DISCUSSION 
In an effort to identify the controlling factor of the rip currents 

generation in Haeundae Beach, Korea, we performed a 
numerical study using a non-hydrostatic phase-resolving wave-
flow model. Numerical results demonstrate that the offshore 
shoals controls the formation of the mega-scale rip current 
system in this area, while the surf zone rip-channel morphology, 
which are the dominating factor in many straight beaches, play a 
very minor role. Further idealized experiments also demonstrate 
that different wave-driven currents patterns can develop with 
different shoal locations. This is meaningful because the wave-
driven currents are connected with the flushing of pollutants and 
microbes in embayed beaches (Castelle and Coco, 2013; Feng et 
al., 2013).  

Shi et al. (2011) found that the wave focusing and spreading 
induced by wave refraction over an offshore ebb tidal shoal can 
cause dramatic alongshore non-uniformity in the wave set-up, 
generating pressure-gradient-forced nearshore circulation. The 
processes described there are pretty similar with those in the 
present study. Although the rip-channel morphology are shown 
to be not important in generating the mega-scale rip currents, 
they may be important in the local area, which may be captured 
with a finer grid. What’s more, the morphology of surf zone rip 
channels have been shown to be tightly coupled with the 
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offshore bathymetric anomaly in long term evolutions (Castelle 
et al., 2012). 

In this preliminary experiment, we only test the effects of 
different shoal locations on the resulting wave-driven current 
patterns. More tests with different shoal sizes and heights are 
needed to make a general conclusion. Besides, the shoreline 
shape and relative bay size are also believed to be crucial to the 
dynamics of waves and wave-driven currents, which deserve 
further research. 

 
CONCLUSIONS 

The rip currents generation in Haeundae Beach, Korea, are 
investigated using a state-of-art phase-resolving non-hydrostatic 
wave-flow model, SWASH. The spatial variation of wave fields 
is well captured and a mega-scale rip currents system is 
successfully produced by the model. Notable gradients in 
alongshore wave heights as a result of wave refraction and 
diffraction over the offshore shoals control the generation of rip 
currents in Haeundae Beach, while the effects of surf zone rip-
channel morphology is very minor. Preliminary numerical 
experiments of an idealized embayed beach with an offshore 
Gaussian-shape shoal reveals that shoal characteristics have a 
major influence on the resulting patterns of wave-driven currents. 
A shallow shoal close to the shoreline favors wave breaking on 
top of it and strong onshore-directed wave-induced currents, 
instead of offshore-directed rip currents. 
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ABSTRACT 
 
Shin, S.; Nam, J.; Son, S.; Kim, I.H., and Jung, T.-H., 2017. Field observation and numerical modelling of rip 
currents within a pocket beach. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 229-233. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
Understanding the occurrence mechanism of rip currents are very important in terms of the sediment transport and 
the water safety issues. In order to investigate the rip current occurrence mechanism, field observations were carried 
out at Chunjin beach and a numerical model was employed to simulate rip currents by using the field observation 
data. The collected data set includes the beach topography, bottom bathymetries, shoreline, sand sample, and incident 
waves for each season. The field observation data showed the spatiotemporal variations of shoreline and sand bars. 
The results also showed that the rip currents were generated near the crescentic sand bar. For better understanding the 
mechanism of rip currents, numerical simulation using phase- resolving, three-dimensional 3D Non-Hydrostatic 
WAVE Model (NHWAVE) was also carried out. The model considered incoming wave conditions collected from 
the field observation to look at the nearshore current generation patterns. Through this numerical model, this study 
could have investigated vertical profiles of nearshore wave-induced current while the field observation data represent 
depth uniform currents. The numerical simulation showed a good agreement with the field observation and provided 
useful information for nearshore circulation. 
 
ADDITIONAL INDEX WORDS: Rip current, field observation, numerical modeling, crescentic sand bar.  
 

 
           INTRODUCTION 

Nearshore current including rip current and lonshore current 
have been an important issue for water safety as well as for 
sediment transport. Rip currents are defined as a wave induced 
current starting near the shoreline and flowing in offshore 
direction. Bowen (1969) and Sonu (1972) found that one of the 
main cause of the rip current is the radiation stress and the 
bottom bathymetry such as rip channel. Castelle (2014) 
classified rip current types based on the primary driving 
mechanisms: beach bar or rip channels (Bruneau et al., 2011; 
Kim et al., 2016), topographic rips (Castelle and Coco, 2013), 
flash rips (Feddersen, 2014; Ozkan-Haller and Kirby, 1999), 
megarips (Short and Masselink, 1999), offshore bathymetry 
controlled rips (Long and Ozkan-Haller, 2005), and swash rips 
(Masselink and Pattiaratchi, 1998). 

Rip currents have been also important issue for civilian and 
the government in Korea. More than 200 persons have 
experienced rip current and approximately 30 persons were 
injured or dead every year. In this study, field observations were 
conducted to investigate the relation between crescentic sand 
bars and rip currents at Chunjin beach, where the rip current 
occurred near the bar trough in 2013.  

 
 
 

Numerical model comparisons and verifications using field 
observation data have been challenged for site specific cases as 
mentioned above. However, filed-scale numerical modeling of 
rip current and longshore current is still a challenging issue. In 
this study, a numerical model, NHWAVE (Ma, Shi, and Kirby, 
2012), was employed to reproduce rip current generation and 
flow pattern and to understand the mechanism of rip current 
under the complicated bathymetry.  

 
          METHODS 

Field Observations 
Chunjin beach is located on the east coast of Korea and is a 

type of pocket beach with the shoreline length of 1.2 km as 
shown in Figure 1. An Acoustic Wave and Current Profiler 
(AWAC) was mounted at the sea bottom (DL -25.0 m) and have 
collected wave data (wave heights, periods, and directions) from 
January to March of 2015. 

Beach topography and bottom bathymetry data were collected 
by using RTK-GPS and single-beam echo-sounder respectively. 
Since the sand bar type and location are important factor for the 
rip current generation, we conducted bathymetry survey four 
times in December of 2014 and February, May, and July of 2015. 
Figure 2 shows the bottom bathymetric survey results in four 
different times.  
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Figure 1. Aerial photograph of Chunjin beach and wave gage location. 

 
 

 

 
 

 
 

 

 
Figure 2. Contour plots of bottom bathymetric survey data at Chunjin 
beach: (a) December 2014; (b) February 2015; (c) May 2015; (d) July 
2015. 

 

In December of 2014, straight sand bars along the shore and 
deeper channels in both the northern and southern side of the 
beach can be found in Figure 2a. This may be caused by long 
energetic waves becoming normal to the shoreline, which are the 
typical representative wave condition in December along Korea. 
In February, straight alongshore sand bars transformed into 
crescentic sand bars (Figure 2b). As time proceeds throughout 
the summer, crescentic sand bars are dominant near the 
shoreline and can form rip channels under the certain wave 
conditions (Figure 2c,d). 

Figure 3 shows the wave conditions collected by AWAC from 
January to March of 2015. The wave heights and periods are 
mostly moderate and the waves come in from an ENE direction, 
except from February 8 to 20. GPS buoys were deployed to trace 
the nearshore currents, which included longshore and rip 
currents on February 2, 2015. on that day, the AWAC data 
results show a significant wave height of 0.89 m, a significant 
wave period of 7.3 s, and a wave direction of 64.3 degrees. 

 

 

 

 

 
Figure 3. Time variations of wave climate: (a) significant wave 
heights (m); (b) significant wave periods (s); (c) mean wave directions 
(degree). 

 
 
Numerical Model 

To investigate rip-currents in the pocket beach further, a 
numerical test has also been carried out using 3D Non-Hydrostatic 
WAVE model (NHWAVE) developed by Ma, Shi, and Kirby 
(2012).  

NHWAVE solves incompressible Navier-Stokes equations as 
shown below: 
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where xi

* are the Cartesian coordinates; (i, j)=1,2,3 is a tensor 
notation denoting the x*, y* and z* directions, respectively; ui is the 
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velocity component corresponding to x*; ρ is the water density; gi=-
gδi3 is the gravitational acceleration. In addition, τij is the turbulent 
stress defined as  
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where νt is the turbulent kinematic viscosity. The governing 
equation can be transformed as follows using the σ-coordinate 
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where p represents dynamic pressure. To solve Eqs. (4) and (5), 
combined finite-volume method and finite-difference method are 
used with a Godunov-type method. To apply the pressure boundary 
condition at the free surface precisely, the pressure is defined at the 
vertically facing cell faces and the rest variables are defined at the 
cell center to solve the Riemann problem.  
 

          RESULTS 
Field Observations 

Figure 4 shows the results of nearshore current observation by 
using GPS buoys. In the observation, rip currents were tracked 
by buoy 1, 3, 4, and 5. The maximum instantaneous speed of the 
rip current of buoy 1 was recorded as 0.6 m/s. In Figure 4, the 
bathymetric survey result was overlapped to compare the 
location of rip current generation with the locations of the 
crescentic sand bar troughs. The comparison result prove that 
the rip currents occur at the bar troughs. Therefore, the main 
cause of the rip current occurrence in this site is the crescentic 
sand bars and the locations of rip current can be changed as the 
crescentic sand bars move along the shoreline as shown in 
Figure 2.  

The buoy 2, 4, and 5 show the longshore current patterns. 
However, the longshore directions seem to be different than our 
understanding. Normally, when the incoming wave direction is 

ENE in this beach, the longshore current should flow to the 
north along the shoreline but the observation results seem to be 
opposite. This may be caused by nearshore current circulation in 
the case of the rip current occurrence. Since the buoys were 
deployed nearly outside the surf zone in order to avoid the 
broken wave forcing toward the shoreline, the buoys could not 
track the longshore current inside the surf zone in this case. 

Table 1 shows the results of the nearshore current 
observations including distance, time, and average speed of the 
buoys. Especially the average speed of buoy 1, 3, and 5 are 
faster than others.  
 

 

 
Figure 4. Nearshore current observation results. Red and black dots 
are starting and ending points respectively. The numeric numbers 
indicate GPS buoys. 

 
 

Table 1. Summary of the nearshore current observation. 
 
Buoy Number Travel 

Distance (m) 
Travel Time 

(sec) 
Average Speed 

(m/s) 
1 395.18 2070 0.191 
2 369.90 2310 0.160 
3 500.51 3044 0.164 
4 397.91 3870 0.103 
5 437.07 2430 0.180 
6 351.98 3866 0.091 

 
Numerical Simulations  

Since the validation of the model has been carried out through the 
many previous studies (Ma, Shi, and Kirby, 2012; Ma, Kirby, and 
Shi, 2013; Ma, Chou, and Shi, 2014; Son, Jung, and Shi, 2016), the 
model has been directly applied to the pocket beach without 
showing validation. Flow patterns in pocket beach are strongly 
dominated by the direction of the incident waves. The wave gage 
data from the field observation include not only directionality but 
also directional spreading because of multi-directionality in the real 
wave case. In this model setup, we simplified the incoming wave 
condition as regular and unidirectional wave. So, the model input 
condition was the wave height of 0.89 m, the wave period of 7.3 s, 
and the wave direction of 64.3 degrees. The computational domain 
was divided into 600 600  grids, thus, the grid spaces became 
2.6611 m and 1.7075 m in the x and y directions, respectively. In the 
vertical direction, the water column was divided into 8 layers. 

Figure 5 shows the wave height distribution in the pocket 
beach. Partial standing waves were observed around the beach 
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due to the reflected waves from the beach. As the wave 
approached beach, the wave height decreased by the reflection 
and breaking which may cause the rip-currents.  

 
 

 
Figure 5. Wave height distribution in the pocket beach 

 
 

Figure 6 represents the depth-averaged velocity vector. 
Instantaneous velocities are averaged over the 1,000 sec < t < 
2,000 sec, and then integrated vertically. Numerical model 
results reproduce qualitatively well in terms of the rip current 
locations. The model results also show that the rip currents 
occur near the bar trough region, which agree well with the field 
observation data. However, the model result of longshore 
current seems to flow opposite direction to the direction of filed 
observation result. In the field observation, GPS buoys usually 
deploy nearly outside the wave breaking region because most of 
buoys drift to the shore when the buoys are inside the surf zone 
due to the wave breaking. For example, buoy 2 moves to 
offshore first and move back to the shore according to the 
circulated current. As shown in Figure 6, the strong rip-currents 
was generated where the alongshore currents met the opposite 
flow near the end of northern pocket beach. In addition, the 
variation of bathymetry in the along shore direction also induced 
the offshore-directed flow.  

To understand the depth-dependent hydrodynamics properties, 
the vertical variation of horizontal velocities at points P1 and P2 
where the off-shore and along-shore currents were dominant was 
shown in Figure 7. Although, the horizontal velocities varied in 
their direction and magnitude in the horizontal direction, the 
variation in the vertical direction was negligible or not 
significant as shown in Figure 7. The velocities were 
monotonically decreased along the water depth at point P2. The 
similar observations appeared on an idealized rip channel 
studied by Son, Jung, and Shi (2016). 

The simulation results at two points also show the same order 
of magnitude to the field observation results as shown in Table 1. 

 
 
 
 

 

 

 
Figure 6. Field observation results (upper panel) vs depth and phase 
averaged horizontal velocity vector in the pocket beach (lower panel).    

 
 

DISCUSSION 
In this study, field observation results of the nearshore current 

successfully tracked the rip current while it was difficult to track 
longshore current inside the surf zone. Even if the buoys were 
designed to be affected by the current at 1.5 m below the water 
surface, the buoys are still influenced by the surface wave such 
as broken wave forcing. For this reason, GPS buoys should be 
deployed outside the surf zone so we could not track the 
longshore current inside the surf zone but the circulated current 
when the rip current occurred. On the contrary, the numerical 
model can calculate the longshore current near the shoreline.  

Another limitation of this study was the regular and 
unidirectional wave generation in the numerical model. That 
condition may over predicted partial standing waves. So future 
study will includes the numerical model simulation in multi-
directional irregular wave cases. 
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Figure 7. Vertical distribution of horizontal velocities at points P1 and 
P2 (blue: x-direction velocity, red: y-direction). 

 
 

CONCLUSIONS 
In this study, field observations were carried out at Chunjin 

beach to investigate nearshore current mechanism in relation to 
the crescentic sand bars. Based on the field observation at 
Chunjin beach, the following conclusion can be drawn: 

 
 At Chunjin beach, sand bars are change dramatically with 

respect to the type, shape, and location depending on the 
wave condition. In the energetic wave condition, straight 
sand bars parallel to the shoreline. However, the crescentic 
sand bars were formed in moderated wave condition. 

 The rip currents occurred at the bar trough regions and 
maximum instantaneous speed were measured as 0.6 m/s. 
Through the results, the rip current location can be 
changed as the location of crescentic sand bar moves in 
this beach 
 

3D Non-Hydrostatic WAVE model (NHWAVE) was employed 
to reproduce the nearshore current under the same bathymetry as the 
field observation. Input wave conditions were simplified to the 
regular and unidirectional wave. The model results showed good 
agreement with the field observation results in the rip current 
location and speed. The simulation results also provided the 
longshore current inside the surf zone and these results were useful 
to understand the rip current generation that the rip currents were 
generated by two longshore currents in opposite direction. 
NHWAVE also provided the vertical distribution of the horizontal 
components of the nearshore current. The current speeds were 
gradually decreased as the water depth increased. This results also 
agree with Son, Jung, and Shi (2016). 

Future study may include the numerical simulation by 
considering multi-directionality, directional spreading, and 
irregularity of the wave condition. 
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ABSTRACT 
 
Ryu, Y.; Jung, T.-H., and Kim, Y.-T., 2017. Kinematics of overtopping flow on breakwater top. In: Lee, J.L.; Griffiths, 
T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. Journal of Coastal 
Research, Special Issue No. 79, pp. 234-238. Coconut Creek (Florida), ISSN 0749-0208. 
 
This study carried out experiments to investigate the behavior of overtopping flows in the vicinity of a caisson 
breakwater with dissipating blocks. Overtopping flows over a breakwater show horizontal momentum that causes 
significant damage to objects such as buildings, vehicles, or persons on the top. There is a need to understand 
overtopping flows on the top related to wave conditions to mitigate damage. This study measured front velocity and 
impinging distance of overtopping flows by monochromatic waves to examine flow behavior on the top and estimate 
overtopping flows over the rear slope of the breakwater model in varying wave conditions. Relationships among the 
parameters were also used to induce empirical equations through dimensionless analysis.   
 
ADDITIONAL INDEX WORDS: Overtopping flows, shadowgraphy, front velocity, impinging distance, bubble 
image velocimetry. 
 

 
           INTRODUCTION 

Roads or walkways over coastal structures such as breakwaters 
and dikes are subject to overtopping flows. Overtopping flows 
over a breakwater move horizontally on the top and fall into the 
rear side. Overtopping flows cause damages to objects on the top 
and affect the stability of a superstructure and rear slope as well 
as wave transmission. When overtopping flows have large 
momentum, the flows behave like a dam-break flow on the top 
and a jet flow falling off the edge of a superstructure. Ryu, Chang, 
and Mercier (2007) compared the horizontal dominant 
overtopping flows on the top of a structure with a dam-break flow 
by relating its flow parameters to wave conditions. Ryu and 
Chang (2008) also considered the void fraction of overtopping 
flows with aerated parts because the impingement of the flows to 
a structure leads to aeration. After a superstructure, the jet-like 
flow usually generates waves inside a breakwater by plunging 
into free water surface, causing transmitted waves. If the rear 
slope is not submerged and is mildly sloped, the jet-like 
overtopping flow affects the stability of the breakwater as directly 
impinging the rear slope delivers significant moment to the 
structure or displaces covering rubble mounds. The behavior of 
the overtopping flows having a direct effect on the stability of the 
rear slope should be considered as an important factor in 
breakwater design. Most of the previous studies on the rear slope 
stability have mainly examined the erosion damage of the rear 
slope depending on wave or geometry conditions (Van Gent and 
Pozueta, 2004; Verhagen, Van Dijk, and Nederpel, 2003). These 
studies aimed to identify the relationship between wave 
conditions and stability over the leeside of a breakwater mainly 
by examining the stability number, but ignored kinematic analysis 
of overtopping flows to explain how wave energy transforms.  

 
 
 
 

Experimental studies on the measurement of overtopping flow 
velocity and layer thickness that aim to assess the amount of 
overtopping flow mass have only been limitedly conducted due 
to problems related to measurement devices. To measure 
kinematic flow properties with spatially and temporally high 
resolution, it is necessary to use a delicate technique to catch fast 
and aerated flows at a laboratory scale to avoid errors from 
equipment and ensure the measurements have acceptable 
reliability. The problems in measuring multiphase flows 
including bubbles were reported in some experimental studies on 
breaking waves (Chang and Liu, 1999; Govender, Mocke, and 
Alport, 2002). Ryu, Chang, and Lim (2005) presented 
measurements of flow velocity of overtopping flows by breaking 
waves using an image velocimetry technique called BIV (bubble 
image velocimetry). BIV measures multiphase flows by applying 
shadowgraphy of bubbly images and correlation for vector 
calculation. 

This study investigates the behavior of overtopping flows in the 
vicinity of a breakwater through experiments. A series of 
experimental tests with changing wave periods and wave heights 
of monochromatic waves was carried out to identify the 
relationship between the overtopping flows and the wave 
conditions. The behavior characteristics of the overtopping flows 
on the top of the structure were studied based on the front velocity 
on the flows because the front of the flows is expected to have a 
relatively large impact on the structure. In addition, this study 
estimated the distance of the overtopping flows when the flows 
impinge into the free water surface in the rear side. To obtain the 
properties, the laboratory tests employed the bubble image 
velocimetry introduced by Ryu, Chang, and Lim (2005). The 
image analysis of the bubble image velocimetry is also used to 
quantify the flow distance. Instantaneous measurements under the 
same conditions were averaged for the statistical approach 
through phase-averaging according to the wave phases. The mean 
values of the parameters were used for the analysis of the 
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relationship between the overtopping flows and the wave 
conditions. Consequently, the dimensional analysis gives 
empirical equations of the parameters. 

 
          METHODS 

This study carried out experiments to measure overtopping 
flows in various wave conditions. The image-based technique 
was used to obtain the flow properties of the flows with air-water 
mixture.  

 
      Experimental Setup and Conditions 

The physical model tests were conducted through the wave 
flume, which is 1.2 m wide, 1.5 m high and 50 m long. The wave 
flume is composed of a piston-type wave maker and wave 
absorbing layers to minimize reflective waves, and allows for 
optical measurements through the glass walls. The breakwater 
model used in this study is composed of tetrapod (TTP) layers for 
the front slope and a caisson in the middle section. For the rear 
side, no riprap was mounded for the measurements of overtopping 
flows. Under the TTP layers in the front slope, the medium 
covering layer was placed to prevent displacement of the riprap. 
The front slope of 1 to 1.5 was determined from the prototypes of 
the breakwater model. The caisson was 0.34 m wide and 0.6 m 
high. Figure 1 shows the sketch of the breakwater model with the 
geometry.  

 

 

 
Figure 1. Schematic sketch of the model and overtopping flows. 

 
 

The experiments were carried out with the regular waves. The 
waves used for this study had wave period (T) of 1.2 ~ 2.4 sec and 
wave height (H) of 0.10 ~ 0.16 m, which was determined without 
the model structure in the flume. A constant water depth (h) of 
0.5 m was used for all the measurements. The tested waves were 
of the mid-water depth condition. 

 
Velocity Measurements 

The overtopping flows were measured from the waves after the 
unstable initial part of the wave train before the reflected waves 
bounced from the wave paddle. The acquired wave components 
were also confirmed from the water surface elevation showing 
constant wave heights. The incoming waves overtopping the 
structure usually contain a bubble region. The higher the amount 
of bubbles, the less accurate most existing flow meters are in 
terms of velocity measurement. For the measurements of the 
bubble territory, this study used an optical measurement method 
by using images, called bubble image velocimetry. The 

shadowgraphy technique was applied in order to acquire bubble 
images by visualizing the overtopping flow boundary and the 
bubble territory in a pair of consecutive images. The texture in the 
images was used for the velocity calculation through a correlation 
method. A technique used in this study for the velocity 
measurements of overtopping flow is similar to a PIV technique 
by applying an image analysis for the cross-interrelation while 
visualizing air-water interfaces instead of particles. The bubble 
image velocimetry is detailed in Ryu, Chang, and Lim (2005). An 
image measurement technique to make the laser penetrate into a 
fluid cross-section is widely used as a method to visualize the 
fluid boundary. In bubbly flows, however, an image recorded due 
to light-scattering by air-water interface surfaces or regions with 
lots of bubbles shows image saturation. This study used 
shadowgraphy to place the light source in the other side of a 
camera in order to minimize the light-scattering phenomenon 
produced by the bubbles and to visualize the boundary between 
air and water. For image analysis, it is necessary to keep the 
brightness of the background constant and evenly distributed. 
This test used a lighting device made of LEDs (light emitting 
diodes) and a white acrylic plate to produce a plane light source. 
In this study, the flow velocities of the front surface where it was 
bubbly were mainly measured using the velocimetry technique. 
Spurious velocity vectors were filtered by post-processing using 
spatially neighboring vectors. Figure 2 shows the illustration and 
photo of the setup. 

 

 

 

Figure 2. Illustration (a) and setup on the breakwater model (b) of the 
bubble image velocimetry. 

 
 

          RESULTS 
From the measurements using BIV, the velocity fields of the 

overtopping flows in the vicinity were determined. Figure 3 
shows the consecutive images with the velocity vectors of the 
overtopping flows moving from the front edge of the 
superstructure to the rear free water surface. Because the frontal 
area of the flows are aerated, the velocity vectors were obtained. 
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Front Velocity of the Overtopping Flow 
The front velocity of the flows is of importance in assessing the 

impact because the impulse is relatively large at the front area. 
Figure 4 plots the front velocity (Vf) as the overtopping flow with 
the wave period of 2.4 s moves over the breakwater top. In the 
figure, x is the horizontal distance with x = 0 at the leading edge 
of the breakwater top. As the overtopping water flows from the 
leading edge to the rear edge, the velocity tends to increase 
slightly. Within the short distance of the deck, the friction may 
give little effects on the flows while the decrease of the layer 
thickness of the flows is likely to increase the front velocity. The 
increasing pattern of the front velocity is clear in the case with the 
highest wave height.  Although the flow momentum seems large 
at the rear edge from the velocity distribution in Figure 4, the layer 
thickness should be considered for accurate estimation. 
 

 

 

Figure 3. Consecutive images with velocity vectors of the overtopping 
flow at: (a) the leading edge, (b) the rear edge, (c) the rear free water 
surface. 

 
 

Rear Edge Velocity of the Overtopping Flow 
The front velocity at the rear edge of the breakwater top is 

plotted in Figure 5. Because the rear edge velocity (Vre) can be 
used to estimate flows in the rear side of the breakwater, the 
dependence of the velocity on the wave conditions is important. 
The rear edge velocity shows a large magnitude as the wave 
period and wave height increase, even though a slightly 
fluctuating pattern in the distribution is observed. The 
relationship can be used to represent a function of the wave 
conditions. 

 

 

 

Figure 4. Front velocity of the overtopping flow with T = 2.4 s on the 
breakwater top. 

 
    

The front velocity at the rear edge of the breakwater top is 
plotted in Figure 5. Because the rear edge velocity (Vre) can be 
used to estimate flows in the rear side of the breakwater, the 
dependence of the velocity on the wave conditions is important. 
The rear edge velocity shows a large magnitude as the wave 
period and wave height increase, even though a slightly 
fluctuating pattern in the distribution is observed. 

 

 

 

Figure 5. Distributions of the rear edge velocity over the wave period. 

 
 
From the distribution of the rear edge velocity with the wave 

period and wave height, the empirical relationship was obtained 
through dimensional analysis as follows.  
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where Rc is the freeboard and L is the wave length. In this study, 
because Rc and h were not changed, the relationship with H, T, L 
was obtained as  

 
     

   
 

re
c

HL L
V A Bg C T

R T T2 2

      (2)  

 
where g is the gravitational acceleration and A, B, and C are the 
coefficient depending on the relationship. The equation is similar 
to that of Ryu, Lee, and Kim (2009). However, this study 
considers wave period and wave height separately. In Ryu, Lee, 
and Kim (2009), the phase velocity is fixed depending on the 
water depth with an assumption that the water depth is close to 
the shallow depth condition. In this study, T and L are obtained 
considering the water depth condition for each case. In addition, 
the coefficients are for the different perforated ratio of the armor 
layer of the breakwater. Figure 6 shows the rear edge velocity 
prediction based on the empirical equation showing slightly 
nonlinear patterns.  
 

 

 
Figure 6. Rear edge velocity by the empirical equations.  

 
 

          DISCUSSION 
The rear edge velocity is of importance because it is 

measurable in fields. However, it is very difficult to measure the 
kinematic properties of the overtopping flow in the rear side. 
Because the overtopping flow falls into the rear side, showing the 
free falling pattern only with the horizontal dominant momentum, 
it is possible to estimate the overtopping flow at the free water 
surface or a point where the flow impinges. The relationship of 
the rear edge velocity with the wave conditions also leads to a 
relationship between the plunging overtopping flow and the wave 
condition. In this study, the overtopping distance is compared in 
Figure 7 with the measurements and the estimation from the 
empirical equation of the rear edge velocity. The distance was 
simply calculated by multiplying the rear edge velocity by the 
time that is taken for a free fall for the freeboard height. The 
simple application is reasonable because there is no influence 
after the water flows off the rear edge of the breakwater top. The 

comparisons show that the estimation using the rear edge velocity 
and calculation assuming the free fall behavior is in good 
agreement with the measurements. With the largest wave height 
showing the relatively large discrepancy, the overall agreement is 
observed.   

 

 

 

Figure 7. Estimation of the impinging distance based on the rear edge 
velocity for: (a) H = 10 cm, (b), H = 12 cm, (c) H = 14 cm, (d) H = 16 cm. 

 
 

          CONCLUSIONS 
This paper studies the kinematics of the overtopping flow over 

the breakwater top by carrying out the laboratory experiments. 
The bubble image velocimetry based on image analysis was 
capable of measuring the overtopping flow. The velocity fields 
were obtained and the front velocity of the flow is focused to 
investigate the flow behavior. The distribution of the flow 
velocity of the overtopping wave show that the flow is likely to 
have significant impacts on objects on the breakwater top. The 
relationship of the front velocity with the wave conditions is 
expected to estimate flow momentum and force quantitatively. 
Through the dimensional analysis, in addition, the empirical 
equation is obtained for  the front velocity at the rear edge of the 
breakwater top. The empirical equation is also used to estimate 
the distance where the overtopping flow impinges in the rear side 
of the breakwater. The fact that there is good agreement between 
the estimation and measurements of the impinging distance shows 
that the rear edge velocity can be used to predict the flow 
characteristics by the impinging overtopping flow in the rear side.  
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ABSTRACT 
 
Kim, D.-Y.; Park, S.-H.; Woo, S.-B.; Jeong, K.-Y., and Lee, E.-I., 2017. Sea level rise and storm surge around the 
southeastern coast of Korea. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 239-243. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
The sea level rise around the Korean peninsula has become a significant factor that can have a catastrophic impact on 
low-lying coastal regions. The risk of storm surges can be intensified by rising sea levels, which will create more 
damaging flood conditions in coastal areas. This study focused on the long-term variations of the mean sea level 
(MSL) and the annual maximum surge heights (AMSH), which were influenced by global warming and 
strengthening typhoons. The trends of MSL and AMSH were estimated using the sea level data at eight stations 
along the southern and eastern coast of Korea over the past 40 years (~2014). The trend was on average +2.31 mm 
(exclude Pohang) and +2.59 mm per year, which were significant within the 95% confidence level based on linear 
regression. The areal average rise of the MSL was +2.32 mm and +2.31 mm (exclude Pohang) per year in the south 
and east coast of Korea. The average rise of AMSH in the southern coast (+3.71 mm/year) was higher than the 
eastern coast (+1.48 mm/year) because the southern coast lies in the direct path of typhoons. Statistical analysis 
showed that 41% ~ 58% of the AMSH occurred during the typhoon event. The AMSH were relatively low during the 
last decade due to the typhoon landfall frequency and reducing intensity.  Overall, the surge heights (extreme sea 
levels) at southeastern coast of Korea are likely to be affected by geographical or regional atmospheric adjustments 
in accordance with global climate change. 
 
ADDITIONAL INDEX WORDS: Sea level rise, storm surge, long-term trend, typhoon, extreme value analysis. 
 

 
           INTRODUCTION 

The sea levels of the earth are rising due to the direct and 
indirect results of climate change over the last several decades. 
This represents an integrated manifestation of the ocean's 
interior variability in response to oceanic, atmospheric, 
cryospheric, and terrestrial forcing. Past and present variations 
in the distribution of the shifting surface winds, the expansion of 
warming ocean water, and the addition of melting ice can alter 
the ocean currents, leading to changes in sea level that vary from 
place to place (Church et al., 2013). Therefore, the local sea 
level changes can differ significantly from the global mean 
(Cazenave and Nerem, 2004). 

Between 1901 and 2010, tide-gauge observations have shown 
that global sea level on average rose by approximately 17 cm 
(1.7 ±0.2 mm/year) and the global sea level rise rate was 
estimated to be 3.2 ±0.4 mm/year from satellite altimetry data 
over the past two decades (Church et al., 2013). Along the 
Korean coast, the local sea level rise rate between 1993 and 
2010 was estimated to be 4.17 mm/year (KHOA, 2013), which 
is approximately 30% faster than the global average for the same 
period according to the satellite record. 

These global or local changes in mean sea level (MSL) affect 
the extreme sea levels indirectly by altering the water depth,  

 
 
 
 

which modifies the propagation and dissipation of tidal energy 
and affects the generation, propagation, and dissipation of the 
storm surges. In addition, the surge component can itself change 
if the frequency, strength, and tracks of weather systems alter. 
Several meteorological and astronomical affect the sea level, 
which can combine in a number of ways to inundate low-lying 
coastal areas. Therefore, coastal zones are one of the most 
vulnerable areas to climate change and it can be affected by 
various impacts in the future. Among these impacts, rising sea 
levels, combined with storm surges, is one of the key threats that 
may harm people, property, and ecosystems in low-lying coastal 
areas around the country. 

While numerous studies of the sea level rise (SLR) have been 
performed around the Korean peninsula, there have been 
insufficient studies of the changes in the extreme sea level or 
storm surge.  

This study focuses on the southeastern coast of the Korean 
peninsula, the body of water that joins the East/Japan Sea with 
South Sea separating Korea from Japan. The southern Korean 
coast has significant assets at risk in coastal industrial cities, 
such as Busan, Yeosu, and Ulsan. The southeastern low-lying 
coastal areas, which are located in the frequent path of typhoons, 
have suffered serious damage by storm surges in the past (Figure 
1). Continued economic expansion in this area and rising sea 
levels through the 21st century highlight the importance of 
understanding the historical changes in the sea levels and surge 
heights.   
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The overall aim of the study was to determine the extent to 
which the changes in MSL and SH that have taken place in the 
past were due to direct/indirect MSL changes. The long-term sea 
level and meteorological records from an appropriate spatial 
dataset were used to investigate how MSL and SH at the 
southeastern coast of the Korean peninsula have changed during 
the past 40 years.  

 

 

 
 
Figure 1. Location of the study area. The inset shows the southeastern 
coast of the Korean peninsula on the most frequent typhoon path from 
July to October. The red triangle and blue circle in the figure 
corresponds to the tide and weather stations, respectively. 

 
 

          METHODS 
Data 

In this paper, the observed sea levels were separated into 3 
component parts (MSL, the astronomical tide, and surge height) 
which vary both temporally and spatially. The MSL is the 
average height of the sea surface water level, including the 
seasonal cycle (monthly mean) and the anomalies in time scales 
from monthly variations (i.e. anomalies over the seasonal cycle) 
to the longer-term changes. The astronomical tide (AT) is the 
sea level variations produced by the gravitational interactions of 
the earth, moon, and sun. The AT is calculated as the 
superposition of the tidal constituents from harmonic analysis of 
the tide gauge data set. The surge height (SH) is the water height 
above the predicted astronomical tide level due to the inverse 
barometer effect and the wind stress.  

Hourly sea level data covering the southeastern coast of 
Korean peninsula were used in the analysis (Figure 1 and Table 
1). The time series is available through the Korea Hydrographic 
and Oceanographic Agency website (http://www.khoa.go.kr). 

The stations with the short length of data had trends that with 
wide error bars and sometimes differed noticeably from other 
nearby stations (Douglas, Kearney, and Leatherman, 2000; 
Zervas, 2009). Stations with a year range of at least 32 years 

were selected. The records spanning different periods (Table 1), 
ranging from 32 years to 46 years, were found to be of varying 
quality. As part of the quality control, each time series was 
checked visually month by month, searching for datum shifts, 
missing data, outliers, and time drifts. 

The meteorological data (atmospheric pressure and wind) 
were collected to verify the storm surge events in the sea level 
records. The hourly wind and 3-hourly atmospheric pressure 
data were measured by KMA (Korea Meteorological 
Administration) near each tidal gauge stations (Figure 1). For 
temporal consistency of the data set, a linear interpolation was 
performed to obtain hourly atmospheric pressure data from the 
3-hourly atmospheric pressure data. 

 
Table 1. Details of the hourly sea level data used in this study. 
 

St. Name           ID                Location            Num. of Years     Period 
                                         Lat.          Long. 

Yeosu  YS      34.74°N  127.77°E           46            1969-2014 
Tongyeong TY      34.82°N  128.43°E           36            1979-2014 
Gadukdo GD      35.02°N  128.81°E           32            1983-2014 

Busan  BS      35.10°N  129.08°E           40            1975-2014 
Ulsan  US      35.50°N  129.39°E           38            1977-2014 
Pohang  PH      36.04°N  129.38°E           38            1977-2014 

Mukho  MH      37.55°N  129.12°E           38            1977-2014 

Sokcho  SC      38.21°N  128.59°E           38            1977-2014 

 
Methodology 

The trends in the MSL and SH component were assessed 
separately before the relationship between SLR and SH was 
examined. The sea level data in the case of a missing rate are 
under 10% over a year were used after the gap filling procedure 
with 62 tidal constituent of the corresponding year. The MSL 
trends are often calculated by fitting a simple line to a series of 
annual MSL data, even though more information can be 
obtained by working with the monthly MSL. The monthly data 
can also be used to obtain the average seasonal cycle, which is 
represented as 12 mean values. The average seasonal cycles can 
show wide variations depending on the seawater temperature, 
winds, and currents in the nearby coastal ocean (Zervas, 2001). 
The residual monthly MSL time series after the average seasonal 
cycle has been removed were used to yield the linear trend of the 
sea levels.  

SH analysis was performed monthly to ensure the data length. 
If there was a month with missing data, the corresponding 
month was excluded from the analysis. The tidal component was 
estimated using the Permanent Service of Mean Sea Level's 
harmonic analysis TASK-2000 software package with the 
standard set of 35 constituents. A separated tidal analysis was 
undertaken for each calendar month. The records of the tidal 
residuals (observations minus the AT) were used to determine 
the annual maximum surge height (AMSH) in the 30 largest 
events per year. To ensure that the AMSH values are available, 
the digital tide data was checked against the paper-based tide 
graphs (rolls), atmospheric pressure, and surface wind data at 
the nearby weather stations during the typhoon and surge events. 
Figure 2, for example, shows the time series of the atmospheric 
pressure above sea level, surface wind, observed sea level, 



Sea Level Rise and Storm Surge around the Southeastern Coast of Korea                                         241 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 79, 2017 

predicted sea level, and surge height at Gadukdo during 
Typhoon SANBA on September 2012. The height of the storm 
surge of 37.8 cm with a strong surface wind speed of 10.1 m/s 
and a low atmospheric pressure of 987.7 hPa were recorded, and 
a strong wind and a sea level pressure fall were observed during 
the surge event. 

A SLR will worsen the impact of these events by increasing 
the base sea level on which they occur. This impact can be 
thought of as higher sea levels during storms of a given 
magnitude and the more frequent occurrences of sea levels of a 
given height. Surges are characterized by the return period. To 
estimate the probabilities of SH, extreme value statistics were 
applied using the annual maximum method (Gumbel, 1941; 
Jenkinson, 1954). The Gumbel distribution is often a good 
approximation of the observed extreme sea levels and is applied 
frequently to estimate the return periods (Haigh, Nicholls, and 
Wells, 2010). For each location, a Gumbel distribution was 
fitted using the maximum-likelihood method. From the 
parameterized distribution, estimates of the SH corresponding to 
selected return period (from 1 to 100 year with 5-year interval) 
could be obtained. 

 

 

 
 
Figure 2. Comparison of the meteorological data and sea level data at 
Gadukdo tide station during Typhoon SANBA on September 2012. 

 
 

          RESULTS 
Following the method in the previous section, the linear MSL 

trends were calculated for the eight tide stations listed in Table 1 
using the seasonal cycle removed monthly data set. Figure 3 
presents the time series of the monthly MSL and linear trends 
for eight tide stations. In addition, Table 2 lists the slope of the 
trend with the 95% confidence intervals of each value. Because 
most of the Korean southeastern coast stations (Figure 1) have 
been in operation for many years, the trends are well determined, 
showing narrow confidence intervals.  

Generally, the MSL rose by an average of 2.75 mm/year over 
the past 40 years. The estimated value was approximately 60% 
faster than the global rate of SLR (1.7 mm/year, 1901-2010) 
along the southeastern coast of Korea. The average MSL trend 
at the east coast was slightly higher than the west coast because 
of the trend at Pohang. The Pohang station has a greater MSL 
trend than the other stations. Datum changes are possible due to 

several harbor constructions or land subsidence. Figure 4 
presents the AMSH time series with the mean value, 5-years 
running average, linear trend, and typhoon-affected AMSH. The 
highest AMSH of 155.67 cm was estimated at Tongyeong in 
September 2003. 

 
Table 2. Linear MSL and AMSH trend with the 95% confidence interval 
(CI) and the rate of typhoon induced AMSH. 
 

St. Name           ID            Period                  Trend (mm/yr)      Typhoon  
                                                                      MSL    AMSH      Effect (%) 

Yeosu  YS      1969-2014 1.72        5.00 56     

Tongyeong TY      1979-2014      2.01        7.44 58 
Gadukdo GD      1983-2014      2.94       -0.94  58 
Busan  BS      1975-2014      2.59        3.32 56 

Average (South coast)                          2.32        3.71 57  

Ulsan  US      1977-2014      1.47        1.57 41 
Pohang  PH      1977-2014      5.82        1.86  54 

Mukho  MH      1977-2014      2.75        1.43 47 
Sokcho  SC      1977-2014      2.71        1.06 46 
Average (East coast)    3.19        1.48 47 

Average (Exclude PH)                           2.31  

Total Average                                 2.75        2.59 52  

Total Average (Exclude PH)            2.31 

 

 

 

 
 

Figure 3. Monthly MSL data for eight tide stations after removing the 
average seasonal cycle and calculated linear trends. 
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The AMSH trends rose by an average of 2.59 mm/year over 
the same period as the sea level data. The average AMSH linear 
trend at the south coast was approximately 2.5 times higher than 
the east coast because of the direct effects of typhoons. The rates 
of AMSH affected by typhoons were an average of 47% at the 
east coast and 57% at the south coast. All of the highest AMSHs 
at each station occurred during a typhoon event: Typhoon 
VERA (1986) at Sokcho; Typhoon DINAH (1987) at Gadukdo, 
Pohang, Ulsan, and Busan; Typhoon RUSA (2002) at Mukho; 
and Typhoon MAEMI (2003) at Yeosu and Tongyeong.  

To consider the characteristics of the surge height, a Gumbel 
distribution was fitted to the AMSH using the maximum-
likelihood method. The AMSHs were divided into 3 periods, 
from the first year of observation to 1995 (P1), to 2005 (P2) and 
to 2014 (P3), to investigate the change in frequency of the surge 
height over the past 40 years. Figure 5 shows the change in the 
return period for a range of surge heights at the four areas, 
which were grouped in similar characteristics at the nearby two 
stations in each period. For a given return period, the surge 
heights increased significantly from P1 to P2, whereas it is 
decreased broadly from P2 to P3. This suggests that there was 
no significant event affecting the surge heights over the last 
decade. 
 

 

 

 
 

Figure 4. Variations of the AMSH (black dot) for eight tide stations with 
the typhoon effect (red circle), 5-year running average (red solid line), 
mean value (black dashed line), and calculated linear trend (blue solid 
line). 

 
 
 

          DISCUSSION 
According to the intergovernmental Panel on Climate Change 

Fifth Assessment Report (Wong et al., 2014), the trends 
observed in extreme sea levels are mainly consistent with the 
MSL trends, indicating that the MSL trends rather than changes 
in weather patterns are responsible.  

In this study, the trends of the AMSH and AMSL appear 
consistent with previous studies. The annual MSL (AMSL) rose 
continuously over the past about 40 years at the southeastern 
coast of the Korean peninsula and the AMSH increased until the 
2005 (Figure 6). Interestingly, over the recent decade, the 
AMSH and estimated SH for a given return period decreased 
considerably. This decrease, paradoxically, has occurred despite 
the increase in local MSL. 

 

 

 
 
Figure 5. Change in the average return period at the four area stations 
(GD,BS; YS,TY; SC,MH; US,PH), where black corresponds to P1, red 
corresponds to P2, and blue corresponds to P3. 

 
 
A recent study shows that the typhoon destructive potential 

(Power Dissipation Index, PDI) has decreased considerably (by 
~ 35%) during the resent decade in the western North Pacific. In 
addition, the both types of climate conditions could result in the 
co-existence of an increase in typhoon intensity but a decrease in 
frequency (Lin and Chan, 2015).  

Usually, storm surges are generated by tropical and extra-
tropical cyclones over coastal seas. The AMSH of relatively low 
levels during the last decade are likely to be related to the 
typhoon frequency and intensity. 

This study examined the variations in the frequency and the 
minimum atmospheric pressure of the typhoon that affects the 
Korean peninsula during 1970 to 2014. Overall, there were 143 
typhoons during that period and an average of 3.17 typhoons per 
year. In addition, among the 40 typhoons that affected the 
Korean peninsula, only 10 typhoons landed from 2001 to 2014. 
In particular, no landing of typhoon has made landfall since 
2012. The time series shows an overall decreasing trend for the 
frequency, and an increasing trend for the minimum atmospheric 
pressure (Figure 7). 

This suggests that the typhoon effect on the storm surge 
decreased at the southeastern coast of Korea during the recent 
decade. Moreover, the storm surge (extreme sea level) is likely 
to be influenced by the changes in weather pattern rather than 
the changes in MSL in the local area. 
 

          CONCLUSIONS 
Over the last 40 years (~2014), the sea level and weather data 

were analyzed at eight stations along the southern and eastern 
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coast of Korea. The average rate of the SLR was 2.31 mm/year 
(exclude Pohang) and the AMSH increased 2.59 mm/year. The 
areal average rise of MSL was +2.32 mm and +2.31 mm 
(excluding Pohang) per year in the southern and eastern coast. 
The average rise of the AMSH in the southern coast (+3.71 
mm/year) was higher than the eastern coast (+1.48 mm/year) 
because the southern coast lies on the direct line of the typhoons. 

The statistical analysis showed that 41% ~ 58% of the AMSH 
occurred during a typhoon event. The AMSH was relatively low 
over the last decade due to the typhoon landfall frequency and 
reducing intensity. The surge heights (extreme sea levels) at the 
southeastern coast of Korea are likely to be affected by 
geographical or regional atmospheric adjustments in accordance 
with global climate change. 
 

 

 

 
 
Figure 6. Time series of the annual MSL anomaly (upper) and 5-year 
running averaged AMSH (lower) with linear trends for eight tide 
stations.

 
 

 

 
Figure 7. Time series for the frequency (bar) and minimum central 
pressure (red dot) of typhoons that affect the Korean peninsula during 
1970-2014. The solid line is the linear trend and the dotted line is the 5-
year running average. 
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ABSTRACT 
 
Xu, Z.; Wang, J.; Liang, B., and Chen, Y., 2017. Effects of offshore sand motion on wave runup from reflective beaches 
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The safety of the beachgoers is affected by the high speed swash motion and wave run-up at the beach. As many field 
studies show, complex of nearshore beach profile and sand offshore motion, such as sandbars and its motion, may 
influence swash processes by changing break point. But few detailed research was made on the reflective beaches 
(0.3 4.0). In the present work, a series numerical tests were carried to investigate the effects of sand offshore 
motion by XBeach model. The runup results of XBeach model at different time with sand offshore migration were 
analyzed, and the 2% runup (R2%) predicted by XBeach model and empirical formula are compared. The effects of 
sand offshore migration on runup components (wave setup 〈 〉 and swash S), and wave energy spectrum were discussed. 
The milder beach gradient  which induced by the sand offshore motion is not only the reason to make the runup height 
decrease, but also some other effects induced by sand offshore motion. The magnitude of wave spectrum decreases 
with sand offshore migration, and the trend wave energy shifts to the infra-gravity band becomes more evident. 

 
ADDITIONAL INDEX WORDS: Wave runup, sand offshore migration, setup, swash, XBeach. 
 

 
          INTRODUCTION 

For improving beachgoers safety and beach erosion, the study 
of wave runup which the varying surface elevation of interface 
between land and water is more and more important, because it 
has high speed motions and induce dune and beach erosion by 
delivering much energy (Ruggiero et al., 2013; Sallenger, 2012). 
Thus, understanding wave runup well is vital for both coastal 
sediment transport research and water safety. 

Wave runup consists two dynamically components of a quasi-
steady wave setup 	〈 〉	 and swash component S. Numerous 
laboratory and field experiments about wave runup on beaches 
and coastal structures have been carried since 1950s, and have 
related wave runup to local beach gradient and incident wave 
parameter (wave height and wave length in deep water). In some 
wave runup empirical formula, these three parameters are 
commonly expressed as the Irribarren number (Battjes, 1974a): 

 

 
/ /    (1) 

 
Where	 	is a local beach gradient, H is the wave height, and L0 is 
the deepwater wavelength given by linear theory. 

Battjes (1974b) present a formula applied for estimating the 2% 
runup level of irregular plunging waves: 

 
 %     (2) 

 
 
 
 

Where	  is coefficient value of 1.49-1.87 (fully developed seas 
to development stages), 	 	is the deepwater Irribarren number. 

Holman (1986) found that the 2% runup on a sandy beach was: 
 

 % 5.2 0.2   (3) 
 
Based on laboratory data for random waves on a gentle, 

smooth and impermeable uniform slopes. Mase (1989) found that: 
 
 % 1.86 .   (4) 
 
Based on field data, Ruggiero et al. (2013) developed 

independent expressions reflective beaches: 
 
 % 0.27 . 	 5 	
	
Hedges and Mase (2004) modified the equation developed by 

Hunt (1959) to take into account wave setup: 
 
 % 0.34 1.49 		 6 	
	
Stockdon et al. (2006) analyzed data compiled from ten field 

experiments from sandy beaches ranging from dissipative (
0.3) to reflective ( = 2.2) to express runup as: 

 

% 1.1 0.35 . . . .

 7 	

	
Vousdoukas, Wziatek, and Almeida (2012) developed a 

parameterization based on long-term measurements of wave 
runup on a reflective beach obtained using a video system: 
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 % 0.53 . 0.58 0.45		 8 	

	
However, in many field studies, the complex of nearshore 

beach profile and sand offshore motion, such as sandbars and its 
motion, may influence swash processes (e.g., Castelle et al., 2007; 
Guedes, Bryan, and Coco, 2012; Shand, Hesp, and Shepherd, 
2006). Cohn and Ruggiero (2016) discussed the influence of 
seasonal to interannual nearshore profile variability on the wave 
runup on dissipative beaches by numerical modeling, and found 
that beach topography which caused by sandbars offshore 
migration appears to play a significant role in influencing 
extreme runup under storm wave conditions (Stockdon et al., 
2006).  

In the present work, a series numerical tests were carried out 
to investigate the effects of sand offshore motion using XBeach 
model. Firstly, the model description and model setup were given. 
Then, the numerical results and comparisons with some empirical 
formulas were demonstrated. In discussion, the effects of sand 
offshore migration on runup components (wave setup 〈 〉 and 
swash S), and wave energy spectrum were discussed. Final part 
was the conclusion. 

 
          METHODS 

Model Description 
To explore the influences of sand offshore migration on wave 

runup of reflective beaches, the XBeach numerical modeling 
experiments were performed (Table 1).  

XBeach model is a process-based model developed to simulate 
hydrodynamic and morphodynamic processes and impacts on 
coasts (Roelvink et al., 2009). It solves coupled 2D, depth-
averaged equations for wave transformation, currents, sediment 
transport and bottom changes, for varying (spectral) wave and 
flow boundary conditions. The wave forcing is obtained from a 
time dependent version of the wave-action balance equation. The 
sediment transport is modeled with a depth-averaged advection 
diffusion equation (Galappatti and Vreugdenhil, 1985). 

XBeach model has been verified and widely used in coastal 
research including dune erosion (De Winter, Gongriep, and 
Ruessink, 2015), and wave runup (Stockdon et al., 2014), and the 
performance is acceptable. 

 
Model Setup  

XBeach 1D model which only resolves the cross-shore 
directed component of infragravity energy (De Winter, Gongriep, 
and Ruessink, 2015) but  to neglect alongshore hydrodynamics 
variability and wave directional spreading is often used to 
examine predominant cross-shore processes. Despite neglecting 
some physical processes, the 1D version of XBeach has 
demonstrated skills in modeling surf-zone wave transformation  
(e.g., Stockdon et al., 2014), dune erosion (e.g., Van Dongeren et 
al., 2009), and wave runup (Cohn and Ruggiero, 2016; Palmsten 
and Splinter, K.D., 2016; Stockdon et al., 2014). They offered 
reasonable numerical results of wave runup compared to 
observations. In the present work, a series 1D model cases were 
set up to explore the sand offshore motion effects on wave runup. 

The computation mode called ‘Non-hydrostatic’ mode in 
XBeach model was chosen to make sure the same irregular wave 

elevation time series used at boundary under the same offshore 
wave condition. In this mode, the time series of surface elevation 
and depth-averaged velocity are provided as boundary condition. 

In this numerical modelling scenario, the numerical tests are 
divided into experimental group and control group. In the 
experimental group, the initial morphology was a linear, sandy 
profile of 1:15 slope, consisting of fine sand with D50 = 0.25 mm 
and D90 = 0.4 mm.The bottom level at offshore boundary is 16 m, 
and the offshore boundary is 500 m far from the toe of beach. The 
model initial set was displayed in Figure 1. A series of irregular 
wave generated by JONSWAP spectrum were tested at offshore 
boundary (Table 1), and the irregular wave series repeated about 
every 1025 s in first 6 hours, which makes it possible to compare 
the detailed runup time series during the process of beach profile 
change. The computation time of each experimental case is 24 
hours, the beach profile keeps constant in the first hour. In the 
control group, the initial morphology in every case was a linear, 
sandy profile of the last beach gradient  of corresponding 
experimental case after 24 hours, and the slopes of each case are 
shown in Table 1. Same wave conditions are used as 
corresponding experimental cases, and the computation time of 
control group is 1 hour.  

Along the on-shore direction, the grid step decreased from 5 m 
to 0.2 m. The grid step is 5 m between offshore boundary and the 
toe of beach, then, decreasing to 1 m gradually on the sand beach. 
From the still water shoreline to upper beach, the grid step 
becomes finer ,and decreasing from 1 m to 0.2 m gradually. 

 

 

 
Figure 1. Model setup of numerical test. 

 
 
Table 1. Wave conditions of numerical case. 
 

No.
H0 
(m)

T
(s)

L0 
(m) 

Iribarren 
Number 

 

Wave 
Breaking

Type 

Control 
Group 
Slope 

1 1.44 8 99.924 0.5553 Plunging 1/21.78 

2 2.26 9 126.466 0.4987 Spilling 1/22.62 

3 3.27 10 156.131 0.4606 Spilling 1/23.5 

4 3.89 12 224.828 0.5068 Plunging 1/23.36 

5 2.73 6 56.207 0.3025 Spilling 1/26.38 

 
Statistics and Parameters 

To investigate the effects of sand offshore migration on wave 
runup, several parameters were used for analysis. As mentioned 
in introduction, quasi-steady wave setup 	〈 〉	 and swash 
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component S are two dynamically components which consist in 
wave runup. Based on previous studies, Stockdon et al. (2006) 
proposed the general relationship for R2%: 

 

 % 	 〈 〉 			  (9) 

 

   (10) 
 
The 2% exceedance value for runup R2% was calculated from 

the cumulative probability density function of runup elevations. 
The mean of these runup height time series is taken as	〈 〉. And 

the swash S is calculated from the spectra, PSD (f), of the 
continuous runup time series after subtracting setup	〈 〉: 

 

 4 ∑   (11) 
 
The distinction between  and are based on wave 

frequency, the incident bands (f>0.05 Hz) and infragravity 
(f<0.05 Hz) bands were calculated by summing over the specific 
frequencies region respectively. 

The beach gradient  in the present work was taken to be the 
average slope in the region defined by ±2  of the shoreline 
position timeseries around	〈 〉, where  is the standard deviation 
of the time-varying water level, η (t). 
 

           RESULTS 
In this section, the numerical results were demonstrated firstly. 

The comparisons of R2% between the numerical prediction and 
some empirical formulas were also given in this part. 

 
Numerical Results of XBeach Model 

 

 

 

 
Figure 2. The detailed runup data of case 3. The top one in the panel is 
results of runup horizontal length, middle one is runup height, and bottom 
one is velocity of swash tip. For example: The ‘1h’ in legend means 1 
hour. 

 
Based on the series of numerical cases, the wave runup time 

series were obtained from surface elevation data. As similar trend 

appeared in different cases, the detailed runup time series data of 
case No. 3 was demonstrated in Figure 2, and the corresponding 
beach profiles of the different time were shown in Figure 3. 

 

 

 
Figure 3. Corresponding beach profile of different time. 

 
According to the wave runup data in Figure 2, the runup 

horizontal length relative to the initial shoreline increases, and 
runup height decrease with sand offshore migration. The 
performance of runup data is highly correlate to the slope change 
of beach profile in swash zone. When the beach gradient becomes 
milder, the swash excursion along the beach slope increases, but 
the runup height decrease because the beach face in swash zone 
becomes flatter. The velocity of the runup tip showed an obvious 
phenomenon that the velocity during wave uprush is larger than 
backwash corresponding to the shorter duration of uprush 
compared to backwash, which is consistent with field observation. 

 

 

 
Figure 4. The runup data comparison between experimental case 3 and 
control case 3. ‘No. 3c’ represents the results of control case 3, ‘No. 3’ 
represents experimental case 3. 

 
Besides, the results of control group (No. 3c) were 

demonstrated in Figure 4, and the comparison was made between 
control case and the last stage of experimental case which the 
beach gradient same as control case in swash zone. Both the 
runup horizontal length related to its own initial shoreline and 
runup height in control case is larger than experimental case in 
some degree, and the crest shape of runup height series in 
experimental case is more sharp, thus some uprush velocity 
around in experimental case are larger. So the milder beach 
gradient β which induced by the sand offshore motion is not only 
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the reason to make the runup height decrease, but also some other 
effects induced by this motion. 
 
R2% Comparisons Between XBeach and Empirical Formulas  

In this part, the R2% prediction of XBeach model and empirical 
formulas are compared in Figure 5. Several empirical formulas 
are used, their detail forms have been shown in the introduction 
part. From the Figure 5, the prediction values of XBeach model 
are much closer to the Equation 9 (Stockton et al., 2006) 
compared to other empirical formulas in general. The prediction 
of Equation 7 (Stockton et al., 2006), and Equation 6 (Hedge and 
Mase, 2004) are also close to the XBeach prediction except for 
case 5, so these two formulas behave quite different to XBeach 
model with high wave height but relatively small wave period 
condition. The prediction results of the XBeach for R2% are 
almost larger than other empirical formulas’s results.  

 

 
Figure 5. The comparison of R2% prediction between XBeach and 
empirical formulas. 

 
 

          DISCUSSION 
Offshore Sand Motion Effects On Setup 〈 〉 and Swash S 

Setup 〈 〉  and swash S are two components affecting wave 
runup. To investigate the effects of offshore sand migration on 
runup, the two components are computed by the methods in 
method part. 

 

 
Figure 6. The relation between the setup and .  ‘+’ represents 
case 4, ‘▽’ represents case 3,’ □’ represents case 2, ‘△’represents case 
5, ‘◇’ represents case 1, and the color legend is same as Figure 2. 

 
The trend of setup results of case 1 to 5 are similar, the setup 

decreases with sand offshore motion, and the relation between 
setup〈 〉 and  are demonstrated in Figure 6. From figure 
6, over all the data of setup, it is found that there should be a 

linear relation between setup 〈 〉  and . But when 
observing the data case by case, the relationship between them 
seems to be non-linear, so only one morphology parameter, beach 
gradient β, is not enough to reflect the morphology characteristics. 
During the first 3 hours, the rate of setup decrease is obviously 
larger than the rest of time, and generally the decrease rate is 
reducing with time. Thus, the milder beach gradient β which 
induced by the sand offshore motion is not only the reason to 
make the runup height decrease, but also some other effects 
induced by this motion, maybe the wave spectrum change. The 
similar performance of swash component S can be seen in Figure 
7. 

 

 
Figure 7. The relation between the swash S and . ‘+’ represents 
case 4, ‘▽’ represents case 3,’ □’ represents case 2, ‘△’represents case 
5, ‘◇’ represents case 1, and the color legend is same as Figure 2. 

 
 

Offshore Sand Motion Effects On Wave Spectrum  
 

(a) (b) 

(c)

 

(d) 

 

Figure 8. The wave spectrum of case 3: (a) before wave breaking point; 
(b) in wave breaking region; (c) after wave breaking point; (d) at initial 
still water location. 

 
Generally when the sand moves offshore on the beach, the 

performance of runup data is highly correlate to the slope change 
of beach profile in swash zone. When the beach slope becomes 
milder, the swash excursion along the beach slope increases, but 
the runup height decrease because of the milder beach face. For 
present analyzed data, it seems there is a linear relation between 
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setup 〈 〉, swash S and  over all the data of setup 〈 〉 or 
swash S. However, when observing the data case by case, the 
tendency seems to be non-linear. So only the beach gradient  is 
not enough to reflect the morphology characteristics. 

The offshore migration of sand will induce the wave breaking 
away from the shore (Castelle et al., 2007; Shand, Hesp, and 
Shepherd, 2006), and which makes more wave energy dissipation. 
In Figure 8, the wave spectrums of case 3 along the cross 
direction at different time were shown. According to the 
performance of wave spectrum change, the spectrums shape of 
the first 12 hours are almost same out wave breaking zone, but 
after wave breaking, the shape of wave energy spectrum change 
a lot. On one hand, the magnitude of wave spectrum decreases 
with time, on the other hand, the trend wave energy shifts to the 
infra-gravity band becomes more evident with time, which means 
the incident energy of wave will dissipate more, and some part of 
it transfer to infra-gravity band. Maybe this is another effects of 
sand offshore motion which makes runup height decrease. 

 
          CONCLUSIONS 

For investigating the effects of sand offshore migration on 
wave runup, a series numerical tests were carried using XBeach 
model in the present work.  

Although the milder tendency of beach slope is induced by the 
sand offshore motion, the milder beach gradient  isn’t the only 
reason for making the runup height decrease. As wave spectrum 
keeps change with sand offshore motion, some other effects can 
also restrain runup such as wave energy decrease. The magnitude 
of wave spectrum decreases with sand offshore migration, and 
the trend of  wave energy shifting to infra-gravity band becomes 
more evident. The incident energy of wave will dissipate more, 
and some part of it transfer to infra-gravity band. 

Among the comparisons between XBeach and empirical 
formulas, it’s can be found the R2% prediction values of XBeach 
model are much closer to the Equation 9 (Stockton et al., 2006) 
compared to other empirical formulas. 
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ABSTRACT 
 
Lee, J.L.; Kim, I.H.; Yeon, Y.J., and Lee, J., 2017. Monitoring and analysis of bacterial communities during a 
summer season on Gyeongpo Beach. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 249-253. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
A number of tourists visit beaches in the summer to enjoy sea bathing. However, numerous accidents occur on the 
eastern coast because of the topographical characteristics of the beach, and most accidents are caused by rip currents. 
Additionally, in the summer, as many tourists prefer beaches near swash zones, exposure to non-point pollutant 
sources can occur, significantly harming the health of visitors. Enterococci have shown the strongest correlation to 
gastrointestinal symptoms in a study examining the relationship between swimming-associated gastrointestinal 
illness and microorganisms. The U.S. Environmental Protection Agency found a direct relationship between the 
density of E. coli and enterococci in surface waters and increased swimmer-associated gastroenteritis. These reports 
suggest that E. coli and enterococci can be used as bacterial indicators compared to total coliform. Therefore, in this 
study, the safety of beach seawater was evaluated using E. coli and enterococci as bacterial indicators. Enterococcus 
and E. coli were isolated during the summer holiday season from the Gyeongpo Beach located on the eastern coast of 
Korea. The results indicated that the source of pollution near a swash zone, where people are crowded, was larger 
than that at the dry beach and near swimming zone.   
 
ADDITIONAL INDEX WORDS: Enterococcus, E. coli, total coliform, fecal pollution, marine water quality. 
 

 
          INTRODUCTION 

Gyeongpo Beach is located in Gangneung-city and is 
geologically isolated from most regions of Korea. The city is 
nestled on the east side of a long mountain range, which 
stretches along the eastern edge of the Korean Peninsula and 
extends along the East Sea. The city has a mild climate and an 
annual average temperature of 12.4°C. The annual average 
rainfall is 1441 mm, and over 70% rainfall occurs during the 
summer season from June to September. 

The eastern part of Korea has a steep slope from ridgeline of 
Mt. Taeback (832 m) to the Beach. Gyeongpo Beach is a sand 
bank formed between Gyeonpo Lake and the ocean as shown in 
Figure 1. The length of the sandy beach of Gyeongpo Beach is 
approximately 10 km long and is a popular tourist attraction 
with over 4,5000,000 people visiting during the summer holiday 
season, whereas the population of Gangneung-city is 216,000. 
The beach is usually opened to the public in early July and 
closed at the end of August. However, as the width of the area 
available for swimming at the beach is narrow, most visitors 
remain near the swash zone. The sandy beach and water may be 
highly polluted.  
 
 
 
 

Particularly, the spread of pollution in swimming zones is 
directly linked to the health of sea bathers, making pollution an 
important public health problem. At popular and crowded 
beaches, such as Gyeongpo Beach, caution is required because 
many people may be exposed to expanding sources of pollution. 
There are two main bacteria, E. coli and Enterococci, that are 
monitored in recreational water. Therefore, the U.S. 
Environmental Protection Agency (EPA) analyzes Enterococcus 
and E. coli levels to determine the opening and closing dates of 
beaches. Recommended guidelines for fecal indicator bacteria in 
recreational sea water are summarized in Table 1. This goal of 
this study was to provide basic information for safety guidelines 
to determine changes in the swimming environment by 
evaluating the swash zone at Gyeongpo Beach. 
 

          METHODS 
The swimming season at Gyeongpo Beach typically begins in 

mid-July and extends to the end of August. The samples were 
collected 8 times every Tuesday morning from July 17, 2012 to 
September 4, 2012. The center sampling line of Gyeongpo 
Beach was selected using a real-time kinematic GPS. Two other 
lines were selected 200 m apart from the center line to the north 
and south as shown in Figure 2. Each sampling line had 3 
sampling sites, and thus, 9 samples were collected every 
Tuesday morning during the sampling period. Three sampling 
sites were chosen that were perpendicular to shoreline at each 
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point. The three sites of sampling were designated on the dry 
beach at DL (+1 m), swash zone, and swimming zone at DL (-) 
30 cm.  

 

 
Figure 1. Location of study site. 

 
 

 

 

 
Figure 2. (above) Three sampling positions, (below) sampling views in 
Gyeongpo Beach. 

 
 
Table 1. Guidelines for recreational marine water recommended by U.S. EPA. 
 

Indicator Guidelines 

E. coli 
Not recommended for sea water. For freshwater, 
a geometric mean of ≤126/100 mL and ≤235/100 
mL on a single day 

Enterococci 
Not recommended for sea water. For freshwater, 
a geometric mean of ≤126/100 mL and ≤235/100 
mL  on a single day 

Fecal coliform 
A monthly average (geometric mean) of 200/100 
mL, ≤400/100 mL in 10 % of samples, and 
≤800/100 mL on a single day 

Total coliform 
A monthly average (geometric mean) of 
≤1000/100 mL, ≤1000/100 mL  in 20 % of 
samples, and ≤2400/100 mL on a single day 

 

RESULTS 
Enterococcus 

There are no beach sand guidelines for fecal indicator bacteria 
in Korea. The MPN of Enterococcus at each site is shown in 
Figure 3. The red line shown in the figure indicates the limit 
MPN/mL for a single day. Nine of 24 (37.5%) samples collected 
from waist-deep water exceeded the U.S. EPA single-sample 
criteria. Eight of 24 (33.3%) samples from the swash zone 
exceeded the criteria. The results showed that the density of 
Enterococcus in the swash zone was very high. Therefore, 
monitoring and control of fecal indicator bacteria in the swash 
zone is necessary.  

Dry beach sand was sampled, the density of Enterococcus 
was found to be much higher. Seventeen of 48 (35.4%) waist-
depth sea water and swash zone samples exceeded the criteria. 
All 17 samples were collected during the first 5 weeks of beach 
opening. The proportion of samples exceeding the criteria was 
56.6% (17 of 30 samples). Thus, it is necessary to cleanse hands 
and the body after bathing, and care should be taken to not 
ingest the sea water during the first half of the beach opening 
period. 

 
E. coli 

The MPN of E. coli at each site are shown in Figure 4. Four 
of 24 (16.7%) samples from waist-depth sea water exceeded the 
U.S. EPA single-sample criteria. Nine of 24 (37.5%) samples 
from the swash zone exceeded the criteria. The samples 
exceeded the criteria mainly during the first half of the beach 
opening period. The mean densities of E. coli were 188.77 
MPN/100 mL in waist-depth water, 181.60 MPN/100 mL in the 
swash zone, and 217.04 MPN/100 mL in beach sand. The mean 
density of E. coli was the highest in the dry beach. There was no 
statistically significant difference in E. coli density between sea 
water and the swash zone.  

Enterococcus may be more tolerant than E. coli to desiccation 
in a sandy matrix and less tolerant to increased moisture. The 
levels of E. coli in soil have been shown to dramatically 
decrease with decreasing water content (Mika et al., 2009). 
Escherichia coli can be inactivated through desiccation, 
although some cells can recover and regrow upon the addition of 
new moisture. Increased persistence of E. coli was observed in 
raked wet sand that was then compacted, presumably because of 
slower desiccation (Kinzelman et al., 2004). The concentration 
of E. coli is highest in wet sand based on previous studies. The 
results herein are consistent with those of previous reports. 

The densities of Enterococcus and E. coli were higher during 
the first 5 weeks of beach opening than at later times. Most 
people visit Gyeongpo Beach during the first 5 weeks of beach 
opening. This implies that the densities of Enterococcus and E. 
coli are related to the amount of human exposure and human-
related waste. 

 
Total Coliform 

The MPN of total coliform bacteria at each site are shown in 
Figure 5. Five of 24 (20.1%) samples from waist-depth sea 
water exceeded the U.S. EPA single-sample criteria. None of the 
samples from the swash zone exceeded the criteria. Samples 
exceeding the criteria appeared within 3 weeks of beach opening.  
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Figure 3. Data obtained for Enterococcus (yellow = dry beach, orange = swash zone, blue = swimming zone). 

  

 
Figure 4. Data obtained for E. coli (yellow = dry beach, orange = swash zone, blue = swimming zone.

 
 

 

 
Figure 5. Data obtained for total coliform (yellow = dry beach, orange = swash zone, blue = swimming zone).  

 

The mean densities of total coliform bacteria were 1734.46 
MPN/100 mL in waist-depth sea water, 699.79 MPN/100 mL in 
the swash zone, and 679.37 MPN/100 mL in beach sand. The 
mean density of total coliform bacteria was highest in waist-
depth sea water. Total coliform bacteria include diverse strains 
of bacteria such as Citrobacter, Enterobacter, Hafnia, Klebsiella, 
Serratia, fecal coliform, and Escherichia. The diversity of the 
members may cause the total population to be unaffected by a 
single environmental change such as human exposure or 
seasonal environments. As the densities of Enterococcus and E. 
coli increased, the densities of total coliform bacteria decreased. 

This indicates that the usefulness of total coliform bacteria as a 
fecal indicator bacteria in beach environment is limited. 
 
Correlation Analysis 

The result of examining the correlation between 
environmental changes, the three sites of sampling and bacterial 
indicators are shown Tables 4 and 5.  

The result showed that correlation between each indicator was 
not clear but dry beach had a positive correlation with rainfall 
and a positive correlation with temperature, while swash zone 
and swimming zone had a negative correlation with rainfall and 
a negative correlation with temperature.  
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Table 2. Number of samples exceeding the criteria for each bacteria 
(U.S. EPA, 1986). (Day 1 = 17 July, 2 = 24 July, 3 = 31 July, 4 = 7 
August, 5= 14 August,  6 = 21 August, 7 = 28 August, 8 = 4 September). 
 

 
 
Table 3.  Mean MPN/100 mL of fecal indicator bacteria at each site.   
(W = waist depth water, S = swash zone, and D = dry beach). 
 

 
 
Table 4. Correlation between weekly accumulated rainfall and bacterial 
indicators. (N =north , C = center, and  S = south). 
 

 
 
 

Table 5. Correlation between weekly average temperature and bacterial 
indicators. (N =north , C = center, and  S = south). 
 

 
 
Table 6. Correlation between dry beach, swash zone, and swimming 
zone. (N =north , C = center, and  S = south). 
 

 
 

There was a negative correlation because in case of heavy 
rainfall, conditions advantageous for the proliferation of bacteria 
is created, and conditions are not good for swimming 
environment, which prevented floating of bacteria that exist in 
sea-bed. It was believed that the average temperature was high 
and the number of visitors increased due to the clear weather but 
the proliferation of bacteria in dry beach slowed down. 
Considering the swimming environment was evaluated to be 
good, it is thought that swimming made accumulated pollutants 

Indicator 
Tuesday 

1 2 3 4 5 6 7 8 

Enterococcus 3 5 1 5 3 0 0 0 

E. coli 2 3 3 1 0 0 4 0 

Total 
Coliform 

3 1 0 1 0 0 0 0 

Sum 8 9 4 7 3 0 4 0 

Indicator Direction MPN/100ml 

 
W 662.52 

Enterococcus S 1213.18 

 
D 73.58 

 
W 188.77 

E. coli S 181.60 

 
D 217.04 

 
W 1734.46 

Total coliform S 699.79 

 
D 679.37 

Indicator Dir. 
Dry  

Beach (%) 
Swash Zone 

(%) 
Swimming 
Zone (%) 

Entero- 
coccus 

N 46.75 

42.7 

-31.83 

-48.4 

-5.84 

-3.6C -25.92 -49.29 62.86 

S 43.91 -52.36 -17.86

E. coli 

N 63.88 

57.9 

-40.32 

-22.7 

-69.37
-

25.
6 

C 41.80 -51.00 -11.84

S 54.76 -1.77 -11.05

Total 
Coliform 

N 50.28 

32.6 

-40.79 

-35.9 

-14.69
-

27.
6 

C -3.62 -23.72 -32.65

S 30.28 -32.01 -28.31

Indicat
or Dir.

Dry  
Beach (%) 

Swash Zone 
(%) 

Swimming Zone 
(%) 

Entero-
coccus

N -44.08

-46.1

-10.32 

-5.1 

12.08

9.4 C -20.44 -5.36 -61.43

S -45.53 13.25 -23.16

E. coli 

N -52.75

-51.3

35.73 

13.8 

70.82

19.5 C -7.48 34.79 8.48 

S -51.65 -5.12 0.34 

Total 
Colifor

m 

N -46.42

-44.1

36.39 

28.9 

9.82 

23.5 
C -31.51 20.02 35.52

S -35.75 20.44 19.45

Indicator Dir.
Dry  

Beach (%) 
Swash Zone 

(%) 
Swimming 
Zone (%) 

Entero- 
coccus 

N -23.89

-8.3 

-15.78 

-15.0

38.96

8.3C 83.87 14.88 -13.88

S -13.49 -14.63 -59.93

E. coli 

N -33.02

-12.4 

-43.86 

-17.4

87.94

97.
2 

C 12.11 11.35 61.63

S -6.88 -8.90 99.3 

Total 
Coliform 

N 0.38 

-16.1 

-18.12 

-38.8

65.97

89.
3 

C -14.38 -27.24 61.93

S -45.71 -45.48 99.02
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on sea-beds float and their figure increased. Also, as was seen 
from the result of analysis, it was believed the likelihood of 
bacteria entering from the neighboring streams is not high. 
There was high correlation with E. coli in dry beach, and high 
correlation with total coliform in swash zone and swimming 
zone, which are seawater zone. The correlation in each area 
toward offshore direction was presented in Table 6. Correlation 
between sandy beach and swash zone, sandy beach and 
swimming zone were negative as shown in the characteristics in 
accumulated rainfall and average temperature but not significant, 
while the correlation between swash zone and swimming zone 
was high, about 90%. This leads to the expectation that the 
influx of bacteria in dry beach to seawater is directly related to 
swimming process of the swimmers. 

  
DISCUSSION 

Beach closings because of fecal pollution are a global public 
health issue. The U.S. natural resources defense council's annual 
analysis showed that the number of beach closings and advisory 
days reached 23,481 days in 2011. More than two-thirds of 
closings and advisories were issued because bacterial levels in 
the beach water exceeded public health standards, indicating the 
presence of human or animal waste in the water. More rapid 
reports of fecal indicator bacteria can facilitate the enactment of 
preventive measures. 

The densities of fecal indicator bacteria in Gyeongpo Beach 
frequently exceeded the criteria, particularly during the first 5 
weeks of beach opening, as shown in Table 2. To reduce fecal 
contamination, strict control of nonpoint pollution sources is 
necessary. The dry beach acts as a reservoir of beach 
microorganisms. The densities of fecal indicator bacteria were 
high in dry beach sand (Table 3). Fecal indicator bacteria at the 
beach should be controlled in sea water. Thus, it is necessary to 
include a fecal indicator bacteria guideline for dry beach sand.  

E. coli live in the digestive systems of humans and other 
warm-blooded animals, as well as in soils and water. Most 
strains of E. coli are not dangerous, but some strains can cause 
illness in humans. The presence of E. coli in water is a strong 
indication of recent sewage or animal waste contamination. 
Bacterial water quality is monitored for E. coli because it can 
indicate the presence of other disease-causing bacteria. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

CONCLUSIONS 
Fecal indicator bacteria were abundant in different 

environments of the Gyeongpo Beach. The levels of fecal 
indicator bacteria should be controlled in the beach sand to 
further control the levels of these bacteria in sea water.  

It is necessary to establish a guideline for fecal indicator 
bacteria levels for dry beach sand. The sediment properties and 
water qualities near the swash zone were monitored to estimate 
the numbers of Enterococci and E. coli during the summer 
swimming season. 
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ABSTRACT 
 
Kim, T.-W.; Kim, J.-H.; Song, M.-S., and Yun, H.-S., 2017. Convergence technique study on red tide prediction in 
the littoral sea. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water 
Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 254-258. Coconut Creek (Florida), ISSN 
0749-0208. 
 
Active research has been conducted on tracking red tides by combining remotely sensed satellite images and 
numerically predicted ocean currents. Recent ocean observing satellite images have low spatial resolution and 
temporal limitations. Such convergence technologies are developed to overcome these shortcomings. Chollian, which 
is the world's first oceanographic satellite capable of observing ocean surface in a "geostationary orbit", can detect 
the current expansion and intensity of Harmful Algal Blooms (HABs). This Geostationary Ocean Color Imager 
(GOCI) can combine HABs patch with tidal current to predict where the bloom will travel on the Korean peninsula 
coast because it takes photographs at 500 m spatial resolution 8 times a day. HABs initially occurred at 9 a.m. on 
August 17, 2015, and were most likely to flow into the seawater desalination plant at 1 p.m.. Intake managers who 
operate and maintain (O&M) seawater desalination plants can track the inflow possibility hourly using this 
convergence technology. The inflow possibility was predicted by Linear Directional Mean (LDM) spatial analysis in 
GIS environment. This product can provide seawater intake managers with timely information as a useful decision-
making tool. 
 
ADDITIONAL INDEX WORDS: GOCI, HABs, desalination, SWRO. 
 

 
          INTRODUCTION 

The occurrence of harmful algal blooms (HABs) commonly 
called red tide causes serious problems for desalination plants 
due to too much microbial biomass present in seawater and 
various materials produced by them. Due to HABs occurring in 
the Gulf of Oman for eight months in 2008, multiple 
desalination plants had to cease operations for 55 days, and their 
freshwater production decreased to 30 to 40% (Jauad, 2016). 
Global seawater desalination plant operators have begun to 
realize the significant operational issues. The United States 
National Oceanic and Atmospheric Administration (NOAA) 
developed a tool tracking HABs by combining remote sensing, 
monitoring, and modeling data (Ho and Michalak, 2015). 
Currently, NOAA developed the Great Lakes Coastal 
Forecasting System (GLCFS) to overcome the limitations 
observing in a “polar” orbit. GLCFS provides seawater intake 
operators 5-day forecasts of bloom transport and concentration. 
This HAB-predicted movement of surface water is estimated by 
the Finite Volume Coastal Ocean model (FVCOM). Moreover, 
the Middle East Desalination Research Center (MEDRC) 
located in Oman developed HABs early warning system and 
 
 
 
 
 

provides surrounding desalination plant operators with 3- to 10-
day forecasts (Jauad, 2016).  

The South Korean government launched Chollian 
(Communication, Ocean and Meteorological Satellite 1), which 
is the world’s first oceanographic satellite observing ocean 
surface in a "geostationary orbit" (Kim et al., 2016). However, 
other studies on predicting the movement of HABs using 
hydrodynamic models were individually conducted (Jang, 2015). 
Choi et al. (2014) detected HABs in the Donghae in August, 
2013 and analyzed the movement mechanism of HABs using 
Hybrid Coordinate Ocean Model (HYCOM), which covers the 
global ocean with 1/12-degree spatial resolution in daily interval.  

Latest technology tracking potential HABs is actively 
combining remote sensing, monitoring, and modeling to operate 
and maintain (O&M) desalination plants stably. The results of 
real-time monitoring are verified to estimate the current 
expansion and intensity of the bloom on the ground, in the ocean, 
and in the air. And the hydrodynamic model representing flow 
of surface water predicts the movement of HABs from the initial 
position to the final position (Davis et al., 2015).  

In 2014, Gwangyang Seawater Reverse Osmosis (SWRO) 
plant was constructed in Gwangyang bay, the South Sea and 
produces 30,000 m3/day of fresh water. Gwangyang Bay is a 
“semi-enclosed bay” located between the Yeosu Peninsula and 
Namhae Island and is connected to the open sea via southern 
and eastern waterways as shown in Figure 1. The sea area on the 
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eastern side of POSCO that takes water from Gwangyang 
desalination plant is continuously occurred for three months on 
August 17, 2015, and is also affected by the freshwater from the 
Seomjin River.  

Thus, it is necessary to develop HAB tracking technology to 
predict the inflow possibility adversely affecting operation and 
maintenance (O&M) of the seawater desalination plant. These 
products aimed to provide water intake manager with timely 
information in GIS environment. 

 
 

 

Figure 1. Seawater intake area map of Gwangyang desalination plant.

 

 
 

 

          METHODS 
Image and spatial data fusion is performed by combining data 

represented by different spatio-temporal resolutions (Waltz, 
1995). The ocean color imagery observed by the Chollian takes 
photographs of ocean surface "2,500 km × 2,500 km" area 8 
times a day at 500 m spatial resolution (Son, Kang, and Ryu, 
2012). An Environmental Fluid Dynamic Code (EFDC) model 
at 1 km spatial resolution was developed for the coast of the 
South Sea (Kwon and Kang, 2007).  

The combination of ocean color imagery and hydrodynamic 
model can track changes in HABs using observed and forecasted 
ocean surface. In Figure 2, level 1 shows surface chlorophyll-a 
concentrations for HAB detection estimated by GDPS software. 
Level 2 shows the flow of surface water for HAB movement by 
numerical tidal current map. Level 3 shows the data fusion 
process for timely decision-making by the imagery of level 1 
and spatial data of level 2. 

In level 1, RGB composited images were created by randomly 
applying the range of the minimum and maximum values of the 
histogram for each band of RGB (6, 4, 2). HABs patch in 
reddish brown was extracted from the RGB composite images, 
and the chlorophyll-a concentrations were analyzed using GDPS 
software. In level 2, HABs patch pre-detected from satellite 
imagery use to identify extent of hydrodynamic model and 
extract in the form of spatial data representing the flow direction 
and velocity. Then, in level 3, HABs patch were tracked to 
analyze the inflow possibility into the seawater intake point of 
the desalination plant.  

The data fusion of the imagery and model was performed in 
GIS environment, and the direction and velocity of HABs patch 
are spatially combined based on the observation time of valid 
satellite imagery. The inflow possibility is predicted by applying 
Linear Directional Mean (LDM) analysis. LDM identifies the 
general direction for a set of line feature by calculating the 
average angle of the features using the following equations:  

 

 

 
 

Figure 2. Three basic levels to fuse GOCI images and seawater flow data.
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Where, θ is the angle of the  th line feature measured based 
on its start and end points (Zhu, 2016).  

 
 
 

 
 

RESULTS 
Figure 3 shows the results of tracking HABs as of August 17, 

when HABs initially occurred in 2015. HABs began to appear 
before 9 a.m. in the sea area in the east of POSCO. The 
desalination plant takes water from the site, and the chlorophyll-
a concentration of 1 pixel (500 m) away from the intake point 
was 4.76 ㎍/L. Subsequently, the HABs moved northeastward 
around 10 a.m. and then locally occurred in large amounts in the 
site approximately 2 km away from the intake about 11 a.m. 
Moreover, they started to move toward southwest, the direction 
of the intake, around noon.  

 According to the analysis results, the inflow possibility into 
the desalination plant was most likely to be shown around 1 p.m. 
because of the direction of the intake. The HABs moved 
southwest away from 1 km and predicted the final position, 
which is the nearest distance to the seawater intake point. Then, 
the HABs disappeared after 2 p.m. and moved to the southern 
open sea after 4 p.m.  

 
 

 

 

 
 
 

 
  

Figure 3. Tracking results of HABs hourly (August 17, 2015).
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Displacement arrows show the model-predicted movement of 
surface water from the initial position to the final position. As a 

result, chlorophyll-a concentrations ranged from 3.94 to 5.19 ㎍

/L within a 3-km radius, which is an influential area and applied 
it to LDM analysis. As shown in Figure 4, the mean movement 
direction and velocity of the HABs were represented in vector 
on the map based on the mean center. Predicted changes in 

surface chlorophyll-a concentration are calculated to be 247.2° 

clockwise from due north at a velocity of 552.63 m/h at 1 p.m. 

 
DISCUSSION 

The Korean oceanographic satellite, Chollian, is the world's 
first geostationary satellite so that this study can provide water 
intake managers with hourly information for operation and 
maintenance (O&M) of seawater desalination plants. However, 
it was difficult to analyze the inflow possibility of HABs at 3 
p.m., when cloud conditions prevent a clear view in the sea area. 
Therefore, real-time monitoring equipment is required to 
compensate for the shortcomings of remote sensing such as 
drone and balloon and underwater wave glider.  

 
 

CONCLUSIONS 
The GIS-based spatio-temporal data convergence technology 

developed in this study made it possible to track the HABs and 
the inflow possibility of Gwangyang POSCO desalination plant 
on August 17, 2015. In the future, seawater intake managers will 
be able to use the above results of tracking and predicting HABs 
as a useful decision-making tool to operate and maintain (O&M) 
seawater desalination plants. 
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ABSTRACT 
 
Yoon, J.-J., 2017. Numerical study of rip current generation at Daecheon Beach, west coast of Korea. In: Lee, J.L.; 
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Daecheon Beach in Boryeong, Korea, is one of the most popular places on the west coast of Korea. The world 
famous “Mud Festival” attracts visitors in summer and this beach has many tourists throughout the year. However, 
the irregular occurrence of rip currents threatens swimmers during every summer season. Two people were swept 
away by fast moving rip currents in August 2010, and could not be rescued. To investigate the dominant mechanism 
of rip currents in this region, a numerical simulation was carried out using the non-hydrostatic model Surface WAves 
till SHore (SWASH), with observed wave and topographical data. In this paper, the applicability of SWASH for 
modeling wave transformation and rip current circulation near the shallow foreshore is investigated. Assuming that 
rip current dynamics are controlled by a combination of variations in wave dissipation, tidal currents, and 
morphological flow constriction, this study tested the effects of wave parameters (such as height, period, and 
direction) on rip current generation. Rip currents were simulated when longshore currents flowed out through a 
channel with very small wave energy in the seaward direction. The occurrence of rip currents increased under 
conditions of higher waves and longer wave periods. In the case of wave direction, cases were tested from northwest 
to southwest, and the spatial characteristics of the simulation results are presented.  Rip currents have often 
appeared in SW types of wave direction conditions. The change of the wave direction changed the locations of 
rip current generation. However, the influence of topographic features has not been shown significantly at 
Daecheon Beach because the bathymetry of the area is shallow and the bottom slope is mild. 
 
ADDITIONAL INDEX WORDS:  Non-hydrostatic model, numerical simulation, SWASH, rip current, Daecheon 
Beach. 
 

 
          INTRODUCTION 

 Daecheon Beach is representative of many summer resorts on 
the west coast of Korea. The world famous “Mud Festival” is 
held in July every year and millions of visitors visit this place 
annually. Beach conditions are optimal along 3.5 km of the 
seashore with shallow depth and mild slopes. The danger of the 
accidents is increasing because many people visit this famous 
place. In July 2010, two people died in a drowning accident due 
to strong rip currents. Daecheon beach has gentle slopes with 
submerged sunken rocks that deform wave energy, possibly 
causing the rip currents.  

In Korea, studies on the causes of rip current have been 
performed mainly on Haeundae Beach. Since 2009, many 
incidents have been reported here and many rescue operations 
have been performed annually. For this reason, a forecasting and 
monitoring system for rip currents was introduced to Haeundae 
Beach in 2012, and was widely expanded to Jungmun in Jeju 
Island and Daecheon Beach on the west coast of Korea by 2013. 
Because of the rescue operations, most people have been saved 
from the rip currents and no casualties have been reported since  

 
 
 
 
 

2010. However, it is urgent to analyze the cause of the frequent 
rip currents and prepare a nationwide solution. In cases where a 
beach location definitely causes repeated rip currents, it is most 
important to establish an immediate and accurate forecasting 
system because many people are in danger.  

However, as various observations and data analysis should be 
performed to establish an effective forecasting system, the limits 
on verifying the phenomena should be considered. Rip currents 
are considered a fast-moving seaward current, so people at the 
beach will be swept away in a short period of time. As shown in 
Figure 1, an unexpected rip current can develop 100 m or a more 
from the seashore following the narrow rip-channel. 

 

 

 

Figure 1. Rip current occurrence at Haeundae Beach in 2010.
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Basic research analyzing the cause of rip currents at 
Haeundae Beach were conducted through various numerical  
simulation studies (Bae, Yoon, and Choi, 2013; Kim, Lee, and 
Lee, 2010, 2013; Lee and Lee, 2011; Yoon, 2014; Yoon, Park 
and Choi, 2014).  In addition, Choi and Kim (2016) performed a 
numerical simulation study on the rip current at Daecheon 
Beach using the Boussinesq model. In the current study, the 
non-hydrostatic model Surface WAves till SHore (SWASH; 
Smit et al., 2014; Smit, Zijlema, and Stelling, 2013; Zijlema and 
Stelling, 2008), which makes the wave-current coupled 
simulation possible, was applied to reproduce the rip current in 
Daecheon Beach by analyzing the flow features of longshore 
currents and various wave conditions, while simulating the 
occurrence of rip currents. In addition, the results of the 
numerical simulation studies were verified using observational 
data suggested by previous research. 
 

 

 

Figure 2. Location and topography of Daecheon Beach on the Korean 
Peninsula. Arrows indicate location of submerged reefs. 

 
 

          METHODS 
Daecheon Beach and Observations 

Daecheon Beach is located along the middle western coast of 
the Korean Peninsula, and is a typical sandy shore about 3.5 km 
long. The coastline opens to the southwest (Figure 2). When 
waves and tides are combined, a longshore current is variably 
developed by changes in the waves. In addition, submerged 
rocks or reefs are located near the wave breaking zone, and this 
can change the wave energy near the coastline. When the 
longshore current is concentrated in one location, the wave 
energy will be released by following a rip channel of relatively 
deep water formed by the wave, and a rip current occurs. 

In case of Daecheon Beach, rip currents occur irregularly in 
various locations due to the long coastline. In 2012, Closed-
Circuit Television (CCTV) for supervising the rip currents was 
installed by the Korea Hydrographic and Oceanographic 
Administration (KHOA) and occurrence of rip currents at 
Daecheon Beach in the summer has been reported frequently 
(Figure 3). 

Figure 4. Rip currents at Daecheon Beach documented by 
CCTV stations.The risks of casualties were low, but the 
occurrence of rip currents has been regular, and the possibility  

 

 

Figure 3. Location of CCTV stations at Daecheon Beach and rip current 
occurrence areas A to G. 
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Figure 4. Rip currents at Daecheon Beach documented by CCTV 
stations.

 
 

of this hazardous situation increases with the size of the incident 
wave. According to the monitoring system’s reports (KHOA, 
2014 and 2015), rip currents occurred 14 times in July and 
August 2014, and 16 times in July and August 2015. Figure 4 
shows images of rip current occurrences in 2014 and 2015. 
Table 1 summarizes the wave and tide conditions on some dates 
when rip currents have occurred. 
 
Table 1. Example wave conditions when rip currents occur. 
 

Occurrence Date
Wave 
Height 

Wave 
Period 

Wave 
Direction 

Tide Level 

July 23rd , 2014 1.0 m 5 s SW +3~5 m (high tide)

July 25th, 2014 1.0 m 5 s SW +3~6 m (high tide)

July 26th, 2014 2.0 m 9 s SW +3~6 m (high tide)

July 12th, 2015 0.5 m 12 s SW +3~6 m (high tide)

July 13th, 2015 1.5 m 8 s SW +3~6 m (high tide)

August 3rd, 2015 1.0 m 5 s SW +3~6 m (high tide)
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During summertime, rip currents mainly occur when the wave 
direction originates in the southwest (SW), perpendicular to the 
coastline (as shown in Table 1). The swell-type waves that lead 
to this situation mainly originate out to sea from the indirect 
influence of a typhoon or low pressure area. With regards to tide 
level, rip currents occur frequently during high mean tide, and 
rarely occur during low tide. Daecheon Beach is typical of the 
macro tidal area with a maximum 8 m of tidal difference; the 
mean sea level is about 3.82 m. 
 
Model Setup 

Based on observation reports, the dominant wave conditions at 
the moment of rip current occurrences were 0.5-1.5 m of wave 
height, 6 to 10 seconds of wave period, and southwest wave 
direction. These conditions mainly occurred on sunny days 
when swimming is possible. As the wave height implies a long 
period wave, wave energy is likely high, so the occurrence 
probability is also considered high.  

In this study, the SWASH model has been applied to simulate 
the rip current at Daecheon Beach. SWASH is based on 
nonlinear shallow water equations, with a non-hydrostatic 
pressure model, and can resolve many of the relevant physics 
problems in coastal wave propagation such as relatively new 
time-domain dispersion, shoaling, refraction, dissipation, and 
nonlinearity. SWASH has been used in many previous 
researches, and is one of the most advanced models for rapid 
wave-induced current simulations. SWASH is very likely to be 
competitive with the Boussinesq-type wave models in terms of 
robustness and the computational resource (MPI parallel 
processing) required to provide reliable model outcomes in 
wave-phase interaction conditions. The non-hydrostatic, depth-
averaged, free-surface flow can be expressed by the nonlinear 
shallow water equations derived from the incompressible 
Navier-Stokes equations that include the conservation of mass 
and momentum. 

 
Table 2. Model setup for numerical simulations. 
 

Grid Scale 

1300 m × 3050 m 
Δx Δy 5	m (260×610 grid) 
Grid Rotation = 25° (Clockwise) 
Vertical Layers = 3 

Open Boundary Wave Generated by Left Side of Domain 

Wave Condition 
(Regular Wave) 

H 1.0, 1.5, 2.0	m, 
T 8, 10, 12	sec 
Dir. SW,WSW, SSW,WNW 

Tide Mean Tide Level 

Time Step 0.01 sec 

Friction Coefficient 
n 

0.019 

 
The bathymetry and model domain information used for the 

numerical simulation is shown in the right side of Table 2. The 
grid system is composed as a 260×610 grid array form with 5 m 
grid size. For the efficiency of domain composition and the open 
boundary, the grid has been rotated by 25 degrees clockwise as 
shown in the Figure 2. The main incident wave conditions 
applied in the model were the WSW wave direction 

(perpendicular to the shoreline), 1.5 m of wave height, 10 s of 
wave period, and tidal condition of mean sea level.  

In this study, the experiment was performed on regular waves 
and the simulation’s results on the occurrence of rip currents in 
various wave conditions were compared. The time step per 
calculation was set up as 0.01 s, and the bottom friction 
coefficient, 0.019 was applied. 

 
RESULTS 

Rip currents mostly occur when the wave direction is 
perpendicular to the coastline. The possibility of occurrence is 
especially high in case of well-type waves with uniform period 
and direction (Lee and Lee, 2011; Yoon, 2014). The analysis in 
Choi and Kim (2016) asserted that swell-type waves form the 
honeycomb patterned waves typical of conditions on Daecheon 
Beach and these features make the rip channel form more 
frequently. This study simulates the occurrence of rip currents 
on Daecheon Beach under various conditions of regular waves 
and compares the results with observed data. 

The numerical simulation models the 60 minutes following 
wave generation in every case, to calculate the time average of 
depth-averaged velocity for 6 wave periods and to calculate the 
wave-induced rip current. Figure 5 shows examples of the 
spatial distribution of waves in the condition of the main 
incident wave at Daecheon Beach. The incident wave under the 
different wave conditions has been transmitted by the conditions 
of bottom topography and the deformation by submerged reefs 
has been shown. At the beach, the wave variation along the 
shoreline is definitely seen and some occurrences of rip channel 
formation through the spaces that the wave energy has been 
distributed in lower status have been verified.  

In Figure 6a, the representative conditions for rip current 
formation were set as [H 1.5	m, T 10	s, Dir. WSW, and 
the mean sea level for the reference depth]. According to the 
resulting numeric simulation, the spatial distribution of the rip 
current occurring area that was recorded by CCTV (Figure 4) 
has been mostly reproduced. In Figure 6b, the simulated 
experiment was altered by lowering the wave height to 1.0 m. 
The general distribution patterns of the rip current are similar in 
both cases. However, as the wave energy is proportional to the 
wave height, a relatively weak rip current has been simulated as 
the wave height becomes smaller. Under conditions of 2.0 m of 
wave height, the spatial distribution was similar to conditions of 
1.5 m, with a little stronger rip current reproduced. 

In Figure 6c, the simulated result was altered by changing the 
wave period to 8 s. As the period shortened, the features of the 
wave spatial distribution appeared differently (Figure 5c). In 
addition, when comparing Figure 6a,c, the rip current formed 
when	T 10	s (200 m south of CCTV station 2), but did not 
form when T 8	s . On the other hand, when T 8	s,  rip 
currents formed 300-400 m north of CCTV station 2, which did 
not form when T 10	s. Although not shown in the figure, 
when T 12	s,  similar rip current distribution as T 10	s 
resulted. 

When comparing the velocity of the longshore current to the 
wave period, the fastest rip current has been when T 10	s. 
The size of the rip current is not so definitely proportional to the 
wave period when the wave period is greater than 10 s; this 
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seems to be related to refraction by the correlation between the seafloor topography and the wave length. 

 

       
Figure 5. Examples of free surface displacement (shading) and wave-induced current (vector) obtained from each incident wave condition.

 

 
Figure 6. The results of rip current simulations obtained from each wave incident scenario, (a) ~ (d); red arrow indicates rip current point.

In Figure 6d, the simulation results under a SW wave 
direction have been shown. As rip currents have often appeared 
in SW types of wave direction conditions (including WSW and 
SSW), both WSW (perpendicular to the coastline) and SW wave 
directions have been simulated. When examining the results, 
non-topographical rip channels have been formed in different 
locations from those shown in Figure 6a,b. The rip current then 
occurred through these channel. In other words, the change of 

the wave direction changed the locations of rip current 
generation. The rip current that has occurred south of CCTV 
station 2, as shown in Figure 6a, has moved north of the station, 
and an additional developed rip channel has been simulated 300-
400 m north of the CCTV station. However, meaningful spatial 
distribution of rip currents related to wave directions such as 
SSW or WNW have not been simulated. 
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Under conditions of SW wave direction (the general dominant 
wave condition in the summer) and wave periods of 6 to 10 s, 
the rip current near to the coastline B to G (the common rip 
current occurrence area described in Figure 3) has been 
reproduced well. However, the location of the rip channel can be 
distributed variably by changes in wave height, wave direction, 
wave period, and topographical conditions. Preparing for the 
occurrence of sporadic rip currents is very important for the 
huge size of Daecheon Beach. Many of the locations cannot be 
covered by the currently installed 3 CCTV stations. Therefore, 
more accurate numeric simulations and increased use of the 
monitoring station and efficient forecasting system is necessary. 

 
CONCLUSIONS 

In this study, a numerical simulation of the summertime 
wave-induced offshore current at Daecheon Beach on the middle 
western coast of Korea has been performed by using non-linear 
shallow water equations with SWASH, a non-hydrostatic 
pressure model. The spatial distribution of the occurrence of rip 
currents has been reproduced accurately compared to 
information from the previously installed monitoring system. 
When analyzing each simulated case by the various wave 
conditions, the occurrence of rip currents at Daecheon Beach 
shows agreement with various existing study results. Occurrence 
is proportional to the wave height and wave period and shows 
that spatial distribution can be differentiated by the wave 
direction. Some developed rip channels may be formed by the 
distribution of topographic features. However, the influence of 
topographic features has not been shown significantly at 
Daecheon Beach. The bathymetry of the area is shallow and the 
bottom slope is mild; any evidence that the distribution of 
submerged sunken rocks or reefs makes the wave energy 
concentrated has not been established. Therefore, on this coast, 
the dominant factor in the occurrence of rip currents seems to be 
the spatial distribution of wave energy according to the 
interaction of the waves under the various wave conditions. 

As the number of the visitors to this large beach has increased, 
so does the danger; related studies have also been increased. The 
forecasting and monitoring systems for rip currents have been 
introduced together with related studies. As the occurrence of rip 
currents is dependent on features of the oceanic environment 
such as the water depth, waves, and tide, continuous collection 
of accurate observations and complementary numeric 
simulations are essential. For the operation of an accurate 
forecasting system, precise analysis of the causes of rip currents 
using numeric simulations should be a priority. This study 
demonstrates the feasibility of numeric simulations for the study 
of rip currents at Daecheon Beach. This accomplishment leads 
to the expectation that an accurate forecasting system would 
complement observation resources with research using 3-
dimensional numeric simulations.  
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ABSTRACT 
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In order to protect beach or mud coastlines, submerged breakwaters are built in the world widely. When the 
submerged breakwater is designed, one important issue having to be analyzed is wave overtopping of coastlines or 
coastal preventing structures since the wave overtopping is very dangerous for people or structures on the potential 
coastal zones with probability of wave overtopping appearing. A 2-D numerical wave flume has been established 
based on Flow-3D software to investigate effects of incident wave parameters in front of the submerged breakwaters, 
slope of the beach and the submerged breakwaters themselves, respectively. The numerical wave flume has been 
verified by the theoretical data of wave equation and wave frequency spectrum of physical experiment. The 
computational results fitted well with the theoretical data. The calculated values of the overtopping are in good 
agreement with the physical model test values under the conditions of random wave. The verified model has been 
used to calculate the wave overtopping under the different wave height, wave period and slope of the beach. The 
results of numerical model test indicate that the wave overtopping without a submerged breakwater is much more 
than that with one for random wave approaching, which is similar as phenomena found in physical experiments. The 
relationship between wave overtopping and wave height, wave period, slope of the beach was discussed. And a new 
empirical formula to calculate the overtopping was fitted based on the method of dimensional analysis. 
 
ADDITIONAL INDEX WORDS: Submerged breakwater, wave overtopping, numerical simulation, empirical 
formula. 
 

 
          INTRODUCTION 

Wave run-up forms when the wave spreads from the deep 
water to the beach and then the wave overtopping occurs when 
the wave reaches the breast wall of the structures and passes 
over it. Wave overtopping at a breast wall is a violent natural 
phenomenon that may cause great damage to people or 
structures on the potential coastal zones. Submerged 
breakwaters are structures widely used to reduce the wave forces 
and protect shorelines in coastal engineering, and the transmitted 
wave parameters are often the focus of the practical design of 
submerged breakwaters (Van der Meer, Regeling, and De Waal, 
2000). 

There are many factors that affect the wave overtopping, such 
as wave parameters, slope of the beach, characteristics of the 
submerged breakwater. A great deal of research has been carried 
out on wave overtopping. One commonly used traditional 
method employs physical model experiments. Some physical 
model experiments on wave overtopping of the sloping dike 
have been carried out under different scales of regular waves 

(Saville Jr., 1957). Some empirical equations which can be used 
to predict overtopping rates for various structure slopes and 
structure types were provided under regular waves (Weggle, 
1977). Based on Richard’s research, equations of overtopping 
rates were provided under irregular waves (Ahrens, 1977). A 
new formula was proposed based on amount of physical model 
experiments, and the formula was included in CEM (Van der 
Meer and Daemen, 1994). The most intensive study on wave 
run-up and wave overtopping with foreshores has been 
conducted by Gent (2001). 

A second option for researching wave overtopping is the use 
of numerical wave models. Numerical models based on 
Reynolds-Averaged Navier-Stokes (RANS) and Nonlinear 
Shallow Water (NLSW) equations are most commonly used for 
the computation of wave overtopping (Quang and Van, 2014). 
Effects of combined wave and surge overtopping discharge in a 
numerical flume were explored by applying the 3-D RANS 
equations with a finite difference scheme (Reeve, Soliman, and 
Lin, 2008).  And over the last decades, substantial efforts have 
been made to improve the capability of RANS models. 
Numerical simulation of propagation of the nonlinear wave 
trains with a 2-D numerical wave flume was performed, in 
which the RANS equations for flows in porous media were 
solved and the VOF method was applied to track the free surface. 
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And the effects of overtopping flows on the structures behind 
the seawall were studied, while the artificial blocks were 
considered as the seawall (Arikawa and Shimosako, 2004). Lu et 
al. (2007) developed a practical tool in simulating overtopping 
against seawalls armored by units based on the CFD solver 
Fluent. And compared the computational value of overtopping 
over the seawall with the experimental data, the values of the 
effective drag coefficient were calibrated for the layers of blocks 
at different locations along the seawalls. 

Most previous studies on overtopping were aimed to the 
seawall with steep slope. However, numerical studies on 
overtopping of the beach with gentle slope are relatively rare. In 
this study, a 2-D numerical wave flume was established based 
on Flow 3D software and the effects of the beach with 
submerged breakwater on overtopping were studied. A new 
empirical formula to calculate the overtopping was fitted based 
on the method for dimensional analysis. 

 
         METHODS 

Governing Equations 
The governing equations are the RANS equations and the k-ε 

turbulence closure model. In a two-dimensional domain, the 
equations are given as follows (Zhang, 2009): 
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where the subscripts x and y indicate the x and y components 
and: 

A = area fraction t = time  

u = depth-averaged velocity, x-
direction  

v = depth-averaged velocity, 
y-direction 

VF = volume fraction  = fluid density 
p = non-hydrostatic pressure G = acceleration due to 

gravity 
f = acceleration due to viscous 
force 

kT = turbulence kinetic 
energy 

εT = turbulence dissipation rate Diff = diffusion coefficient 

GT = production of turbulence 
kinetic energy due to buoyancy 

CDIS(i) = coefficient of 
turbulence equation 

PT = production of turbulence 
kinetic energy due to velocity 
gradient 

 

Boundary Conditions and Initial Conditions 
The present model uses the Volume of Fluid (VOF) method 

to track the free surface motion by solving the volume of fluid 
function, F, in the following equation: 
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Figure 1 shows the setup of boundary conditions and initial 

conditions. At the inflow boundary, with the secondary 
development of Flow 3D, a wave maker (moving plate) was set 
up to generate the wave by defining its motion. At the outflow 
boundary, a porous media was set up to absorb the wave energy 
and eliminate the wave reflection. The upper boundary was set 
as specified pressure boundary and the bottom was set as wall. 
As the numerical model is a 2-D model, the front and back 
boundary can be set as symmetry. 

The pressure in the calculation domain is set as the 
hydrostatic pressure along the z-direction at initial time. The 
initial velocity is set as 0. 

 

 

 
Figure 1. Setup of boundary conditions and initial conditions. 

 
 
 
Setup and Verification of Numerical Wave Flume  

A 2-D numerical wave flume with 1 grid in y-direction was 
established to verify the capability of the wave generating and 
wave absorbing of the flume. The wave flume is 60 m in length 
and 1.5 m in height. The water depth is 1.1 m, the wave height is 
0.175 m and the wave period is 2 s. 1333 grids are set in x-
direction and 150 grids in z-direction. Total grid number is 
20,000. 

Linear wave was generated based on the numerical flume. A 
probe was set at the position of 25 m along x-direction. Figure 2 
shows the comparison of wave surface between simulation 
results and theoretical results. It shows that the wave height 
results of simulation fit quite well with theoretical results. So the 
established numerical flume can be used on simulation of linear 
wave. 

Then random wave was also generated based on the 
numerical flume. JONSWAP spectrum was used as wave 
spectrum. Figure 3 shows the comparison of spectrum between 
simulation results and theoretical results. And they fit well. So 
the numerical flume can be also used on simulation of random 
wave. 
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Figure 2. Validation of the linear wave. 

 
 

 

 
Figure 3. Validation of the random wave. 

 
 
Setup of Numerical Model and Validation of Overtopping 

The average wave overtopping discharge is defined as the 
average discharge per meter width of the structure, q, expressed 
in m3/s/m. The physical model experiment was carried out in 
wave flume as Figure 4. The water depth (h) is 1.1 m, significant 
wave height (H) is 0.175 m, wave period (T) is 2 s and the slope 
of the beach is 1:30, it means m is 30, and the distance from still 
water surface to the top of breast wall (HC) is 0.08 m. The 
numerical model was set up followed the physical model under 
the same condition. The simulation result of average 
overtopping is 0.0068 m3/(s•m) while the experimental result is 
0.0065 m3/s/m. They agree well with each other. 

Then the overtopping of the beach without submerged 
breakwater was also simulated and tested under the same 
condition. And the simulation result of average overtopping is 
0.0087 m3/(s•m) while the experimental result is 0.0085 m3/s/m. 
They also fit well. 

So the numerical model can be used to calculate the wave 
overtopping. And it can be seen from the results that it is useful 
to reduce the overtopping by setting submerged breakwater. 
 

 

 
Figure 4. Set up of physical and numerical model. 

 

RESULTS 
Calculation of Overtopping under Different Conditions 

In order to make the model has engineering significance, a 
large scale model will be used to calculate the overtopping. The 
plane scale of model is 20. The variables are wave height, wave 
period and the slope of beach. Table 1 shows the calculated 
scenarios. 

 
Table1. Calculated scenarios. 
 
Scenario 
Number

H(m) T(s) Slope 
(1:m) 

Scenario 
Number 

H(m) T(s) Slope
(1:m)

1 3.0 8.5 1:20 17 4.0 8.5 1:20

2 3.0 8.5 1:30 18 4.0 8.5 1:30

3 3.0 9.0 1:20 19 4.0 9.0 1:20

4 3.0 9.0 1:30 20 4.0 9.0 1:30

5 3.0 9.5 1:20 21 4.0 9.5 1:20

6 3.0 9.5 1:30 22 4.0 9.5 1:30

7 3.0 10.0 1:20 23 4.0 10.0 1:20

8 3.0 10.0 1:30 24 4.0 10.0 1:30

9 3.5 8.5 1:20 25 4.5 8.5 1:20

10 3.5 8.5 1:30 26 4.5 8.5 1:30

11 3.5 9.0 1:20 27 4.5 9.0 1:20

12 3.5 9.0 1:30 28 4.5 9.0 1:30

13 3.5 9.5 1:20 29 4.5 9.5 1:20

14 3.5 9.5 1:30 30 4.5 9.5 1:30

15 3.5 10.0 1:20 31 4.5 10.0 1:20

16 3.5 10.0 1:30 32 4.5 10.0 1:30

 
 
Figure 5 shows the numerical results of overtopping. As can 

be seen from the Figure 5a, the overtopping rate increases with 
the increase of wave height under the condition of the same 
wave period and the slope of beach. Also it was found from 
Figure 5b that the overtopping rate increases with the increase of 
wave period under the condition of the same wave height and 
the same slope of beach. Figure 5c shows that under the same 
condition of the wave height and wave period, the wave  
overtopping rate will be less if the slope of the beach is steeper 
in general. 
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(a) Relationship between overtopping rate and wave height. 

 

 
(b) Relationship between overtopping rate and wave period. 

 

 
(c) Relationship between overtopping rate and beach slope. 
 
Figure 5. Wave overtopping rate under different conditions. 

 
 

   DISCUSSION 
Fitting of Formula for Calculating Overtopping  

Figure 5 also shows that in a certain range, influence of wave 
height and period on overtopping is large while the effect of 
beach slope is relatively small. In order to analyze the effect 
quantitatively, dimensional analysis will be adopted. 
Considering q as the dependent variable, H, T, m as the 
independent variables, the non-dimensional formula can be 
written as Equation 7 by using 26 sets of calculation results 
selected from 32 sets randomly, and the formula was fitted as 
Equation 8.  
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The numerical results and the formula results can be found 

from Figure 6. The correlation coefficient is 0.9431. And the 
verification was done by using the rest 6 sets of calculation 
results. Figure 7 shows that the formula results fit well with the 
numerical results, so the fitted formula can be used to calculate 
the wave overtopping. 
 

 

 
Figure 6. The results of the fitted formula.

 
 

 

 
Figure 7. Validation of the formula results. 

 
 

CONCLUSIONS 
The conclusions of this study can be summarized as follows: 
 
(1) For the purpose of researching the relationship between 

overtopping of the breast wall and the incident wave height, 
wave period, the slope of the beach, a 2-D numerical wave 
flume has been established based on Flow 3D software. The 
simulation results have been verified by the physical model test 
results. The results show that the model is reasonable and can be 
used to investigate the overtopping. 
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(2) Comparison of overtopping rate between physical model 
test and numerical simulation indicates that the wave 
overtopping without a submerged breakwater is much more than 
that with one. 

(3) The overtopping of the beach crest has been calculated 
under the condition of different wave height, wave period and 
the beach slope. The results indicate that the overtopping of the 
beach crest increases with the increase of the incident wave 
height and the wave period while it decreases as the slope 
becomes steeper in some condition.  

(4) A new empirical formula to calculate the overtopping has 
been fitted based on the method of dimensional analysis. With 
verification of several data, it was found that the formula is 
reasonable in some condition and it can be used to calculate the 
wave overtopping rate. 

In this paper, the overtopping has been analyzed with the 
angle of beach slope and wave parameters. However, the 
overtopping was not calculated and analyzed based on the 
submerged breakwater with different geometric characteristics, 
which needs further investigation in future. 
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ABSTRACT 
 
Kim, H.; Lee, S.B., and Min, K.S., 2017. Shoreline change analysis using airborne LiDAR bathymetry for coastal 
monitoring. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International Water Safety 
Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 269-273. Coconut Creek (Florida), ISSN 0749-
0208. 
 
Shoreline is commonly defined as the boundary between land and sea. As a consequence of global climate changes 
and human interventions, shoreline is constantly changing by erosion and accretion. Korea is also faced with the 
coastal erosion problem. Therefore, the coastal monitoring method needs to quantitatively analyze the shoreline 
locations and differences in past and present. For this, our research for coastal monitoring is to adopt the quantitative 
analysis of shoreline change using airborne bathymetry LiDAR. Bathymetry data is useful for coastal monitoring, 
since the water depth provide geospatial information of 3D point cloud data, including the shallow water as well as 
the near-shore. In this study case, bathymetry data was collected by CZMIL in 2013 at Gyeongpo and Wonpyeong 
beach. Topography data collected by ALTM in 2010 was used to check trend of shoreline change at the same sites. In 
order to extract shoreline position from the LiDAR data, the shoreline definition is referenced as AHHW 
(Approximate Highest High Water). As a result, East coast has eroded about 347 m2 of Gyeongpo beach and about 
23819.5 m2 of Wonpyeong beach. From this analysis, the average annual rate of erosion is 1.6 m per year. Shoreline 
change at East coast resulted in a landward retreat by 5 m at the last four years. 
 
ADDITIONAL INDEX WORDS: Airborne bathymetry LiDAR, shoreline change, erosion, coastal monitoring. 
 

 
          INTRODUCTION 

A various natural phenomenon caused by global climate 
changes, such as sea level rise, changes in storm and flood, tidal 
and wave movement, have profound impacts on shorelines and 
human interventions also have influenced. Coastal erosion 
makes loss of land and sand, retreat of beaches, collapse of 
buildings and infrastructures and then has impact on coastal 
ecosystem and lessened vulnerability of people and property. As 
a consequence, shorelines have moved toward land and have 
rapidly changed by increased erosion rates. The erosion areas 
are quickly expanded. Korea already is faced with the costal 
erosion problem. Korea peninsula is surrounded by three seas 
and coastal monitoring is important to check the change rates in 
shoreline and predict the future shorelines. 

Our research is focused on airborne bathymetry LiDAR as a 
potential data source to investigate shoreline, since LiDAR data 
for shoreline analysis is capable to derive a datum-based 
shoreline determined by a single reference tidal datum elevation 
such as AHHW (Approximate Highest High Water). In this 
paper, an erosion area and volume was calculated by comparing 
each of the produced shoreline vectors with topographic maps as  

 
 

  
 
 

reference shoreline. Our study areas were selected as Gyeongpo 
and Wonpyeong beaches in east coast of Korea.  Each of LiDAR 
data in 2010 and 2013 was collected from airborne topographic 
and bathymetric LiDAR mapping system. The procedure for 
shoreline analysis was derived to transform LiDAR point data to 
a reference tidal datum utilizing vertical datum and to extract a 
shoreline contour from tidally referenced LiDAR points. The 
shoreline change rates are calculated by using as a basis of 
vector shorelines in past and present. In this paper, changes in 
shoreline can be analyzed based on a geographic information 
system (GIS) by measuring difference in past and present 
shoreline locations. For this, shoreline position is extracted from 
airborne bathymetric LiDAR data and shoreline change is 
quantitatively calculated by area and volume.  

 
Conventional Methods for Coastal Monitoring 

The conventional method for coastal monitoring in Korea 
comprises of (1) basic monitoring, (2) video monitoring and (3) 
integrated coastal monitoring by using (1) and (2). 

In the basic monitoring, shoreline features at a specific site 
are compared by ‘before and after coastal management events. 
For this monitoring, data sources are used for shoreline analysis 
to collect erosion history, analysis based on aerial photography 
and satellite images, beach surveys and GPS shorelines.  

In video monitoring, digital cameras and video systems are 
installed to monitor the beach using the recorded video feeds. At 
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that time of 2014, the video monitoring has been conducted at 
250 stations.  

Precision monitoring includes both the basic monitoring and 
video monitoring, in order to find out the reason for the erosion 
by using a numerical model.  

 

 

 
 
Figure 1. Shoreline survey method for coastal erosion monitoring: (a) 
basic monitoring; (b) video monitoring; and (c) precision monitoring. 

 
 
The coastal monitoring is possible to analyze erosion and 

accretion at the specific areas by field measurement and the 
remote sensing technology. For the field measurement, at first, 
the erosion history is investigated, and then a simple beach 
profile measurement is conducted. To check the surface deposits 
and river sedimentation of the study areas, several features are 
referred to survey. 

 For the coastline analysis based on airborne and satellite 
images, the shorelines of the study area are extracted by using 
the visual inspection, applying filters and classification, so that 
the coastal erosion can be calculated by using numerical statistic 
method. The erosion monitoring results from the Korean 
coastline can be classified as shown in Table 1, in accordance 
with the erosion information. 250 areas nationwide are being 
monitored the same way.  

 
Table 1. Criteria and evaluation of erosion level. 
 

Level Description 

A (Good) 
Above 90 

Stable sedimentation, with a well preserved 
sandy beach – safe from disasters. 

B (Mediocre) 
Above 70~Below 90 

Stably preserved beach, with minor erosion and 
sedimentation. 

Relatively safe, under the assumption that no 
huge events will occur. 

C (Concerned) 
Above50 ~ Below 70 

Potential disasters in the sandy beaches and 
hinterlands due to erosion. 

D (Severe) 
Below 50 

High risk of disasters in sandy beaches and 
hinterlands due to constant erosion. 

 
Airborne LiDAR Bathymetry 

The LiDAR data is useful for extracting the positions of the 
shorelines, it is also useful for quantitatively calculating the rates 
at which the shoreline changes. The National Geodetic Survey 
(NGS) under the National Oceanic and Atmospheric 
Administrations (NOAA) in the United States started the 
shoreline mapping, using the LiDAR data since the year 2000. 
In 2004, they first used the LiDAR-derived shoreline for charts. 
The Joint Airborne LiDAR Bathymetry Technical Center of 

Expertise (JALBTCX) is performing the shoreline mapping 
using both the bathymetry and topography LiDAR data, starting 
from the 2004 National Coastal Mapping Program (Wozencraft 
and Brock, 2010).  

Unlike the airborne and satellite image analysis, in which the 
shoreline changes are analyzed using the visual inspection based 
on the geographic features, the LiDAR data provides 3-
dimensional geographic coordinates of the shoreline position. 
Therefore, the LiDAR data is useful for the analysis of shoreline. 

The airborne LiDAR mapping system refers to a method in 
which an aircraft is equipped with a laser scanner. The airborne 
LiDAR system fires a laser pulse onto a target on the ground 
surface and measures the time it takes for the pulse to return, 
this is implemented to obtain the 3-dimensional geographic 
coordinates. The airborne bathymetric LiDAR mapping system 
is used to collect the 3D geographic information from the 
ground as well as shallow coasts above 40 m in depth.  

 

 

 
 
Figure 2. The principle of airborne bathymetric LiDAR (LaRocque and 
West, 1990). 

 
 

The bathymetric LiDAR is capable to detects the sear surface 
and sea floor, this is done by using two different wavelength 
channels (infrared and green), as shown in Figure 2. The 
infrared laser with the wavelength of 1064 nm is used to detect 
the sea surface (LaRocque and West, 1990; Quadros, Collier, 
and Fraser, 2008), while the green laser with the wavelength of 
532 nm is used to detect the sea floor. The green laser by the 
wavelength of 532 nm penetrates the water, and is reflected 
from the sea floor. Therefore, it is more suitable for the 
detection of the sea level. The water depth can be calculated by 
the time difference between the reflected signals of the two 
lasers (LaRocque and West, 1990; Quadros, Collier, and Fraser, 
2008). The main advantage of the airborne bathymetry is that it 
can obtain continuous 3D geolocation information from the 
shoreline, which distinguishes the land from the sea, by swiftly 
covering a large area. In addition, the airborne bathymetry can 
obtain the 3D geolocation information from shallow waters and 
areas that have numerous exposed rocks where ships cannot 
easily approach. The shoreline of Korea is very complex and 
irregular, three sides of Korea is surrounded by the ocean, with 
numerous islands, aquafarms, and rocks exposed above the 
surface. Therefore, the coastal monitoring using the airborne 

(a) (b) (c) 
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bathymetry is expected to be of great help, considering such 
circumstances. However, the reflected signals from the 
bathymetric LiDAR can show a weakened signal intensity, due 
to the water’s turbidity (further weakens as the water becomes 
more turbid), and the type of soil (weakens in clay, and mud 
rather than in sand). For that reason, in some cases, the 
obtainable range of water depth by using bathymetric LiDAR 
can decrease somewhat.  

In Korea, the obtainable maximum ranges are respectively 30-
40 m in the east coast, 10-20 m in the south coast, and 2-5 m in 
the west coast. During the measurement, the system can also 
provide the establishment of continuous 3-dimensional spatial 
information connecting both the land area and shallow water, 
thereby enabling a broad-area monitoring of the shoreline. 
Additionally, the coastal erosion monitoring using the airborne 
bathymetric LiDAR uses 3-dimensional point cloud data.  

Therefore, the coastal erosion can be analyzed 3-
dimensionally, to effectively calculate both the area and volume 
of the erosion, which grants the ability to analyze the coastal 
erosion quantitatively. 
 
Table 2. Coastal erosion monitoring results of Gyeongpo and Wonpyeong
beach. 
 

Area 2012 2013 2014 2015 

Gyeongpo C (concerned) C (concerned) C (concerned) - 

Wonpyeong D (severe) D (severe) D (severe) D (severe)

 
          METHODS 

The study areas were selected as: Gyeongpo and Wonpyeong 
Beach as shown in Figure 3. The beaches of both Gyengpo and 
Wonpyeong primarily comprise of white sand. 

As shown in Table 2, for the past 4 years (from 2012 to 2015), 
the coastal erosion results of both places were determined as 
‘concerned’ (Gyeongpo Beach), and ‘severe’ (Wonpyeong 
Beach), respectively (Ministry of Oceans and Fisheries, 2016). 

To analyze the changes in the shorelines of both Wonpyeong 
Beach and Gyeongpo Beach, the topographic LiDAR data 
obtained on May 22nd, 2010, and the bathymetric LiDAR data 
obtained on September 11th, 2013, were used, as shown in 
Figure 4.  

The bathymetry LiDAR data were obtained 400 m above the 
ground, using the Coastal Zone Mapping Imagery LiDAR 
(CZMIL) manufactured by Optech, which is mounted onto an 
aircraft. The topographic LiDAR data were obtained by using 
the Airborne Laser Terrain Mapper (ALTM 3070), which is also 
manufactured by Optech. The two LiDAR systems 
simultaneously obtained both the digital images and LiDAR data. 
The LiDAR data obtained from the two systems is converted 
into the 3-dimensional point cloud data via preprocessing. The 
airborne images are used as a reference data for the visual 
inspection of the study area, and are generated into ortho 
imagery, in preparation for the fusion with the LiDAR data. 

The research is aimed at analyzing the changes in the 
shoreline, by using the collected LiDAR data, so the definition 
of datum from the shoreline is crucial. The reference vertical 
datum of the shoreline in both the bathymetric LiDAR data and 
topographic LiDAR data must be identical. The coastline datum 

in Korea defines the boundary between the land and sea as the 
Approximate highest high water (AHHW), according to Article 
6 of the Act on the Survey and Waterway Survey and Cadastral 
Survey. For the analysis of the shoreline between the two 
datasets, the same definition of AHHW was used as the datum. 

 

 

 
 
Figure 3. Google images of the two study areas (yellow boxes), (a) 
Gyeongpo and (b) Wonpyeong beach located at East coast in Korea. 

 
 

 

 
 
Figure 4. Topographic LiDAR data obtained on May 22nd, 2010. 
Overlap of LiDAR data using Google Earth TM regarding (a) 
Wonpyeong and (b) Gyeongpo Beach. Bathymetric LiDAR data 
obtained on September 11th, 2013. Overlap of LiDAR data using 
Google Earth TM regarding (c) Wonpyeong and (d) Gyeongpo Beach. 

 
 
The bathymetric and topographic LiDAR generate the 3-

dimensional point cloud data through pre-processing. At that 
time, the bathymetric LiDAR data generates the water depth 
data of WGS84 reference ellipsoid through the process. The 
water depth data thereby generated requires the coordinate 
transformation which converted the ellipsoidal height into the 
geoidal height to extract the shoreline. The geoid model for 
calculating the geoidal height is commonly determined by local 
mean sea level (LMSL), Incheon bay’s mean sea level (IMSL), 
and others in Korea. In this study, the LMSL was selected and 
used to calculate the geoidal height and determine the sea level. 
To verify the performance of the bathymetric LiDAR data, field 
surveys were performed by GPS, and RTK. In addition, the 
extracted shoreline position from the topographic LiDAR was 
defined by the same reference coordinate system as the 
bathymetric LiDAR. Shoreline changes are based on the 

(a) (b) 

(c) (d) 
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position extracted from the LiDAR datasets of 2010 and 2013. 
The difference of shoreline positions in the reference 
coordinates were quantitatively calculated for coastal monitoring. 
Since the LiDAR data provides 3D geolocation information, 
both the area and the volume of the coastal erosion can be 
calculated. 
 

RESULTS 
Gyeongpo Beach’s Shoreline Changing Analysis 

As shown in Table 3, the calculated area of Gyeongpo Beach 
was approximately 33,246 m2 in 2010 and 32,899 m2 in 2013. 
The estimated erosion area is approximately 347 m2. The 
calculated volume of Gyeongpo Beach was approximately 
34,626.4 m3 in 2010 and 37,910.3 m3 in 2013. The estimated 
erosion volume area is (+) 347 m3, which means sedimentation.  

For further analysis as Figure 5, the cross-section of the same 
area in the LiDAR data was checked. The comparison between 
the cross-sections shows that the erosion has cut and made the 
beach into a cliff-like shape.  

 
Table 3. Analysis results of Gyeongpo Beach’s shoreline between 2010
and 2013. 
 

Content 2010 2013 Variations 

Area 33,246 m2 32,899 m2 (-)347.0 m2 

Volume 34,626.4 m3 37,910.3 m3 (+)3,283.9 m3 

* (-): Erosion, (+): Sedimentation 
 

 

 
 
Figure 5. The cross-section analysis of the erosion area of Gyeongpo 
beach:  LiDAR data in (a) 2010 and (b) 2013; (c) comparison of cross-
section LiDAR data between (a) and (b) (red box). 

 
 
On top of the cliff, the sand was deposited, and the slope 

became sharp caused by the erosion. The area was recorded as 
erosion, while the volume was recorded as increasing, due to the 
sand that is deposited on the top side of the cliff. Figure 6 shows 
the overlapping of the extracted shorelines onto the RGB images. 
The shorelines respectively obtained from 2010 and 2013 were 
displayed in white and blue colors. The overlapping onto both 
the topographic LiDAR data and bathymetric LiDAR data 
indicate the positions of the extracted shoreline at each image in 
2010 and 2013.  The erosions as observed by the two sets also 

revealed the same positions and amounts at each image in 2010 
and 2013.  

 

 

 
 
Figure 6. Results of shoreline analysis on Gyeongpo beach, which 
showed (a) overlapping of airborne images in 2010 on the shoreline 
extracted from LiDAR data in 2010 and 2013, and (b) overlapping of 
airborne image in 2010 on the shoreline extracted from LiDAR data in 
2010 and 2013. 

 
 

Wonpyeong Beach’s Shoreline Changing Analysis 
As shown in Table 4, the area of Wonpyeong Beach was 

approximately 66190.5 m2 in 2010 and 42371 m2 in 2013. The 
erosion area over 4 years was approximately 23819.5 m2.  
 
Table 4. Analysis results of Wonpyeong Beach’s shoreline between 2010 
and 2013. 
 

Content 2010 2013 Variations 

Area 66,190.5 m2 42,371.0 m2 (-)23,819.5 m2 

Volume 79,700.6 m3 48,346.5 m3 (-)31,354.1 m3 

* (-): Erosion, (+): Sedimentation 
 

The calculated volume of Wonpyeong Beach was 
approximately 79,700.6 m3, in 2010 and 48,346.5 m3 in 2013. 
The estimated erosion volume is (-) 31,354.1 m3 which means 
sedimentation.  

As shown in Figure 7, the cross-section of Wonpyeong Beach 
was checked. The cross-section revealed the difference in the 
height of the beach between 2010 and 2013. Wonpyeong Beach 
showed the mode of erosion with a gentle slope. Figure 8 shows 
the overlapping of the shoreline extracted from LiDAR data 
onto the RGB components of images.  

The shorelines respectively obtained from 2010 and 2013 
were displayed in white and blue colors. Just like in the case of 
Wonpyeong beach, the overlapping onto both the topographic 
LiDAR data and bathymetric LiDAR data indicate the positions 
of the shoreline in each case as identical. In addition, the erosion 
as observed by the two sets revealed the same positions and 
amounts as well.  

 
DISCUSSION 

The overlapping of the 2010 and 2013 LiDAR data displayed 
that the erosion area is 23819.5 m2, and the sedimentation area is 
4404.2 m2. This indicates the phenomenon in which the 
deposition onto the white sand cliff, which was created by the 
erosion of Gyeongpo Beach, is increasing. This occurs because 
the height of the cliff increases, as the sand is actually deposited 
on top of the cliff, even though the width of the beach has 
decreased. To calculate the shoreline changing rate of Gyeongpo 
Beach, the airborne LiDAR data from 2010 and 2013 were used.  

(a) (b)

(c) 

(a) (b)
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Figure 7. The cross-section analysis of the erosion area of Wonpyeong 
beach:  LiDAR data in (a) 2010 and (b) 2013; (c) comparison of cross-
section of LiDAR data between (a) and (b) (red box). 

 
 

 
 
Figure 8. Results of shoreline analysis on Wonpyeong beach, (a) 
overlapping of airborne images in 2010 on the shoreline extracted from 
LiDAR data in 2010 and 2013, (b) overlapping of airborne image in 
2010 on the shoreline extracted from LiDAR data in 2010 and 2013. 

 
 

 

 
 
Figure 9. Shoreline changing rates in Gyeongpo beach, (a) topographic 
LiDAR data obtained in 2010, (b) bathymetric LiDAR data obtained in 
2013.

 
 
 
 
 
 
 
 
 
 
 
 

As a consequence, the average shoreline changing rate was 
calculated as 1.6 m per year as Figure 9. For some parts where 
the change is severe, the change rate even reached 10 m. 

 
CONCLUSIONS 

The airborne bathymetric LiDAR system can swiftly and 
efficiently provide scientific data for analyzing the shoreline 
changes. The bathymetric LiDAR data of an identical area, 
obtained at different periods, can be used to calculate the rate at 
which the shoreline actually changes. In addition, the pattern of 
the changing shoreline can be estimated, based on the changing 
rate. The airborne bathymetric LiDAR system provides an 
economic and effective plan for mapping out the shoreline. 
Using the system, the plans for preventing erosions in the 
expected erosion area can be established. Our suggested method 
is capable of conducting a continuous expansive measurement 
from the land to beach and the sea floor, thus enabling scientific 
and efficient coastal erosion monitoring. Moreover, airborne 
bathymetric LiDAR can be used as scientific source for the 
decision-making on the establishment of such policies as the 
coastal improvement or maintenance plan. 
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ABSTRACT 
 
Song, J.I.; Kim, J.W.; Yoon, B.I., and Woo, S.-B., 2017. Temporal variability of velocity structure according to 
artificial discharge in Yeoungsan Lake. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 274-278. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
An estuary dyke makes a closed environment in an artificial lake such as Yeoungsan Lake, thereby restricting 
material circulation. Because the artificial discharge serves as an external force with dominant effects on the internal 
material circulation of the lake, the effects of this discharge need to be investigated. This study analyzed the water 
temperature and velocity data for Yeoungsan Lake to identify the change in water temperature due to the discharge 
and the mechanism of the two-layer velocity structure found after the discharge. During the discharge, the 
downstream velocity and water temperature of the bottom layer of Yeoungsan Lake rapidly increased. After the 
discharge, a two-layer velocity structure repeatedly appeared, with flows in the downstream direction at the surface 
layer and upstream direction at the bottom layer. The water temperature, which rapidly increased at the bottom layer 
during the discharge, rapidly decreased after the water was completely discharged. Consequently, the water 
temperature after the discharge remained higher than that before the discharge. The inflow of water mass from the 
upstream area during the discharge led to a spatial density difference and generated the two-layer velocity structure 
after the discharge. The vertical mixing due to this two-layer velocity structure after the discharge increased the water 
temperature at the bottom layer and decreased stratification. 
 
ADDITIONAL INDEX WORDS: Thermal stratification, Yeoungsan Lake, artificial discharge, velocity structure. 
 

 
          INTRODUCTION 

Estuary dykes have been constructed in the downstream areas 
of Korean rivers such as Yeoungsan River, Geum River, and 
Nakdong River (but not the Han River) for measurement and 
irrigation. Artificial lakes have been established downstream of 
these rivers as a result of these estuary dykes, and fresh water is 
intermittently discharged according to the operation of the 
estuary dyke. A natural estuary is typically a transitional area 
connecting the land and sea, and an environmental change in the 
estuary zone significantly affects the adjacent estuaries. Because 
a constructed estuary dyke physically blocks the connection 
between a river and sea, it limits the fresh water flowing into the 
sea and prevents tidal wave propagation in the river’s upstream 
direction. Therefore, the artificial discharges produced by the 
operation of estuary dykes lead to rapid changes in the 
environments of estuary zones and lakes (Jang and Kim, 2006). 

Environmental problems such as a hypoxic layer and algal 
blooming occurred during the summer in Yeoungsan Lake after 
the construction of the estuary dyke. However, despite the 
significance of these issues, very few studies on Yeoungsan 
Lake have been carried out. The decreased water quality of 
Yeoungsan Lake is the main problem caused by the construction 
of the estuary dyke, and studies have focused on biochemical 

 
 
 
 
 

of the estuary dyke, and studies have focused on biochemical 
factors to identify the status of water pollution. When the water 
temperature at the surface layer of a closed water environment 
system such as Yeoungsan Lake increases during the summer, a 
thermocline layer is generated. This layer blocks most of the 
vertical material exchange and accordingly forms a hypoxic 
bottom layer (Ford, Boon, and Lee, 2002; Park, Park, and Shin, 
2006). The dissolved oxygen concentration of Yeoungsan Lake 
is inversely proportional to the water temperature because of the 
changes in the amount of saturated dissolved oxygen with 
changes in the water temperature (Park, Cho, and Cho, 2008).  

The hypoxic layer is formed downstream of Yeoungsan River 
during the summer, and the density stratification generated by 
both the water temperature and salinity also establishes this 
layer near the estuary dyke (Lee et al., 2009). The fresh water 
flowing from upstream into the inner lake has different 
properties than that of the existing water in the lake, and the 
circulation structure of the inner lake changes seasonally 
because of the difference in density (Carmack et al., 1979). 

The hypoxic layer problem has frequently been reported for 
Yeoungsan Lake. However, although biogeochemical studies 
have been conducted as previously indicated, the effects of the 
physical, external force have not been sufficiently examined.  

The physical mixing caused by the wind, tide, and thermal 
exchange exerts dominant effects on the distribution of the 
dissolved oxygen in water layers (Hull, Parrella, and Falcucci, 
2008). Moreover, because Yeoungsan River is unlikely to be 
affected by the tides because of the constructed estuary dyke, the 
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effects of the discharge and wind are expected to be significant. 
Thus, studies on the velocity structure changes produced by the 
discharge and wind should be performed to identify the 
mechanisms for the algal blooming and hypoxic layer generation. 
This study used velocity and water temperature data measured at 
each water layer over time to identify the changes in the velocity 
structure produced by the discharge and wind in the inner 
Yeoungsan Lake, as well as to understand the effects of the 
discharge on the vertical mixing and stratification. 

 

 
Figure 1. (a) Study area, Yeoungsan River and observation station for 

velocity (★ : 34°48'3.00" N, 126°31'25.20" E) and for wind (▲: 
34°48'57.78" N, 126°27‘46.56" E) at SJA. Gray dashed and black lines 
indicate 6, 12, and 18 m isobaths, respectively. (b) Monthly-mean 
freshwater discharge from Yeoungsan dyke. 

 
 

METHODS 
The flow velocity was simultaneously observed at fixed 

points to identify changes in the temperature and velocity of the 
water. The flow velocity observations were performed using an 
acoustic Doppler current profiler (ADCP) on the surface layer at 
a point on Yeoungsan Lake located approximately 10 km away 
from the estuary dyke of Yeoungsan River in the upstream 

★direction from May 4th to 10th, 2012 (point , see Figure 1a). 
The ADCP was fixed at a point 0.2 m below the water surface, 
and data on the flow velocity and direction by water layer were 
obtained at 10 min intervals.  

Pre-processing was performed on the raw data extracted from 
the ADCP to increase the accuracy and reliability of the data. This 
pre-processing included (1) removing any abnormal data in the 

boundary between the surface and bottom layers, (2) eliminating 
data with acceptability values of less than 80 percent good value, 
(3) and performing a linear transformation process based on the 
true north coordinate system to correct for the difference between 
magnetic north and true north by 7° in this area.  

The waterway in the area of the observation point had a width 
of approximately 370 m and showed narrow and straight 
topographic characteristics, as well as a significant flow velocity 
in the direction of the main waterway. In this regard, the 
components in the east–west and south–north directions were 
linearly transformed into those for a new coordinate system 
based on the direction of the main waterway and transverse 
direction by conducting a principal axis component. The linearly 
transformed data for the flow velocity in the direction of the 
main waterway were used to analyze the measured data 
(Preisendorfer and Mobley, 1988). To determine the flow 
velocity and identify the change in water temperature produced 
by the discharge at the bottom layer, the water temperature was 
simultaneously measured by installing the Conductivity-
Temperature-Depth (CTD) 1 m from the bottom. In addition, the 
data for the discharge at the estuary dyke during the observation 
period (Korea Rural Community Corporation) were obtained 
and analyzed to examine the effects of the discharge. Sijong 
automatic weather station (SJA) data were used to analyze 
changes in the flow by the wind at Yeoungsan Lake. 

 

 
Figure 2. (a) Along channel velocity from ADCP, (b) freshwater 
discharge rate from the Korea Rural Community Corporation, (c) wind 
speed by SJA, (d) wind direction, and (e) bottom water temperature. 
Dashed lines indicate 0 m/s velocity. Red color represents upstream 
direction and blue color represents downstream direction. Q1 and Q2 

(▼) indicate freshwater discharge event, respectively. 
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RESULTS 
Flow Velocity and Discharge by Water Layer 

The variation in the flow velocity in Yeoungsan Lake was 
clearly affected by the discharge (Figure 2a). Discharges 
occurred twice (Q1, Q2) during the observation period, with 
amounts of 1.83  107 m3 and 1.57  107 m3, respectively. The 
discharge period was defined as beginning when the floodgate 
of the estuary dyke was opened and ending when it was 
completely closed. Each discharge lasted approximately 2.4 h. 
During each discharge, the flow velocity in the downstream 
direction occurred approximately 30 min after opening the 
floodgate. The maximum velocity was 0.6 m/s during the Q1 
discharge and 0.62 m/s during the Q2 discharge. The flow 
velocity in the downstream direction was observed for all of the 
water layers at the beginning of the discharge, and a two-layer 
velocity structure repeatedly appeared immediately after the 
discharge. Typically, the flow velocity in the downstream 
direction occurred at the surface layer, with that in the upstream 
direction found at the bottom layer, both of which lasted for 
approximately 12 h. 
 
Direction and Speed of Wind 

The SJA wind data were analyzed to examine the effects of 
wind, which is an external force that significantly affects lakes 
(Figure 2c,d). The analysis results indicated that a wind of 
approximately 4 m/s was repeatedly generated at an interval of 
one day. When a strong wind of 4 m/s blew, the velocity at the 
surface layer clearly changed, and the two-layer velocity 
structure was formed by the wind. 
 
Change in Water Temperature at the Bottom Layer 

The water temperature at the bottom layer was clearly 
changed by the discharge (Figure 2e). The water temperature at 
the bottom layer was constant at approximately 12.5  before 
the discharge, but rapidly increased during the discharge to 
approximately 15  at the beginning of the Q1 discharge and 
then gradually decreased to approximately 13  after the end of 
the discharge. It rapidly increased to approximately 16.5  
during the second discharge (Q2). Further data were not 
obtained because of the insufficient battery capacity of the 
measurement equipment used. 

 
DISCUSSION 

Change in Velocity Structure by Water Discharge 
Similar velocity structures were repeatedly found during and 

after discharges at the estuary lake of the Yeoungsan River. The 
flow velocity in the downstream direction was generated at the 
observation point 10 km away from the estuary dyke 30 min 
after the discharge began. This flow velocity in the downstream 
direction occurred at all of the water layers and was maintained 
during the discharge. A change in the velocity structure was 
clearly found during the discharge. To verify the vertical mixing 
by the discharge, a vertical velocity shear value was calculated 
using the flow velocity data, which were obtained at a water 
depth 2 m from the surface and bottom layers, as shown 
diagrammatically in Figures 3b and 4b. The flow velocity in the 
same direction occurred from the surface layer to the bottom 
layer at the beginning of the discharge.  

 

 
Figure 3. (a) Along-channel velocity during freshwater discharge 
conditions, (b) surface-bottom velocity shear, (c) wind speed, and (d) 
wind direction for Q1 discharge event. 

 
 

 

 
Figure 4. Same information as Figure 3, but for Q2 discharge event. 

 
 
Because the velocity difference between the surface and 

bottom layers was insignificant, the vertical velocity shear value 
was also low. As the discharge proceeded, the velocity at the 
bottom layer rapidly decreased, and the vertical velocity shear 
value increased to 0.45 m/s (Figure 3b; Q1). After the end of the 
discharge, the flow velocity in the downstream direction sharply 
decreased, and a flow velocity in the upstream direction 
occurred at the bottom layer. Because flow velocities in opposite 
directions were generated at the surface and bottom layers, the 
vertical velocity shear value was maintained at 0.2 m/s or 
greater. Subsequently, the vertical velocity shear value gradually 
decreased as the flow velocity in the upstream direction at the 
bottom layer continued to decrease. 

The difference of velocity shear pattern by Q1 and Q2 
suggested that the velocity structures varied as a result of the 
effects of wind despite the fact that the discharges had similar 
scales. The two discharges, 1.83  107 m3 and 1.57  107 m3 
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as noted above, differed only insignificantly. The time 
durations of the Q1 and Q2 discharges were similar, at 2 h and 
25 min and 2 h and 22 min, respectively. Although Q1 
discharge was greater than Q2 discharge by approximately 
0.26	  107 m3, the maximum flow velocity of Q2 (0.62 m/s) 
was higher than that of Q1 (0.6 m/s). This anomaly was 
attributed to the effects of strong southwest wind. 

 

 

 
Figure 5. (a) Surface and bottom velocity, (b) the absolute value of 
vertical velocity shear time series, (c) bottom water temperature. Surface 
and bottom velocities are averages over surface and bottom layers, 
respectively, of 2 m thickness. 

 
 
The SJA data for the wind magnitude and direction are 

presented diagrammatically to examine the variation in the flow 
velocity produced by the discharge and wind (Figure 4c,d). 
Before the discharge began, a strong southwest wind with a 
velocity of 4 m/s or greater blew. The flow velocity in the 
upstream direction was clearly observed at a water depth of 0–5 
m from the surface layer (Figure 4a).  

As previously indicated, this study verified that a strong wind 
and discharge exerted dominant effects on the velocity structure 
in Yeoungsan Lake, and that they also affected the velocity 
shear. Because the variation of the velocity shear was expected 
to produce a change in the water temperature at the bottom layer, 
it was comparatively analyzed, along with the water temperature 
data for the bottom layer. 

 
Changes in Velocity Shear and Water Temperature at 
Bottom Layer Produced by Discharge 

To identify the change in the water temperature at the 
bottom layer produced by the variation of the velocity shear, a 
comparative analysis was performed on the data for the flow 
velocity, vertical velocity shear, and water temperature at the 
bottom layer (Figure 5). The flow velocities at the surface and 
bottom layers tended to have opposite directions, except when 
the discharges were performed (Figure 5a). During no 
discharge, the vertical velocity shear was calculated to be 0.1 
m/s or less, whereas it increased to 0.4 m/s during the 
discharges (Figure 5b). In addition, the water temperature at 
the bottom layer rapidly changed during the discharges. The 
water temperature at the bottom layer was maintained at 
approximately 12.5  before the Q1 discharge, but sharply 
increased to approximately 15  during the discharge, and then 

gradually decreased and was maintained at approximately 13  
until the beginning of the Q2 discharge. This result verified 
that the water temperature after the discharge increased by 
nearly 0.5  compared to that before the discharge. The 
bottom temperature showed a pattern similar to that of the 
vertical velocity shear, which was attributed to active mixing 
by the vertical difference in velocity. 

 

 

 
Figure 6. Schematic of two layer velocity structure induced by 
freshwater discharge in Yeoungsan Lake. (a) Before discharge, (b) 
during discharge, (c) after discharge. The parameter ρ indicates the 
water density. 

 
 
Before the Q2 discharge, the two-layer velocity structure 

produced by the wind increased the velocity shear. The 
magnitude of the velocity shear before the Q2 discharge was 
similar to that during the discharge. It was expected that vertical 
mixing by the flow velocity difference would increase the water 
temperature at the bottom layer, whereas the two-layer velocity 
structure induced by the wind did not increase the water 
temperature at the bottom layer. During the Q2 discharge, the 
vertical velocity shear was calculated to be 0.3 m/s or less, 
whereas the bottom temperature rapidly increased to 
approximately 16.5 . The magnitude of the velocity shear 
produced by the wind was similar to that produced by the 
discharge. But the water temperature variations at the bottom 
layer produced by the wind and discharge were different, which 
as attributed to the effects of vertical mixing due to the 
discharge, as well as advection. 

It was estimated that the flow velocity in the downstream 
direction at all of the layers would move the entire water mass of 



278 Song et al. 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 79, 2017 

Yeoungsan Lake in the downstream direction, and that the water 
mass at the upstream area would flow into the area of the 
observation point. The inflow of surface water produced by the 
discharge was considered to have mixed the water masses at the 
middle and bottom layers, and to have increased their water 
temperature. In addition, as the discharge proceeded, fresh water 
flowing from the upstream area might have filled the 
observation area, and the water temperature at the bottom layer 
might have increased as a result of the advection. 

 
Change in Water Circulation of Yeoungsan Lake Produced 
by Discharge 

Therefore, it was found that the two-layer velocity structure was 
formed after the discharge as a result of the horizontal difference 
in the densities of the middle and bottom layers. Moreover, the 
water temperature at the bottom layer changed as a result of the 
vertical mixing and advection produced by the discharge, which 
subsequently led to the horizontal difference in density. The 
formation process for the two-layer velocity structure produced by 
the discharge can be described as follows: 

 
(1) The thermal stratification in Yeoungsan Lake is 

maintained in the absence of a discharge (Figure 6a). 
(2) As the discharge begins, the flow velocity in the 

downstream direction at all of the water layers leads to the 
advection of fresh water in the upstream area in the downstream 
direction (Figure 6b). 

(3) As the discharge proceeds, the existing water mass is 
pushed in the downstream direction, water with a high 
temperature at the upstream area fills the middle-upstream area, 
and mixing simultaneously occurs (Figure 6b). 

(4) After the discharge is finished, a water mass with a low 
temperature and high density is located at the middle and bottom 
layers in the downstream area. On the other hand, a water mass 
with a high temperature and low density is formed in the 
upstream area, which generates a horizontal difference in 
density. This spatial difference in density leads to the formation 
of a two-layer velocity structure (Figure 6c). 

 
CONCLUSIONS 

To understand the changes in water quality condition 
produced by two discharges at Yeoungsan Lake, we analyzed 
the two-layer velocity structure using velocity and bottom 
temperature observations. The velocity structure of Yeoungsan 
Lake and changes in the bottom temperature were analyzed by 
focusing on the effects of the discharges and wind, and the 
following conclusions were derived: 

 
(1) The velocity structure was significantly affected by the 

artificial discharge in Yeoungsan Lake. The flow velocity in the 
downstream direction occurs at all of the water layers at the 
beginning of a discharge, and a two-layer velocity structure is 
repeatedly found after the discharge. The vertical velocity shear 
value rapidly increases during and after a discharge, and the 
water temperature at the bottom layer increases because of 
vertical mixing. A strong wind affects the surface flow velocity, 
as well as the velocity structure and maximum flow velocity 
during a discharge. 

(2) It is considered that the bottom water temperature 
increases as a result of the vertical mixing produced by a 
discharge and advection. The vertical velocity shear produced 
by the wind showed a magnitude similar to that of a discharge, 
whereas the water temperature at the bottom layer did not 
increase. A rapid increase in the water temperature at the bottom 
layer cannot be described based solely on the vertical mixing, 
but the inflow of surface water by advection seems to 
simultaneously induce such an increase. 

(3) A two-layer velocity structure appeared to be formed after 
a discharge as a result of a horizontal density difference 
produced by the discharge. The entire water mass of Yeoungsan 
Lake moves in the downstream direction at the beginning of a 
discharge, and a water mass of low density flows into the 
upstream area. It was also found that a water mass of low 
density produced by a discharge generates a spatial density 
difference at the middle and bottom layers and develops the two-
layer velocity structure. 

 
ACKNOWLEDGMENTS 

This research was a part of the project titled ‘Development of 
integrated estuarine management system (II)’, funded by the 
Ministry of Oceans and Fisheries, Korea. Additionally, this 
research was a part of the project titled ‘Manpower training 
program for ocean energy’, funded by the Ministry of Oceans 
and Fisheries, Korea. 

 
LITERATURE CITED 

Carmack, E.C.; Gray, C.B.J.; Pharo, C.H., and Daley, R.J., 1979. 
Importance of lake-river interaction on seasonal patterns in 
the general circulation of Kamloops Lake, British 
Columbia. Limnology and Oceanography, 24, 634-644. 

Ford, P.W.; Boon, P.I., and Lee, K., 2002. Methane and oxygen 
dynamics in a shallow floodplain lake: The significance of 
periodic stratification. Hydrobiologia, 485, 97-110. 

Hull, V.; Parrella, L., and Falcucci, M., 2008. Modelling 
dissolved oxygen dynamics in coastal lagoons. Ecological 
Modelling, 211(3-4), 468-480. 

Jang, S.T. and Kim, K.C., 2006. Change of oceanographic 
environment in the Nakdong Estuary. Journal of the 
Korean Society of Oceanography, 11(1), 11-20. 

Lee, Y.G.; An, K.G.; Ha, P.T.; Lee, K.Y.; Kang, J.H.; Cha, S.M.; 
Cho, K.H.; Lee, Y.S.; Chang, I.S.; Kim, K.W., and Kimj 
J.H., 2009. Decadal and seasonal scale changes of an 
artificial lake environment after blocking tidal flows in the 
Yeongsan Estuary region, Korea. Science of the Total 
Environment, 407, 6063-6072. 

Park, J.C.; Park, J.W., and Shin, J.K., 2006. The cause of 
metalimnetic DO minima in Andong Reservoir, Korea. 
Korean Journal of Ecology and Environment, 39(1), 1-12. 

Park, Y.W.; Cho, K.A., and Cho, C., 2008. Seasonal variation of 
water temperature and dissolved oxygen in the Youngsan 
Reservoir. Journal of Korean Society on Water Quality, 
24(1), 44-53. 

Preisendorfer, R. and Mobley, C., 1988. Theory of fluorescent 
irradiance fields in natural waters. Journal of Geophysical 
Research, 93(D9), 10831-10855. 

 



 

 
 

Journal of Coastal Research SI 79 279-283 Coconut Creek, Florida 2017

 
____________________ 
DOI:  10.2112/SI79-057.1  received 30 September 2016; accepted in 
revision 31 October 2016. 
*Corresponding author: yqmeng@126.com 
©Coastal Education and Research Foundation, Inc. 2017 

Spectral Analysis of Wave Uplift Load on Exposed Jetties in Waves 
and Currents 
 
Chaofeng Tong†, Yanqiu Meng†*, Guoping Chen†, and Shichang Yan† 

 
 
 
 
 
 
 
 

ABSTRACT 
 
Tong, C.; Meng, Y.; Chen, G., and Yan, S., 2017. Spectral analysis of wave uplift load on exposed jetties in waves 
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This paper presents the results of an experimental investigation on the effect of the interaction of currents with 
oblique waves on wave uplift load spectrum.  A series of laboratory tests were carried out in a wave tank for jetty 
model in various conditions of wave and current. It is shown that the peak spectral density of wave uplift load is 
modified due to the influence of angle of wave attack. The variation of measured wave uplift load spectrum with the 
current direction indicates strong current influence on waves. The results reveal that current and oblique wave change 
the zeroth spectral moment of wave uplift load. The asymmetry in the values of the relative zeroth moment of wave 
uplift load m0(F)/(ρgHsA)2 with respect to the angle of wave attack 90-α is observed in current field. Higher 
m0(F)/(ρgHsA)2 was measured when generating waves against current while lower m0(F)/(ρgHsA)2 was measured 
when generating waves along current. Higher deck has a smaller m0(F)/(ρgHsA)2 with lesser energy compared to 
lower deck.  
 
ADDITIONAL INDEX WORDS: Spectral analysis, wave, current, wave uplift load, deck of exposed jetty. 
 

 
          INTRODUCTION 

Recently increasingly large ocean structures like bridges, 
coastal platforms and jetties were constructed in exposed 
locations. During severe storms, hydraulic loading can be very 
large and cause deck uplifting out of the structure. Eventually 
large wave action caused deck displacement and the deck was 
severely damaged. It shows that the wave-in-deck uplift loads 
are very critical for the stability of coastal structures and the 
integrity of the structural members in storm-prone areas (Chen, 
Wang, and Zhao, 2009). Thus, accurate prediction of wave uplift 
load on deck of ocean structures is of considerable importance in 
the overall design of the superstructures. 

Much research has been carried out on the problem of wave 
acting on superstructures of jetties and similar ocean structures. 
Some researchers have focused on measuring and analyzing 
wave impact loads on deck of maritime structures. Zhou et al. 
performed an extensive series of experiments on wave uplift 
loads on horizontal slab using regular and irregular waves (Zhou 
et al., 2003; Zhou et al., 2004; Zhou, Chen, and Wang, 2005). 
They reported the relative importance of the clearance and the 
width of deck to the magnitude of wave uplift load. 
Experimental work by Chen et al. confirmed the effect of the 
clearance of deck on the peak wave uplift load (Chen, Meng,  

 
 
 
 

 

and Yan, 2010; Meng, Chen, and Yan, 2010). Cuomo et al. 
performed model tests to investigate the physics of the loading 
process on exposed jetties (Cuomo, Tirindelli, and Allsop, 2007). 
They applied wavelet analysis to re-analyze wave loads and 
developed a prediction method for wave-in-deck loads on 
exposed jetties. Successive large-scale experimental work 
(Cuomo, Shimosako, and Takahashi, 2009) gave further insights 
on spatial and temporal variability of wave loading along coastal 
bridges and the effect of openings in the deck of bridge. 

Some investigators have conducted theoretical studies on the 
wave slamming problem and have developed numerical models 
based on the Navier-Stokes equations in the studies of wave 
impact loads. Based on the same assumption for a small 
horizontal cylinder, Kaplan et al. presented a wave force model, 
in which wave force was expressed as function of incoming 
wave kinematics and semi-empirical coefficient (Kaplan, 
Murray, and Yu, 1995). Based on improved VOF method, Ren 
et al. developed numerical method considering wave slamming 
on a horizontal deck in the splash zone (Li, Ren, and Wang, 
2009). Ren et al. also measured the velocity field of wave 
slamming on the superstructure of an exposed structure by using 
PIV system and presented an analysis of transient properties of 
flow field (Ren, Li, and Wang, 2007). 

Despite numerous researches on wave load characteristics on 
coastal structures, prediction of wave uplift loads to be used in 
design of coastal jetties or bridges is still an open issue, mainly 
due to the uncertainties of natural wave load phenomenon. 
Coastal jetties and bridges are designed on the basis of design 
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water levels and incoming wave conditions. Additional factors 
such as the angle of wave attack and current around the structure 
could have an effect on hydraulic loading processes on jetty 
superstructure. The researches mentioned above are based on 
wave alone field; they didn’t take the presence of current into 
account. However, in coastal areas, waves rarely propagate in 
quiescent water. Structures are often exposed to combined 
waves and current actions. When waves propagate toward a 
structure in current field, the existence of currents modifies the 
wave properties around the structure and the resultant wave 
loading onto ocean structures can be noticeably different from 
the wave-alone case. Matsui, Sano, and Lee (1991) found a 
significant influence of the current on hydrodynamic forces of 
the cylinder. Considering the practical situations, it is of 
considerable importance for wave uplift load forecasting to 
include wave-current interactions and accurately estimate the 
effects of current on wave uplift load. Assessing the behavior of 
coastal structure under wave-current action is crucial for 
guidance used in design. 

Studies of wave-current interactions with structure have been 
addressed in some documents. Several authors studied 
numerically and analytically on the interaction of wave-current 
with a large ocean structure (Isaacson and Cheung, 1993; Li, 
Wang, and Kang, 1991; Lin and Hsiao, 1994). Zhao and 
Faltinsen (1988) present an algorithm to study the wave-current 
interaction with two-dimensional structure. Based on boundary 
element method and surface vorticity method, Hsiao and Lin 
(1999) investigate the wave-current forces on large structure.  

Since highly stochastic nature of wave loads, they can be 
conveniently analyzed with the help of spectral analysis. This 
involves estimation of the wave uplift load spectrum that relates 
the load spectral density function to the current field. It may be 
expected to provide better estimates of wave uplift load in the 
presence of current. Sun et al. (2011) present a spectral analysis 
of wave uplift load taking into account the influence of incident 
wave parameters. Ding, Ren, and Wang (2009) study the 
characteristics of the wave impact pressure spectrum. Despite 
efforts by researchers worldwide (Huang and Xiao, 2009; Jin 
and Meng, 2011), few have addressed the influence of current 
on wave uplift load spectrum on deck of exposed jetty. In this 
paper, laboratory experiments were carried out in wave basin to 
examine the wave uplift load spectrum generated by irregular 
waves on exposed jetty, with different crossing angles between 
the current and wave fields. The wave uplift load was analyzed 
using spectral method. The dependency of the wave uplift load 
spectrum on the angle of wave attack, the current velocity and 
the deck clearance was analyzed.  

 
          METHODS 

In order to study the wave force on deck of exposed jetty, the 
wave uplift load on deck had to be determined. Physical model 
test are widely used in research within the field of coastal 
engineering. Wave uplift load was examined by physical model 
tests in wave tank.  

Wave experiments were conducted in a wave tank in Nanjing 
Hydraulic Research Institute, China. The wave tank has a length 
of 50 m, a width of 17.5 m, and a depth of 1.5 m. A wave maker 
at one end of the tank can generate a series of random waves. In 
order to minimize wave reflection on boundaries, a mild slope 

was laid at the other end of the tank and wave absorbers were 
laid on the two sides of the tank. Pumps were placed in the wave 
tank to generate steady current with different velocities in 
various directions inducted by the current inducting wall. 

 

           
(a) Jetty model structure in the test.    (b) Sketch of experimental setup. 

Figure 1. Different views of the experimental setup. 

 
 
 

 

 
Figure 2. Sketch of test condition. 

 
 
 
Table 1. Summary of test program and test configurations.  
 

Clearance    Wave      Wave    Wave     Angle of        Current     Width of 
of Deck     Spectrum  Height   Period   Wave Attack  Velocity    Deck 
  Δh (m)                       Hs (m)  Tm (sec)      β (°)           U (m/s)        B(m)     
0.025                                                             60               0             0.3 
                                       0.045     1.0            45            0.14                 
0.055          Jonswap                                                                       0.5 
                                       0.065    1.38           30            0.21                 
0.075          Spectrum                                                                     0.8 
                                       0.085    1.54           15           0.28 
0.115                                                                                              1.2 
                                                                       0            0.38 

 
The configurations of the test model were designed by an 

analysis of existing exposed jetty of Harbor Dafeng in China. 
The test structure with scale 1:50 to the prototype structure jetty 
of Harbor Dafeng according to the Froude law were used during 
the study. In order to make the environmental conditions around 
the test section more close to the real field and keep the test 
section from the influence of waves and current at the two ends 
of jetty model, the length of the model was 10 m and the 0.32 m 
long part in the middle was used as the test section. The organic 
glass model is 1.116 m wide with two kind of berthing members 
in front of the model jetty head, see Figure 1a. Four force 
transducers and ten pressure gauges were fitted in the deck, the 
rest three pressure gauges were fitted in the down-standing 
longitudinal beams. Load measurements were recorded at a 
sampling frequency of 125 Hz. Each group of tests was repeated 
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3 times so that the reliability of the measured data could be 
guaranteed. The average value was adopted. 

Water depth at the jetty model was d = 0.4 m. Irregular waves 
(Jonswap spectrum) were generated with different angles of 
wave attack up to β=60°, thereby perpendicular wave attack is 
defined as β=0°. A current up to 0.35 m/s was generated along 
the jetty line. These tests were designed to investigate the 
influence of current and structure geometry on wave uplift load 
spectrum, using random waves. The test program covered a 
range of boundary conditions for model tests with and without 
current under normal and oblique wave attack: wave parameters 
(significant wave height Hs [m] and mean period Tm [s]), angle 
of wave attack β [°] (perpendicular wave attack: β=0°), current 
velocity U [m/s], width of the deck B [m], clearance of deck Δh 
[m]. Over 130 tests were carried out in all, to explore the effects 
of varying the above parameters. Table 1 presents a summary of 
the test program. Velocity of the steady uniform current in test 
was controlled by the pumps; the direction was determined 
through the inducting wall, see Figure 1b. Current was generated 
in advance, wave was generated after velocity and direction of 
current at test section became steady. The angle of wave attack β 
was changed by turning the model. The angle between the wave 
and current α was used to distinguish the following two 
conditions: oblique wave propagating in a following current 
(α<90°) and oblique wave propagating in an opposing current 
(α>90°).Wave attack along with the current is described by 
positive 90-α, whereas wave attack against the current is defined 
by negative 90-α. The above two angles follow the relationship 
β=|90-α|. The sketch of the tested configuration was shown in 
Figure 2. 

 
RESULTS 

In previous section the experiment is described. In this section 
the results of the experiment concerning wave uplift load on 
deck and the analysis of these results are presented. 
 
Effect of Oblique Wave Attack on Wave Uplift Load 
Spectrum 

Measured time histories of wave uplift load were subjected to 
frequency domain analysis, which consists of obtaining spectral 
density of wave uplift load. In this paper, wave uplift force 
spectral estimates were obtained by using FFT (fast Fourier 
transform). During evaluation, raw spectral estimates were 
smoothed with Hamming windows. Variation of wave uplift 
load spectra as well as its respective characteristic was 
addressed. 

The formula to calculate wave uplift load spectral density is 
expressed as following: 

21
( ) lim ( )FF T

S f F f
T

                          (1) 

 ( ) ( ) cos2 sin 2F f F t f i f dt 



       (2) 

 
Where F(t) is total wave uplift load. The zeroth moment of 

wave uplift load spectra m0(F) can be calculated as： 

0 0
( ) ( )FFm F S f df


                       (3) 

In this section the influence of oblique wave incidence on 
wave uplift load spectrum is studied. Figure 3 shows 
comparisons between observed spectral densities of wave uplift 
load on deck of exposed jetty with different relative clearance in 
quiescent water. The deck is under oblique wave attack and 
normal wave attack respectively. Wave uplift load spectrums are 
obtained at location 1 (relative clearance of deck Δh/Hs = 0.29), 
location 2 (relative clearance Δh/Hs = 0.38), location 3 (relative 
clearance Δh/Hs = 0.56). Angle of wave incidence is varied for a 
constant wave condition. The effect of oblique wave incidence 
on wave uplift force spectrum is clearly shown in Figure 3. The 
wave uplift load spectrum shows two typical spectral parameters, 
peak frequency and peak spectral density. The peak frequency is 
the frequency with the largest spectral density of total wave 
uplift force energy on deck. A slight peak frequency shifts is 
observed. Some energy are shifted to lower frequencies, some 
are shifted to higher frequencies. The plots clearly show the 
reduction in peak spectral densities of wave uplift load spectrum 
on deck of exposed jetty due to oblique wave attack except 
β=15°. A significant increase in peak spectral density occurs as 
increasing angle of wave incidence from 0° to 15°. A further 
increase in angle of wave attack results in a decrease in peak 
spectral density values. This indicates that wave uplift load 
energy reduces when exposed to oblique wave compared to 
being exposed to normal wave attack for β>15°. The reduction is 
found to be more when angle of wave attack is β=45°. Oblique 
wave attack gives the maximum spectral density at β=15°. This 
indicates that the structure subjected to oblique wave attack 
(β=15°) experiences more wave uplift load energy. Similar trend 
in the variation of wave uplift load spectra was found for almost 
all relative clearances considered. The peak spectral density of 
wave uplift load spectrum reaches the maximum value at β=15 ° 

for relative clearance of 0.29. 
 

Combined Effect of Oblique Wave and Current on Wave 
Uplift Load Spectrum 

In the following section, the combined effect of oblique wave 
attack and current was investigated. Figure 4 shows the relative 
zeroth moment of wave uplift load m0(F)/(ρgHsA)2  against  90-α 
for different current velocities. The current role is given by the 
stars (0.00 m/s), squares (0.21 m/s) and diamonds (0.35 m/s). 
The role played by angle of wave attack in the presence of 
current is different from that is in quiescent water. The results 
show the asymmetry in the values of m0(F)/(ρgHsA)2  with 
respect to the value of 90-α. Higher m0(F)/(ρgHsA)2 was 
observed when generating waves against current. In adverse 
current, when increasing angle of wave attack,  m0(F)/(ρgHsA)2 

increases first, up to the point of 90-α=-15°.  A further increase 
in angle of wave incidence leads to a decrease in 
m0(F)/(ρgHsA)2. In following current, for a current of 0.21 m/s, 
the value of m0(F)/(ρgHsA)2 increases as 90-α increases from 0° 
to 15°. Then the value of m0(F)/(ρgHsA)2 decreases as 90–α 
increases from 15° to 45°. At U = 0.35 m/s, data set is not 
consistent with this tendency, the increase of wave obliqueness 

results in a reduction in the value of m0(F)/(ρgHsA)2.  When 
generating wave normal to current, a decrease in 
m0(F)/(ρgHsA)2 is observed compared to that in quiescent water. 
A maximum (m0)F were found under oblique wave attack with 
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90–α=-15°  in an adverse current of 0.21 m/s. The asymmetry is 
probably caused by wave transformations in the presence of 
current. Current cause the change of wave parameters and a 
deflection of the wave energy direction, both of these parameters 
have significant influence on m0(F)/(ρgHsA)2. It is not obvious 
which effect might be dominated. 

 

 

 
(a) Δh = 0.025 m, Hs = 0.045 m, Tm = 1.0 s, Δh/Hs = 0.56. 

 
  (b) Δh = 0.025 m, Hs = 0.065 m, Tm = 1.38 s, Δh/Hs = 0.38. 

 
(c) Δh = 0.025 m, Hs = 0.085 m, Tm = 1.54 s, Δh/Hs = 0.29. 

Figure 3. Wave uplift load spectrum on deck under different oblique 
wave attack. 

 
 

DISCUSSION 
Detailed measurements have been made in Nanjing Hydraulic 

Research Institute to investigate the wave load spectrum on deck 
of exposed jetty for a range of different waves and currents. 
From this experiment we collected a dataset of wave uplift load 
on deck of exposed jetty. The results were subsequently given 
and analyzed in previous section. These analyses are discussed 
in this section. 

The influence of wave angle of attack on wave uplift load 
spectrum was studied. From this study it appeared that the 
influence of wave incidence on peak spectral density of wave 

uplift load decreases as the deck clearance increases (Figure 3). 
The results of tests for Δh/Hs=0.56 are comparable to those for 
Δh/Hs=0.38. This implicates that, at lower deck clearance 
Δh/Hs=0.29, the angle of wave attack has a significant influence 
on wave uplift load spectrum. During tests, at higher deck 
clearance (Δh/Hs=0.56), more waves were not able to reach deck, 
which may damp the load on deck and may cause this deviation. 
During the hydraulic test program, tests were executed on a deck 
of exposed jetty in a current field. The angle of wave attack is 
same for these tests (normal wave attack β=0°). The measured 
wave load spectra show different properties. These results 
support the statement that angle of wave attack is not the only 
mechanism influencing wave uplift load spectrum, but the 
current direction also has an effect on wave uplift load spectrum. 
The results of this study also show a dependency of wave uplift 
load spectrum on current magnitude. 

 

 

 
(a) Δh = 0.025 m, Hs = 0.045 m, Tm = 1.0 s, Δh/Hs = 0.56. 

 
(b) Δh = 0.025 m, Hs = 0.065 m, Tm = 1.38 s, Δh/Hs = 0.38. 

 
(c) Δh = 0.025 m, Hs = 0.085 m, Tm = 1.54 s, Δh/Hs = 0.29. 
Figure 4. Oblique wave and current influence on the zeroth spectral 
moment of wave uplift load. 
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When the m0(F)/(ρgHsA)2 data from this study are view 
together (Figure 4), there emerges some indication that the 
relative zeroth spectral moment of wave uplift load has a strong 
dependency upon the combination of angle of wave attack and 
current. The trends are similar for the whole range of Δh/Hs 
covered by tests, and further work is required to extend these 
boundaries to lower Δh/Hs. 

It is expected that the present study may contribute to the 
extension of wave uplift load prediction. 

 
CONCLUSIONS 

An experiment was carried out to investigate irregular oblique 
wave acting on deck of exposed jetty in a current field. Different 
wave and current conditions were generated in a laboratory 
wave tank. In this paper, the effects of a current field on 
irregular wave uplift load characteristics are presented by 
spectral analysis to wave uplift load. Both following current and 
adverse current were considered. Results show that wave uplift 
load characteristics are modified in a current field. When deck 
suffers normal waves attack in a current field, the peak spectral 
density of wave uplift load is reduced and the peak frequency is 
shifted. 
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ABSTRACT 
 
Suh, S.-W.; Kim M.-J., and Kim, H.-J., 2017. Prediction of sand beach variations by coupling of hydrodynamic and 
morphological models during extreme storms. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), 
The 2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 284-288. 
Coconut Creek (Florida), ISSN 0749-0208. 
 
Beaches are constantly affected by hydrodynamic forcing. Among various factors, a wave impact is the major reason 
for beach formation and erosion. In order to provide efficient coupling for the morphological variations in beaches, 
we consider an unstructured ADCIRC+SWAN model and an orthogonal curvilinear XBeach model. When coupling 
these heterogeneous models, external Perl scripts are implemented to automatically convey simulated extreme wave 
and tide conditions for the XBeach input. The application of the model to the hindcasting of typhoons Maemi and 
Neoguri at Haeundae Beach in Korea shows satisfactory beach variations. Moreover, through sensitivity tests, we 
find that a wave height of 2 m behaves as a threshold value in the beach environment. Since the coupled model can 
be easily extended for real-time simulation, it can be employed in an early-warning system to provide beach safety. 
 
ADDITIONAL INDEX WORDS: Early-warning system, morphological change, heterogeneous models. 
 

 
          INTRODUCTION 

High economic growth has changed most of the Korean coast 
by artificial treatments; however, the remaining natural coast has 
been experiencing unexpected erosion due to the nearby coastal 
constructions and offshore sand mining for supplying 
construction aggregates. The variations in the coastal 
environments induced by natural hazardous storms, rapid 
anthropogenic coastal development, and offshore sand mining 
for inland construction aggregation have continuously and 
significantly changed the beach profile compared with the past 
relatively stable conditions. Usually, artificially treated costal 
structures yield long-term morphological changes, whereas typhoons 
or hurricanes cause short-term but relatively large changes during a 
storm. An early-warning system (EWS) or real-time forecasting 
for a storm surge has been widely applied worldwide for 
operational purposes (Dietrich et al., 2013; Harley et al., 2016; Suh 
et al., 2015). However, most EWSs for storms focus on high water 
levels or the inundation vulnerability of the low-lying coastal area. 

Although high-performance models of the circulation induced 
by the tide, surges, and waves are used in analyses of storm 
surges (Armaroli et al., 2012; Dietrich et al., 2013; Suh et al., 
2015), it is difficult to simulate morphological changes or wave 
overtopping on hardly treated coastal dikes in one model owing 
to their complex physical nature described by several governing 
equations and appropriate solving techniques. Diverse model 
developments, such the morphological changes in beaches due 
to an extreme storm by XBeach (Roelvink et al., 2009) and 
wave overtopping on an artificial dike (Lee and Suh, 2016; Suh 

and Lee, 2015) by introducing of EurOtop, could be effectively 
coupled with existing coastal circulation models ADCIRC 
(Luettich, Westerink, and Scheffner, 1992) or Delft3D (Deltares, 
2014) in order to reproduce extreme coastal events very 
efficiently. In these regards, the coupling of at least two or more 
models should be specified in terms of tight or loose coupling. 
The former means to freely convey all of the information to 
other models by an internal modeling procedure, whereas the 
latter refers to the relatively loose conveying of model 
information to another by an external procedure. Since the 
region of interest for the morphological variation is normally not 
larger than the storm surge inundation vulnerability area, site-
specific modeling regarding wave run-up, swashing, 
overwashing, beach erosion, and dune breach mechanisms is 
treated in a smaller region. Thus, loose coupling can be regarded 
as efficient for morphological analyses. An EWS or real-time 
forecasting of the morphological risks and storm surge 
inundation have recently received attention (Armaroli et al., 
2012; Baart et al., 2009; Harley, Armaroli, and Ciavola, 2011; 
Harley and Ciavola, 2013; Vousdoukas et al., 2012). Baart et al. 
(2009) suggested real-time forecasting of the morphological 
changes in the Netherlands by introducing a task manager using 
Matlab® scripts. Their approach is based on the nesting method 
for the coupling of meteorological forcing and tide, surge, and 
wave processes.  

So far, an assessment of the overall coastal vulnerability due 
to wave-induced overtopping on an artificially treated coast and 
natural sand beach erosion during an extreme storm has not been 
carried out. In research on countermeasures for an artificial coast 
and a sand beach, sand beach erosion was simulated by the loose 
coupling of XBeach to a tide, surge, and wave model after an 
effective coupling procedure by introducing the EurOtop 
module to the ADCIRC+SWAN model (Lee and Suh, 2016). In 
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this paper, an efficient EWS for sand beach erosion is developed 
with a Perl script that loosely couples the ADCIRC+SWAN and 
XBeach models. The details of the model application and results 
including sensitivity tests are also described. Model simulations 
are applied to hindcast the morphological changes in a sand 
beach during typhoons. 
 

          METHODS 
In order to apply XBeach to the target sand beach, Haeundae 

Beach, a grid system should be prepared considering bathymetry 
and topography. We applied a regularly spaced grid with a 
horizontal spacing of 30 m called the XBeach grid, as shown in 
Figure 1c. After testing the wave forcing and relevant reaction 
of the beach, an orthogonal grid called the Delft3D grid, which 
was adjusted to the shape of the beach, was constructed with a 
minimum grid spacing of 5 m, as shown in Figure 1d. The 
unstructured grid for the computation of the ADCIRC+SWAN 
model is much coarser than the morphological grid for XBeach 
to reduce the computation time for the storm EWS; moreover, 
the grid system was demonstrated to be an efficient storm 
inundation EWS (Suh et al., 2015). 
 

 

 
Figure 1. (a) NWP-G57k, (b) Haeundae Beach in Busan, Korea, (c) 
XBeach grid, (d) Delft3D grid. 

 
 

Sensitivity Tests for Finding a Threshold Wave Height 
Prior to configuring the EWS for the morphological variations 

in the sand beach, several numerical tests were performed with 
an emphasis on the threshold of significant wave height, Hth, for 
a limited number of assumptions to provide efficient real-time 
forecasting. From the pressure-response relationship for a site-
specific morphological change, it is important to define a 
threshold as a sufficient external wave forcing to initiate erosion. 
Thus, we used a normal distribution that increases and decreases 
step-wise for the significant wave height up to 8 m, which was 
recorded for the 2003 typhoon Maemi. Moreover, we tested 
additional cases for rapid (slow) increases (decreases) based on 
historical storms on the Korean coast, the Gulf of Mexico, and 
the eastern coast of the United States to evaluate the importance 
of external forcing on erosion at the initial impact or the 

contribution of overwashing during the retarding process. For 
each site-specific condition, the significant threshold value of 
the Hs concept was 2.5 m (Dissanayake et al., 2015). 

Prior to the application of the proposed scheme to an EWS, 
we tested the impacts of wave forcing depending on the wave 
evolution forms to speed up the EWS when the pressure-
response relationship belongs to the typically categorized 
external Hs, specifically one of the three predefined 
representative forms i.e. Type-1, Type-2 and Type-3; rapidly 
(moderately, slowly) increasing but slowly (moderately, rapidly) 
decreasing. To understand them, we used 5 years of wave data 
from 2010 to 2015 for 17 typhoons captured at eight recording 
stations and buoys, as shown in Figure 2. Therefore, we 
analyzed the data regarding the peak value of Hs, and the 
significant wave distribution belongs to one of the three types. 
Thus, the wave evolution pattern was determined. The results in 
Figure 2 indicate that the offshore wave patterns are Type-3, 
whereas the nearshore wave patterns at Haeundae Beach are 
Type-1. Even though the analyzed results are limited by the lack 
of wave data, this approach showed a site-specific wave forcing 
distribution.  

 

 

 
Figure 2. Analyzed wave types near the coasts of Korea during storm 
passages along with the tracks. Wave types at each buoy station with 
number are represented as red, blue, and green for the corresponding 
type-1, type-2, and type-3, respectively. 

 
 

Sensitivity tests for the different storm wave forcing types 
were performed by increasing Hs from 0.5 to 8.0 m, as shown in 
Figure 3. The test results showed a somewhat meaningful insight, 
as anticipated, i.e. the most severe impact on erosion (deposition) 
can be increased for Type-1 by 61.3% (57.4%) relative to Type-
3, although a recessing impact could occur within a short time 
span in Type-3 than the others. According to the results, at least 
several time spans had a value of Hs that exceeded 2 m. Thus, it 
should be pointed out that storm wave type directly affects the 
pattern and magnitude of the morphological changes during a 
storm. A more thorough investigation of the wave types and 
erosion in terms of the pressure-response relation should be 
conducted to enhance the reliability and efficiency of the 
morphological EWS. This concept can be directly applied to 
determine the morphological acceleration factor as the morfac 
parameter in XBeach to ensure faster computation in the EWS 
under the diverse dynamic forcing conditions. 
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Figure 3. Sensitivity results on morphological change according to wave 
distribution forms, type-1, type-2, and type-3. 

 
 

Since XBeach requires many parameters to produce a reliable 
beach process during extreme events, it is difficult to calibrate 
all or most of the important parameters. In addition to the 
thorough study on XBeach calibration by Vousdoukas et al. 
(2012), these parameters are typically simplified or remain at 
fixed values (Baart et al., 2009; Harley, Armaroli, and Ciavola, 
2011; Harley and Ciavola, 2013). Even though several 
sensitivity tests were carried out in this study, most parameters 
were set to their default values, except for those listed in Table 1, 
to reduce the computation time for the EWS, rather than focus 
on the accuracy of the changes in the beach profile under abrupt 
extreme wave forcing.  
 
Table 1. XBeach model parameters used in sensitivity tests. 

Parameters          Start Values           Interval Values          End Values 
dryslp                        0.200                        0.200                       1.800 
eps                           0.001                       0.001                     0.009 
facDc                       0.600                       0.200                       1.800 
gamma                      0.440                       0.110                       0.880 
gammax                    1.200                       0.400                       3.600 

 
Coupling Procedures for the EWS 

To couple the heterogeneous models to produce near real-time 
forecasting of a surge inundation, overtopping, and beach 
erosion, a well-designed coupling procedure should be provided 
to capture these phenomena, to ensure prompt computation, to 
analyze and release the results in an automated process. In terms 
of coupling, an existing automated tool such as a model 
coupling toolkit (Jacob, Larson, and Ong, 2005; Larson, Jacob, 
and Ong, 2005) can be applied for atmosphere, tide, and wave 
coupling (Liu et al., 2011; Warner et al., 2010). However, to 
overcome the limitations of existing coupling toolkits when 
combining heterogeneous grid structures, i.e. unstructured and 
structured coupling, a newly developed efficient method may be 
considered. In this regard, Perl scripts were applied to quickly 
convey the computed information from the larger domain of the 
ADCIRC+SWAN model to the smaller domain of XBeach by 
interpolation at the open boundary. 

The entire coupling procedure is illustrated in Figure 4. The 
EWS is only validated during the storm season, although tide 
computations have been carried out for the entire time. During 
continuous visits by the Korea Meteorological Agency (KMA) 

and the Joint Typhoon Warning Center (JTWC), the system 
coded by the Perl script can provide a significant typhoon 
advisory that can affect the Korean coast. 

 

 

 
Figure 4. Flow chart of EWS triggering storm forecast and 
morphological variations when Hs > Hth. 

 
 

However, the EWS for a storm surge could not be initiated by 
the central position of the target typhoon when it passed over the 
Ryuku Islands, i.e. the latitude of the typhoon center is below 
N25° according to the research of Suh et al. (2015). When a 
typhoon enters the first region of interest (ROI-1), triggers the 
coupling of the SWAN and ADCIRC models to warn a storm 
inundation induced by tides, surges, and waves. Then, the 
significant wave height is computed every 10 min at the open 
boundary of the sand beach area, and the second region of 
interest ROI-2, is checked with the preassigned Hth of 2.0 m. An 
actual XBeach computation is initiated by interpolating the 
computed water surface elevation by the ADCIRC model and 
the wave forcing from the SWAN model at four reference points 
(this situation can be expanded). The basic input files required 
for XBeach are automatically prepared by a script file, and 
continuous morphological computations continue when Hs > Hth. 
The simulated outputs can be treated by post-processing tools 
such as FigureGen (Dietrich et al., 2013). During this process, it 
is assumed that ROI-2 is very small compared to ROI-1. Hence, 
the overall tide water level of ROI-2 varies simultaneously; thus, 
the morphological depth variation does not affect the 
hydrodynamics. That is, one-way coupling is assumed in this 
case. However, from the simulation of a sand dune breach over a 
wide area, a morphological change inevitably yields abrupt 
hydrodynamic variations; thus, the one-way assumption could 
not be valid, and two-way coupling should be considered. 
Therefore, the script code has been developed so that it is 
expandable. 

A morphological EWS was incorporated into a parallel 
computing system comprising a total of 88 cores with 64 and 24 
cores assigned to the ADCIRC+SWAN and XBeach models, 
respectively. The computational efficiency of this system results 
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in a reduction in the total computation time of 72% when the 
region of interest and Hth are adopted, i.e. one day in the 
simulation may be computed in 29 min. Hence, a morphological 
EWS would be applicable via an efficient way by this suggested 
script coupling scheme. 
 

          RESULTS  
To estimate the morphological impact induced by historical 

storms on Haeundae Beach, two representative typhoons, 
Maemi (TY0314) and Neoguri (TY1408), were selected. Even 
though there were no spatially observed field data before and 
after Maemi, the peak Hs reached 8.0 m and lasted 36 h, causing 
severe coastal damage including inundations and erosion around 
the beach. On the other hand, the wave height of 2.6 m of 
typhoon Neoguri was selected since field measurements were 
conducted on that beach from May 21 to July 15 in 2014, 
covering the storm impact period from July 7 to July 11.  

The simulated results for typhoon Maemi showed overall 
erosion along the beach, as shown in Figure 5, and three notable 
deposition patterns in front of the beach. The hindcasted results 
for typhoon Maemi showed spatially variant erosion or 
deposition when Hs > Hth. The depth variation was up to 2.6, 2.5, 
and 2.0 m at transect lines 1, 2, and 3, respectively. In addition, 
the variation in the change in the depth was mostly concentrated 
at the surf and swash zones; thus, the beach had a steep slope 
due to the storm impact. On the other hand, typhoon Neoguri 
had a lower maximum Hs of 2.6 m, a maximum erosion of 1.8 m 
at St. 3 (near the 38 m location of transect 27), and 1.7 m of 
deposition at St. 4 (near the 108 m location of transect 3), as 
shown in Figure 5. The spatial variation along six transects was 
reasonable with a root-mean-square error (RMSE) of 0.3-0.8 m 
as listed in Table 2. Thus, it can be concluded that the proposed 
coupling scheme for the morphological change could be applied 
to a real EWS in terms of both the accuracy and efficiency.

 

 

    
Figure 5. Historical typhoon tracks (a) Maemi (TY0314) and Neoguri (TY1408) in blue and red colors, respectively, (b) transect lines corresponding 
typhoons with spatial morphological change due to Neoguri, (c) and (d) shows vertical morphological changes due to typhoons.

 
 
Table 2. Comparison for morphological changes due to typhoon 
Neoguri (TY1408). 

Storm         Comparison for Measured and Computed (Avg. RMSE, m) 
Event                                          Transect Number 
                   1               6               13               16               22                27 
Neoguri    0.6            0.6             0.8              0.3              0.5               0.8 

 
          DISCUSSION 

A script-based scheme coupling XBeach with Delft3D was 
suggested by Baart et al. (2009); however, there is no detailed 
information regarding the coupling procedures and Hth concept 
in their morphological analysis. Armaroli et al. (2012) suggested 
that a wave height of 2 m and surge and tide levels of 0.7 m are 
able to flood the Emilia–Romagna coastline, Italy. Although the 
definition of the threshold in this study is different from the 
coastal erosion criteria, the wave height of 2 m fortuitously 

coincides with that found in this study. Armaroli et al. (2012) 
emphasized that the critical thresholds for the forcing agents 
(e.g., waves, current, and tides) must first be identified along 
with the factors specific to the particular coastal segment in 
order to produce reliable warning systems in coastal erosion 
forecasts. Thus, the method proposed in this study only triggers 
the XBeach simulation if the external wave height exceeds the 
threshold by a Perl script. Further, it is a plausible choice for 
morphological predictions and the mitigation of coastal disasters 
since the overall procedure is undertaken automatically via a 
Perl script to maintain efficiency and effectiveness. 

However, the system proposed in this study and the prevailing 
morphological EWS (Armaroli et al., 2012) have not been 
quantitatively calibrated owing to site-specific complexities and 
varieties and hence inevitably pose a limitation on the accuracy. 
In order to realize a more reliable tool for morphological 
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changes in beach erosion or sand dune breaching, further study 
is necessary by using available quantitative data. 
 

          CONCLUSIONS 
In order to produce reliable morphological warning systems 

for the coastal erosion of Haeundae Beach, the 
ADCIRC+SWAN model was loosely coupled with XBeach, and 
an extreme event was induced through a Perl script. To enhance 
the efficiency and speed of the EWS, ROI-1 and ROI-2 were set 
as the storm and morphologically interesting domains, 
respectively. Moreover, the relatively small erosion below the 
critical wave-height threshold of 2 m was neglected, which was 
identified from sensitivity tests. Simulated results for historical 
typhoons showed satisfactory beach responses to storm attacks 
within a short time span. In future research, in order to achieve a 
quantitative measure for comparison, more intensive studies 
concentrating on the selection of appropriate model parameters 
that could vary in space and time will be carried out. Further, the 
proposed approach could be applied to other coupling processes 
with ease, regardless of the grid structure or model discretization 
method. 
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A tsunami can cause enormous loss of life and property in coastal communities. Therefore, when designing coastal 
infrastructures for protection against a tsunami, estimation of the tsunami force on a vertical wall is necessary. This 
work investigates the tsunami force on a vertical wall for different wave (tsunami) heights and cross-shore locations 
of vertical walls by using hydrodynamic numerical model simulations. The numerical model is based on the 
Reynolds-averaged Navier–Stokes equation, k-epsilon turbulent closure, and volume of fluid method to simulate the 
hydrodynamic forces induced by a tsunami. First, the numerical model was validated using physical modeling data 
from a large-scale laboratory experiment by comparing hydrodynamic parameters. Then, the numerical simulations 
were repeated for combinations of five wave heights and 28 cross-shore locations of vertical walls. For fixed cross-
shore locations, the tsunami force increased in proportion to the wave height. For constant wave heights, the tsunami 
force exponentially decreased as the distance of the vertical wall from the shore increased. Finally, a predictive 
formula of the tsunami force on a vertical wall was proposed in terms of wave heights and the cross-shore locations 
of vertical walls based on a regression analysis for the numerical simulation results.  
 
ADDITIONAL INDEX WORDS: Numerical simulation, COBRAS, tsunami force, tsunami pressure. 
 

 
           INTRODUCTION 

To protect coastal communities, it is necessary to estimate the 
tsunami force when designing protective coastal structures. In 
recent times, many infrastructures have been built in coastal 
zones, which are important spaces for industrial activities such 
as trade and tourism. However, seen in the case of the 2004 
Indian Ocean Tsunami, a tsunami can cause enormous loss of 
life and property in coastal communities.  

A number of researchers have focused on the vulnerability of 
coastal communities against tsunami hazards and tsunami forces. 
Ramsden (1996) classified a tsunami as solitary wave, bore, and 
dry-bed surges and observed tsunami parameters such as wave 
force, overturning moment, and wave pressure at a small scale. 
Thusyanthan and Madabhushi (2008) compared a typical coastal 
building in Sri Lanka with a building designed according to a 
tsunami-resistant design at a small scale. Field investigations as 
well as small-scale experiments were performed for the tsunami-
related damage caused along Thailand coast (Lukkunaprasit and 
Ruangrassamee, 2008; Ruangrassamee et al., 2006; Saatcioglu, 
Ghobarah, and Nistor, 2006). Saatcioglu, Ghobarah, and Nistor 
(2006) found that well-designed engineered structures survived 
the tsunami with little or no damage, while nonengineered 
reinforced concrete buildings were damaged by the tsunami. 

Ruangrassamee et al. (2006) established a database system to 
analyze the relationship between the damage level of coastal 
buildings and the distance from the shoreline or the inundation 
height. Lukkunaprasit and Ruangrassamee (2008) noted that low 
seawalls and openings in walls in building could reduce the 
damage caused by a tsunami. Large-scale laboratory 
experiments have the advantage that the error is reduced by the 
scale effect. Arikawa (2009) conducted a large-scale experiment 
to investigate the mechanism of destruction of land structures by 
an impulsive tsunami force. Oshnack et al. (2009) observed the 
effects of small onshore seawalls in reducing tsunami forces 
through a large-scale laboratory experiment. 

A two-dimensional (2D) numerical model COBRAS (COrnell 
BReaking wave And Structure) was developed by Lin and Liu 
(1998). This model can predict the hydrodynamics of wave 
motions near the shore. Lara, Garcia, and Losada (2006) 
compared the results of experiments with those obtained using 
COBRAS to analyze the interaction between regular and 
irregular waves and coastal structures. Hsiao and Lin (2010) 
conducted a small-scale laboratory experiment and COBRAS 
simulation on tsunami-like solitary waves impinging and 
overtopping a seawall. Shin et al. (2012) observed the tsunami 
forces and pressure on vertical walls in a large-scale laboratory 
experiment, and compared the observed data with COBRAS 
results. However, the COBRAS results were compared with the 
experimental data only for combinations of three wave heights 
and three cross-shore locations of the vertical wall. 
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In the present study, the tsunami forces on a vertical wall for 
different wave (tsunami) heights and cross-shore locations of a 
vertical wall are investigated. For this purpose, extending the 
study of Shin et al. (2012), numerical simulations were 
conducted for combinations of five wave heights and 28 cross-
shore locations of the vertical wall. Then, a predictive formula 
for the tsunami force on a vertical wall was suggested in terms 
of wave heights and cross-shore locations of vertical walls by 
using regression analysis based on the numerical simulation 
results. 

 
LABORATORY EXPERIMENTS 

The large-scale laboratory experiment for validating the 
COBRAS model was introduced by Oshnack et al. (2009) and 
Shin et al. (2012). In this paper, the experiment procedure is 
described briefly. More details of the experiment are available in 
the papers of Oshnack et al. (2009) and Shin et al. (2012).  

The large-scale laboratory experiment was conducted in the 
large wave flume at Hinsdale Wave Research Laboratory at 
Oregon State University. The dimensions of the large wave 
flume are 104 (length) × 3.66 (width) × 4.57 (depth) m. A 
piston-type wavemaker generated a tsunami-like solitary wave. 
The elevation view of the wave flume with the experimental 
setup is shown in Figure 1. The bathymetry of the wave flume 
was composed of a 28.6-m-long flat section from the zeroed 
wavemaker. This section was followed by a 25.6-m-long 
impermeable beach with a slope of 1:12, and then by a 
horizontal flat section with an elevation of 2.36 m. For 
consistency with other experiments and with the nomenclature 
used at the Hinsdale Wave Research Laboratory, this elevated 
flat section will be referred hereafter as the “reef” (Shin et al., 
2012). The vertical wall was located on the reef. To measure the 
tsunami force and pressure, the vertical wall was equipped with 
four uniaxial donut load cells and three pressure transducers. 
The load cells were installed at each corner of the wall, and the 
pressure transducers were installed at heights of 2.58 m, 2.87 m, 
and 3.28 m from the bottom of the wave flume. In addition, two 
wire resistance wave gauges were installed at distances of 17.64 
m and 28.60 m, respectively, from the wavemaker.  

The experimental conditions are listed in Table 1. Three 
locations of the vertical wall at different distances from the start 
of the reef were considered. Here, X indicates the location of the 
vertical wall from the start of the reef, and H represents the 
wave height measured at wave gauge 2 located 28.8 m away 
from the wavemaker. For a constant location of the vertical wall, 
wave heights varied from 0.30 m to 1.24 m.  

 
NUMERICAL SIMULATIONS 

The COBRAS model developed by Lin and Liu (1998) is a 
depth- and phase-resolving wave propagation model based on 
the Reynolds-averaged Navier–Stokes equation, where the 
instantaneous velocity and pressure fields are decomposed into 
mean and turbulence components: 

〈 〉
0                                        (1) 

〈 〉 〈 〉 〈 〉 〈 〉 〈 〉 〈 〉
        (2) 

where u is the instantaneous velocity, and p is the pressure. The 
angle brackets (< >) indicate the mean component, and the 

prime (’) indicates the turbulent component. The k-ε equations 
for turbulent kinetic energy per unit mass, k, and the turbulent 
dissipation rate, ε, are given as follows: 

〈 〉 〈 〉 〈 〉
      (3) 

〈 〉   

〈 〉 〈 〉 〈 〉
                    (4) 

	  
where i, j = 1, 2 for a 2D flow field; ρ, the fluid density; gi, the i-
th component of the gravitational acceleration; <τij>, the viscous 
stress tensor of the mean flow; and νt, the eddy viscosity. 

The numerical simulation was conducted in two steps. First, 
the COBRAS was validated using large-scale laboratory 
experiment results by comparing the results in terms of tsunami 
pressures and tsunami forces. Then, to estimate the tsunami 
force on the vertical wall, the numerical simulation was repeated 
for various combinations of tsunami heights and the locations of 
vertical walls. Table 2 lists the conditions of numerical 
simulation. Combinations of five wave heights and 28 locations 
of the vertical wall were considered. For a constant wave height, 
the vertical wall was moved in steps of approximately 1 m from 
X = 0 to X = 29.0 m. By this procedure, the tsunami force, which 
was not measured in the experiment, could be estimated.  

The tsunami force was calculated by integrating tsunami 
pressure distributions on a vertical wall based on the COBRAS 
simulation. As shown in Figure 2, pressure was exerted on a 
vertical wall when a tsunami impacted on it. The pressure force, 
Fp, was calculated as follows: 

p d                                  (5) 
where h and w are the height and the width of the vertical wall, 
respectively; z is the vertical component; and p(z) is the pressure 
distribution on the vertical wall. 
 

 

 
Figure 1. Elevation view of the wave flume with the experimental setup 
(modified from Shin et al., 2012). 

 
 

Table 1. Experimental conditions. A wave height (H) measured 
at wave gauge 2. 
Case 

- 
Location of Vertical Wall (X) 

[m] 
Wave Height (H) 

[m] 
RW1 7.03 0.30, 0.39, 0.49, 0.57, 

0.66, 0.74, 0.84, 0.92, 
0.99, 1.07 

RW2 14.6 0.30, 0.39, 0.49, 0.57, 
0.65, 0.76, 0.84, 0.88, 
0.98, 1.05, 1.14, 1.24 

RW3 29.0 0.39, 0.74, 0.90, 0.96, 
1.09, 1.15, 1.24 
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Table 2. Simulation conditions for estimating tsunami forces. 
 
Case 

- 
Wave Height (H) 

[m] 
Location of Vertical Wall (X) 

[m] 
WH1 1.07 2.00, 3.00, 3.90, 5.00, 6.00, 7.03, 

8.00, 9.00, 10.0, 11.0, 12.1, 13.3, 
14.6, 17.0, 18.0, 19.0, 20.0, 21.0, 
22.0, 23.0, 24.0, 25.0, 26.0, 27.0, 
28.0, 29.0                                            

WH2 0.91 1.00, 2.00, 3.00, 3.90, 5.00, 6.00, 
7.03, 8.00, 9.00, 10.0, 11.0, 12.1, 
13.3, 14.6, 17.0, 18.0, 19.0, 20.0, 
21.0, 22.0, 23.0, 24.0, 25.0, 26.0, 
27.0, 28.0, 29.0 

WH3 0.75 1.00, 2.00, 3.00, 3.90, 5.00, 6.00, 
7.03, 8.00, 9.00, 10.0, 11.0, 12.1, 
13.3, 14.6, 17.0, 18.0, 19.0, 20.0, 
21.0, 22.0, 23.0, 24.0, 25.0, 26.0, 
27.0, 28.0, 29.0 

WH4 0.57 0.00, 1.00, 2.00, 3.00, 3.90, 5.00, 
6.00, 7.03, 8.00, 9.00, 10.0, 11.0, 
12.1, 13.3, 14.6, 17.0, 18.0, 19.0, 
20.0, 21.0, 22.0, 23.0, 24.0, 25.0, 
26.0, 27.0, 28.0, 29.0 

WH5 0.39 0.00, 1.00, 2.00, 3.00, 3.90, 5.00, 
6.00, 7.03, 8.00, 9.00, 10.0, 11.0, 
12.1, 13.3, 14.6, 17.0, 18.0, 19.0, 
20.0, 21.0, 22.0, 23.0, 24.0, 25.0, 
26.0, 27.0, 28.0, 29.0 

 

 

 
Figure 2. A snapshot of the COBRAS simulation. The pressure 
distribution (red graph) is indicated by the red circle. 

 
 
Figure 3 shows an example of COBRAS results. The upper 

panel shows a snapshot of the COBRAS simulation, and the 
lower panel shows the free surface elevation obtained from the 
experiment and the COBRAS simulation for wave gauge 1. As 
shown in Figure 3, the water surface levels in the experiment 
and COBRAS results were in a good agreement, showing a 
difference of less than 10% in the peak water surface level at 
approximately t = 4 s.  

 
RESULTS 

Figure 4 shows the temporal and spatial variations in the 
tsunami pressure for X = 14.6 m and H = 0.57 m. The blue lines 
represent the pressure obtained from the COBRAS simulation, 
and the red lines represent the pressure measured in the large-
scale laboratory experiment. The tsunami pressures increase 
toward the bottom of the vertical wall for both COBRAS and the 
large-scale laboratory experiment. This trend was consistent 
with that of the experiment results obtained by Arikawa (2009).   

 
 

 
Figure 3. An example of the COBRAS result. The upper panel shows a 
snapshot of COBRAS simulation. The lower panel shows the free 
surface elevation obtained from the experiment (red line) and COBRAS 
simulation (blue line) at wave gauge 1 located 17.64 m away from the 
wavemaker. 

 
 

 

 
Figure 4. The temporal and spatial variations in tsunami pressure for X = 
14.6 m and H = 0.57 m. The pressure transducer is located at (a) z = 3.28 
m, (b) z = 2.87 m, and (c) z = 2.58 m from the bottom of the wave flume. 
The red line was experimentally measured, and the blue line was 
obtained from the COBRAS simulation. 

 
The temporal and spatial variations in the tsunami force are 

shown in Figure 5. The blue lines represent the tsunami force 
obtained from the COBRAS simulation, as calculated using 
Equation (5). The red lines represent the tsunami force measured 
by the load cells in the large-scale laboratory experiment. For a 
constant wave height (H = 1.07 m), the tsunami forces 
significantly decreased when the vertical walls were shifted 
landward. 



292           Cho et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 79, 2017 

 

 
Figure 5. The temporal and spatial variations in tsunami force for the 
combination of a constant wave height (H = 1.07 m) and three locations 
of the vertical wall: (a) X = 7.03 m, (b) X = 14.6 m, and (c) X = 29.0 m. 
The red line was experimentally measured, and the blue line was 
obtained from the COBRAS simulation. 

 
Figure 6 shows the maximum tsunami force as a function of 

wave height for a given location of the vertical wall. The 
maximum tsunami force (Fmax), which is important when 
designing coastal infrastructure for protection against tsunami, 
was defined as the peak of the time-series of the tsunami force. 
In general, the COBRAS and the large-scale laboratory 
experiment yielded similar results, though the COBRAS results 
were slightly larger those of the large-scale laboratory 
experiment for large wave heights. Further, as expected, the 
maximum tsunami force increased in proportion to wave heights 
for any given location of the vertical wall. 

 
DISCUSSION 

The maximum tsunami forces obtained from the numerical 
simulation and the fitting curves are shown in Figure 7. A 
predictive formula in the form of exponential curve is proposed 
as shown below: 

max exp                                (6) 
 
where a and b are coefficients obtained from the regression 
analysis. The coefficient a (kN) indicates the value of the 
primary tsunami force at the start of reef. The coefficient b (m-1) 
indicates the reduction rate of tsunami force for the location of 
vertical walls, and is represented in units of per meter. 

Table 3 lists the predictive formula and the coefficient of 
determination (R2) for all cases. When the wave height was 1.07 
m (red line and triangles), coefficient a was 54.88 kN, which 
was the maximum value of coefficient a. In contrast, coefficient 
b was 0.055 m-1, which was the minimum value of the 
coefficient. In addition, coefficient a decreased as the wave 
height decreased. Coefficient a ranged from 14.06 kN to 54.88 
kN. The reduction rate of a increased from 15% to 44% as the 
wave height decreased. Coefficient b typically increased as the 
wave height decreased. Coefficient b ranged from 0.055 m-1 to 
0.076 m-1, and the increasing rate of b was less than 

approximately 30%. The coefficient of determination ( ) was 
larger than 0.87 for all cases. Although the COBRAS results 
fluctuated slightly for X = 0–10 m, the maximum tsunami forces 
nearly fitted the fitting curve where the vertical wall was shifted 
landward. 

 

 

 

 
Figure 6. The maximum force obtained from the COBRAS simulation 
and the experiment as function of wave height: for (a) X = 7.03 m, (b) 
X = 14.6 m, and (c) X = 29.0 m. The dashed line with open circles 
represents the COBRAS results, and the star marks represent the 
experimental data. 
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Figure 7. The maximum force obtained from the COBRAS simulation 
and the curve as a function of the location of the vertical wall. The 
marks indicate the results of the COBRAS simulation. The solid lines 
are the fitting curves. The red line and triangles correspond to H = 1.07 
m. The blue line and squares correspond to H = 0.91 m. The green line 
and circles correspond to H = 0.75 m. The cyan line and stars represent 
H = 0.57 m, and the black line and crosses represent H = 0.39 m. 

 
 

Table 3. The predictive formula and the coefficient of determination 
(R2) for each case.  
 

Case Predictive Formula R2 

WH1(H = 1.07 m) Fmax = 54.88exp(-0.055X) 0.87 
WH2(H = 0.91 m) Fmax = 46.39exp(-0.063X) 0.89 
WH3(H = 0.75 m) Fmax = 33.89exp(-0.059X) 0.90 
WH4(H = 0.57 m) Fmax = 25.20exp(-0.076X) 0.96 
WH5(H = 0.39 m) Fmax = 14.06exp(-0.076X) 0.93 

 
 

CONCLUSIONS 
The numerical simulation using COBRAS was performed to 

suggest a predictive formula for the maximum tsunami force 
acting on a vertical wall in terms of the wave height and the 
location of vertical walls. The numerical simulations were 
repeated for combinations of five wave heights and 28 cross-
shore locations of vertical walls. For fixed cross-shore locations 
of vertical walls, the maximum tsunami force increased in 
proportion to the wave height. For a constant wave height, the 
maximum tsunami force decreased exponentially with increase 
in the distance between the vertical wall and shore. Using the 
results of the regression analysis, a predictive formula was fitted 
to the exponential function. The coefficient of determination (R2) 
was larger than 0.87 for all cases.  
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ABSTRACT 
 
Liang, B.; Ma, S.; Pan, X., and Lee, D.Y., 2017. Numerical modelling of wave run-up with interaction between wave 
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Breakwaters play an important role in coastal disaster prevention and mitigation. In this study, a numerical modelling 
of the wave run-up on dolosse breakwater is set up by integrating the CAD software SolidWorks and the CFD 
software FLOW-3D. The breakwater is built with the lower porous media and the upper armour blocks (dolosse), 
which is different from the current approach that treats the whole rubble mound breakwater as porous media. The 
numerical wave flume has been validated by analytic solutions of Stokes wave theory. The computational results are 
in good agreement with the empirical formulas under different wave conditions. The model was then used to 
calculate the wave run-up over movable dolosse breakwater, immovable dolosse breakwater and porous media 
breakwater under various wave conditions. The comparison results show that the porous media model can not 
sufficiently reflect the real world. And the displacements of the dolosse will affect the energy dissipation and lead to 
smaller wave run-up. It suggests that the interaction between waves and the dolosse breakwater is important for the 
safety of the breakwater. Therefore, the presented numerical study provides a more reliable approach for simulating 
wave run-up on dolosse breakwater that can provide support for the design stage of breakwater. 
 
ADDITIONAL INDEX WORDS: Run-up, dolosse, porous media, movable, displacements. 
 

 
          INTRODUCTION 

Breakwaters have been widely applied in coastal engineering 
disaster prevention and mitigation. Due to climate change and 
sea level rise, violent storms are expected to aggravate the 
coastal flooding risk and the waterfront areas would experience 
significant impacts from overtopping waves induced by the 
storms (Chen, Hofland, and Uijttewaal, 2016). Thus, for the 
design of breakwaters and other coastal structures, the accurate 
estimation of wave run-up is one of the most important aspects. 
Empirical formulas and physical model tests are two widely 
methods to analyze the run-up on breakwater with armor blocks. 
In addition, numerical modelling is a useful approach to 
investigate the behavior of water fluid within the interstices 
among concrete blocks. 

Nowadays one of the most interesting topics in coastal 
engineering is the development and evaluation of numerical 
models to simulate run-up phenomenon (Najafijilani, Zakiri Niri, 
and Naderi, 2014). For the numerical modelling of run-up over 
breakwater with armor blocks, the traditional approach is to 
simplify it as “porous media” which assumes a filtration flow 
between the blocks (Dentale, Russo, and Pugliese Carratelli, 
2009). However, due to the complex interaction between wave 

and breakwater, many researchers have rebuilt armor blocks 
which have the real geometry rather than treated them as a 
whole. Latham et al. (2008) demonstrated that FEMDEM 
method which provides realistic concrete armor layers can be 
used in subsequent analysis of the behavior of breakwater armor 
layers when subjected to disturbance forces and buoyancy. 
Dentale, Donnarumma, and Pugliese Carratelli (2012; 2013; 
2014) introduced an innovative procedure by integrating CAD 
and CFD software to rebuild the rubble mound breakwater. 
However, previous studies have neglected the influence of 
blocks displacements. And until now, the numerical simulation 
of fluid motion within irregular armor blocks needs to be 
strengthened still. The present work establishes a numerical 
modelling of wave run-up on dolosse breakwater via 
combination of FLOW-3D and a CAD software, and compares 
the results of run-up over impermeable solid breakwater model, 
movable dolosse model, immovable dolosse model and 
traditional porous media model in various wave conditions 
respectively. The study preliminarily investigated the effects of 
the dolosse displacements on the hydrodynamic behavior, which 
can provide guidance for engineering construction.  
 

          METHODS 
FLOW-3D solves three-dimensional RANS equations to 

evaluate flow of the fluid within the interstices among concrete 
blocks. The flow is described by the general Navier-Stokes 
equations (Dentale, Donnarumma, and Pugliese Carratelli, 2012): 
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where   is the molecular viscosity, ui is the ith component of 
the instantaneous velocity in the pores, p the instantaneous 
effective pressure and gi the ith component of the gravitational 
force. It uses VOF method to track the location of the fluid 
surfaces by solving the volume of fluid function, F, in the 
following equation (Hirt and Nichols, 1981): 

0
F F F F

u v w
t x y z

   
   

      
                  (3) 

RNG turbulence model is used to yield better predictions of 
nearshore hydrodynamics (Bakhtyar et al., 2010). And rigid 
boundaries are simulated by means of the Fractional Area-
Volume Obstacle Representation (FAVOR) method. 

 
Model Setup 

The numerical wave flume which is divided into two 
individual blocks was set up to carry out the numerical 
experiments (Figure 1). The grid in mesh block 1 is composed of 
168000 cells, ∆y=0.132 m, ∆z=0.100 m, and the grid size of x 
direction is variable step size, whereas mesh block 2 was 
1881600 cells, ∆x=0.060 m, ∆y=0.066 m, and z direction is 
variable step size too. A large number of computational nodes in 
block 2 can ensure the accurate calculation of the interaction 
between the blocks. The modeling constructed three dimensional 
dolosse by using SolidWorks. Each dolos is 1.8 meters high and 
weighs 2000 kilograms and Figure 2 shows the dolosse 
breakwater after FAVOR. The porosity of breakwater core is 0.3 
while the slope of breakwater is 2.  
 

 

 
Figure 1. The two individual mesh blocks of wave flume. 

 
 

 

 
Figure 2. The real geometry of dolosse breakwater after FAVOR.  

 

Model Validation 
The first step, the numerical wave flume was verified by 

comparing with theoretical results (Figure 3). Three probes were 
set up at the position of L (wavelength), 2L and 3L along x-
direction to measure the wave height respectively. The 
simulation of wave fluctuation fit quite well with Stokes theory 
results. 

 

 

 
Figure 3. Compared wave surface between simulation results and 
analytical results for verified the wave flume (d=3 m, t=3 s, h=1 m). The 
position 1, 2, 3 represents the distance L, 2L, 3L from the wave maker 
respectively.  

 
 

The second step, experiment data of modeling 
an impermeable breakwater (Wang, 2014) were used to verify 
the numerical model. The dimensionless numbers of wave 
pressure (Pmax/γH) of these eight points are compared in the 
same conditions (Figure 4). Figure 5 indicates that they are in 
good agreement. Thus, the numerical model can be used to 
calculate the wave run-up under different conditions. 

 

 

 
Figure 4. The position of these eight points on the breakwater. 

 
 

 
 

 
Figure 5. Compared the pressure results for verified the numerical model 
(d=3 m, h=1 m, t=6.4 s).

 
 

RESULTS 
The results obtained through these four types of modeling 

under different wave conditions (Table 1) were compared with 
each other. The calculation depth is 3 m and wave height is 1 m. 
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Table 2 summarizes three empirical formulas to calculate run-up 
values (Holman, 1986; Hunt, 1961; Van der Meer and Stam, 
1992). The numerical run-up results of impermeable solid 
breakwater model are compared with these formulas in Figure 6, 
which further validates our numerical model. It can be found 
that the run-up values are rised with the increase of wavelength. 

 
 

Table 1. Main variables in numerical experiments. 
 

Variables Values 

Breakwater Models Types 
impermeable solid,   porous media, 

immovable dolosse, movable dolosse

Wave Period (s) 3, 3.5, 4 

Wave Length (m) 12.68, 15.86, 18.95 

 
 
Table 2. Run-up empirical formulas. 

 

Hunt (1961) 5.0

0 )(

tan01.1

LHH

R 
  

Holman (1986) 2.083.0 f
%2  

H

R
 

Van der Meer and Stam (1992) 









5.117.1

5.196.0 46.0%2

mm

mm

H

R




 

 
 

 
Figure 6. Comparison of wave run-up tests between numerical 
measurements and formulas. 

 
 

The values of run-up were measured through the snapshot of 
the central section of breakwater, with a frequency of 0.6 
seconds (Figure 7). The different color line represents the four 
types of breakwater models. It indicates that the run-up results 
are quite different in four types of modelings (e.g., L=12.68 m). 
Obviously, in the case of no deliberate adjustment, the run-up 
values of real dolosse geometry model are smaller than porous 
media model. It proved that building a more realistic breakwater 
is important for designers to evaluate the wave run-up. 
 

 
Figure 7. Run-up time series in four types of breakwater models. 

 
 
 

In order to explore the influence of dolosse displacements, the 
present work compares wave run-up between immovable 
dolosse model and movable dolosse model in three different 
wave conditions. The comparison results are shown in Figure 8. 
This comparison selected a group of waves in the same period 
after the wave boundary had been steady. The points represent 
the maximum run-up values when the waves propagated to the 
breakwater. There are tiny effects of displacements that can be 
ignored in the small wave conditions. With the increase of 
wavelength, the run-up values of these two models gradually 
appear differences. And in this simulation, a probe was set to 
measure the displacements in X and Z directions. The probe was 
rigidly attached to the dolos which can be seen in Figure 2. 
Figure 9 shows the dolos displacements change with time in 
three kinds of wave cases. It can be found that their 
displacements are different under various conditions. There are 
some reasons for the displacements of the dolosse, such as wave 
action and dolosse position. Combined with Figure 8, obviously, 
due to the wave force, the movement dolosse coupled with fluid 
would change the hydrodynamic behavior of waves. 

 
 

 
Figure 8. Comparison of wave run-up results between immovable 
dolosse model and movable dolosse model. 
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Figure 9. The displacements in X and Z directions of the probe. 

 
 

 

 
Figure 10. Comparison the profile evolution of turbulent energy between 
movable dolosse model (left) and immovable dolosse model (right). The 
red color represents a larger turbulent energy. 

 
 
 

Take the wavelength equals 18.95 m as an example, Figure 10 
is a profile evolution of the turbulent energy in movable dolosse 
model (left) and immovable dolosse model (right), which can 
help one better understand the process of wave propagation. The 
four pictures show the process of wave energy dissipation 
between 20.4 to 21.3 seconds. Different colors represent 
different turbulent energy. It can be found that the right column 
of immovable dolosse model has more turbulent energy among 
the armor blocks in wave breaking and climbing process. 

 
 

DISCUSSION 
A numerical modelling of dolosse breakwater is established 

based on the CAD and CFD software, which can be verified by 
similar experimental data and run-up empirical formulas. The 
numerical results show that investigating the fluid within the 
interstices among blocks is more accurate compared with the 
traditional porous media model. As shown in Figure 7, the 
simplified porous media model can not truly reflect the process 
of wave run-up, the differences of different gaps flow and 
complex interaction between waves and dolosse. It shows 
several drawbacks when we investigate the interaction using 
porous media model (Dentale, Donnarumma, and Pugliese 
Carratelli, 2014). Therefore, the present numerical modelling 
has positive significance, which obviously can reconstruct the 
dynamic effects among concrete dolosse.  
 

 

 
Figure 11. Correlation between movable dolosse model and immovable 
dolosse model for wave run-up. 

 
 

Nowadays many numerical models have not considered the 
effects of the displacements of the blocks (Dentale, 
Donnarumma, and Pugliese Carratelli, 2014). The present work 
coupling blocks and waves preliminarily explored the effects of 
displacements on the hydrodynamic behavior of waves over 
breakwater. As shown in Figure 10, in the case of a certain 
incident wave energy, immovable dolosse breakwater will has 
more turbulent energy than the movable dolosse breakwater. 
Combined with Figure 8, the profile evolution of turbulent 
energy can influence the interaction between wave and dolosse 
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breakwater. The greater energy dissipation of immovable 
dolosse leads to the smaller wave run-up. Figure 11 shows the 
correlation of these two models. It can be seen that with the 
increase of wavelength, the trend of difference between the two 
cases is more and more obvious. In terms of the results, it is easy 
to know that the effects of displacements of dolosse on run-up 
values were significant in big wave conditions. Assuming that in 
extreme sea conditions, the blocks will collide with each other, 
or even be broken. This can be detrimental to the acceleration of 
wave breaking and wave energy dissipation. Therefore, 
ascertaining the behaviors of the blocks under wave action is 
crucial for coastal disaster prevention.  

This paper provides a more feasible method, which is better to 
simulate the process of wave run-up on the dolosse breakwater. 
It manifests that the displacements of the blocks will have a 
certain effects on the hydrodynamic behaviors. The research of 
this paper has a great significance for reducing the coastal 
flooding risk and protecting the coastal structures. Consequently, 
this study is very necessary for the protection of water safety. In 
the future research，more tests with various block types and 
wave conditions are needed to make a general conclusion. 

 
CONCLUSIONS 

By appropriately combining CAD and CFD techniques, 
building more accurate geometry of armors, the present work 
provides a more reliable approach to simulate wave run-up on 
dolosse breakwater, which can provide support for the design 
stage of breakwater and laboratory scale tests. 

In order to simulate the actual sea conditions and investigate 
the effect of displacement, the dolosse are coupled with fluid 
and compared with no-coupling fixed dolosse. The compared 
results show that the displacements of the dolosse will affect the 
wave behaviors such as wave run-up and turbulent energy, 
especially in extreme wave condition. Therefore, it is important 
for designers to consider the impact of blocks displacements 
when designing and modelling breakwater with armor blocks, 
and it is significant to breakwater safety. 

 
ACKNOWLEDGMENTS 

The authors would like to acknowledge the support of the 
National Natural Science Foundation of China (Grant No. 
51679223) 

 
LITERATURE CITED 

Bakhtyar, R.; Razmi, A.M.; Barry, D.A; Yeganeh-Bakhtiary, A., 
and Zou, Q.-P., 2010. Air-water two-phase flow modeling 
of turbulent surf and swash zone wave motions. Advances 
in Water Resources, 33(12), 1560-1574. 

Chen, X.; Hofland, W., and Uijttewaal, W., 2016. Maximum 
overtopping forces on a dike-mounted wall with a shallow 
foreshore. Coastal Engineering, 116(2016), 89-102. 

Dentale, F.; Donnarumma, G., and Pugliese Carratelli, E., 2012. 
Wave run up and reflection on tridimensional virtual 
breakwater. Journal of Hydrogeology and Hydrologic 
Engineering, 1(1), 102-110. 

Dentale, F.; Donnarumma, G., and Pugliese Carratelli, E., 2013. 
Rubble mound breakwater: Run-up, reflection and over-
topping by numerical 3D simulation. ICE Conference 
(Edinburgh, UK), pp.120-130. 

Dentale, F.; Donnarumma, G., and Pugliese Carratelli, E., 2014. 
Simulation of flow within armour blocks in a breakwater. 
Journal of Coastal Research, 30(3), 528-536.  

Dentale, F.; Russo, S.D., and Pugliese Carratelli, E., 2009. 
Innovative numerical simulation to study the fluid motion 
within rubble mound breakwaters and the armour stability. 
http://www.flow3d.com/pdfs/tp/wat_env_tp/FloSci-Bib01-
10.pdf. 

Hirt, C.W. and Nichols, B.D., 1981. Volume of fluid (VOF) 
method for the dynamics of free boundaries. Journal of 
Computational Physics, 39(1), 201–225. 

Holman, R.A., 1986. Extreme value statistics for wave run-up 
on a natural beach. Coastal Engineering, 9(6), 527–544. 

Hunt, I.A., 1961. Design of seawalls and breakwaters. 
Transactions of the American Society of Civil Engineers, 
126(4), 542–570. 

Latham, J.P.; Anastasaki, E., and Xiang, J., 2013. New 
modelling and analysis methods for concrete armour unit 
systems using FEMDEM. Coastal Engineering, 77, 151-
166. 

Latham, J.P.; Munjiza, A.; Mindel, J.; Xiang, J.; Guises, R.; 
Garcia, X.; Pain, C.; Gorman, G., and Piggott, M., 2008. 
Modelling of massive particulates for breakwater 
engineering using coupled FEMDEM and CFD. 
Particuology, 6(6), 572-583. 

Najafijilani, A.; Zakiri Niri, M., and Naderi, N., 2014. 
Simulating three dimensional wave run-up over 
breakwaters covered by antifer units. International Journal 
of Naval Architecture and Ocean Engineering, 6(2), 297-
306. 

Van der Meer, J.W. and Stam, C.J.M., 1992. Wave runup on 
smooth and rock slopes of coastal structures. Journal of 
Waterway, Port, Coastal and Ocean Engineering, 118(5), 
534–550. 

Wang, G., 2014. Force and Stability Study of Dike under 
Nonlinear Wave in Shallow Sea. Qingdao, Shandong: 
Ocean University of China, Master's thesis, 94p. 

 



 

 
 

Journal of Coastal Research SI 79 299-303 Coconut Creek, Florida 2017

____________________ 
DOI:  10.2112/SI79-061.1  received 30 September 2016; accepted in 
revision 31 October 2016. 
*Corresponding author: lidyoung@daum.net 
©Coastal Education and Research Foundation, Inc. 2017

Numerical Test on the Impacts of Submerged Breakwaters for 
Different Design Parameters 
 
Yujie Chen†, Zhaoyan Xu†, and Dong-Young Lee†* 
 
 
 
 
 

ABSTRACT 
 
Chen, Y.; Xu, Z., and Lee, D.-Y., 2017. Numerical test on the impacts of submerged breakwaters for different 
design parameters. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 299-303. Coconut Creek 
(Florida), ISSN 0749-0208. 
 
With the improvement of the living standards, the recreational use of the beach is gradually valued in China. There 
was a need of the development of artificial beach to meet the need of increased recreational use of the beach. 
Submerged breakwaters (SBW) is a widely used coastal protection measure, especially for the beach for tourist 
and water sports, which is constructed to reduce the wave condition to a required level to protect the beach from 
erosion and also to increase the recreational value of the beach. Understanding the impacts of the SBW on the 
transformation of the waves and the circulation induced by wave setup behind the SBW is important both for the 
proper design of the SBW for the protection of beach from erosion and also for water safety for the people 
enjoying water sports at artificial beach. There are so many design parameters including the dimensions of the 
SBW and wave conditions that impact the performance of the SBW. During carrying out  a beach restoration 
project in China, it was recognized that there is a strong demand for the efficient method that the engineers can use 
in designing the SBW to predict the response of the SBW for different design parameters considering the detailed 
wave-structure interaction. An intensive numerical experiment had been carried out using wave resolving model 
for the evaluation of the impacts of the SBW on the wave transformation behind the SBW and  also to develop an 
efficient tool to predict the wave tramsmission coefficients for various SBW design parameters. The development 
of such tool using intensive numerical experiment is discussed in this paper. 
 

ADDITIONAL INDEX WORDS: Submerged breakwater, numerical simulation, transimission coefficient, 
design of coastal structure. 
 

 
          INTRODUCTION 

Submerged breakwaters (SBW) is widely used as an effective 
measure in beach protection, which ensures the safety of tourists 
and water sports for the recreational beach. Compared with 
emerged breakwater, SBW has some obvious advantages such 
as flexible wave transmission, less adverse impacts, not 
interrupting the clear view of the sea and less environmental 
impacts (Ranasinghe, Larson, and Savioli, 2010). However, with 
additional processes of wave energy and water mass flux over 
the submerged breakwater, the design of the SBW is very 
complicated compared with that of the emerged breakwater. For 
the optimal design of the SBW for the recreational beach, the 
impacts of various design parameters such as the dimension and 
location of the SBW and incident waves on the wave 
transformation and resultant wave setup and coastal circulation 
need to be thoroughly understood. 

Ocean University of China (OUC) carried out a beach 
restoration project to build an artificial beach for water sports 
and tourists, in Rizhao, Shandong Provinence, China. In this 
project, series of numerical simulation with different locations 

and dimensions of permeable SBW were carried out to study the 
optimal design of the recreational beach. During the beach 
restoration project, it was recognized that it is difficult for the 
engineers to test the response of the SBW for different design 
parameters considering the detailed wave-structure interaction in 
designing the SBW. There is a strong demand for an efficient 
tool that the engineers can easily use to predict the response of 
the SBW for different design parameters. 

The phase-averaged model has been widely used in modelling 
waves and nearshore currents in the coastal zone and the use of 
the phase resolving model for wave-driven circulation is more 
recent, especially over porous structures (Johnson et al., 2005). 
To understand the performance of the SBW on the 
hydrodynamics processes behind the SBW,  intensive numerical 
experiment had been carried out using both spectral and wave-
resolving models. The wave transformations over the SBW at 
the lee side of the SBW are simulated and the results are 
analysed and discussed. Using the results of the intensive wave 
simulations for different combinations of the design parameters, 
a simple but efficient method has been developed to predict the 
response of the SBW for given design parameters. The method 
to improve the tool as an engineering aid for preliminary design 
of the submerged breakwaters is also discussed. 
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          METHODS 
Model Description 

MIKE21 PMS based on the parabolic approximation to the 
mild-slope equation was used to simulate waves at the project 
area and MIKE21 HD was used for the calculation of the flow 
field. The circulation model is forced with gradients in the 
radiation stress field calculated by the wave module and time 
series or constant surface elevations or fluxes at the open 
boundaries (Ranasinghe, Larson, and Savioli, 2010). XBeach 
model that includes the hydrodynamic processes of wave 
transformation, wave-induced setup and unsteady currents as 
well as overwash and inundation was used in simulation of the 
morphology change. 

The model terrain used in the present study consists of a 
single shore parallel submerged breakwater on an alongshore 
uniform beach that represent the simplified condition for the 
Rizhao artificial beach restoration projection. The beach berm is 
40 m long with slope of 1:60, and the artificial beach is 400 m 
long with slope of 1:34. In the simulation, the particle size, D50 
of 0.35 mm was used for the artificial beach and D50 of 0.1 mm 
for the natural sea-bed based on the field survey. The cross-
shore section is shown in Figure 1.  

 

 

 
Figure 1. The original cross-shore section of the project beach. 

 
 

 

 
Figure 2. Dimension specification. 

 
 

SBW geometrical properties shown in Figure 2 are described 
by the following parameters: structure length (L), structure crest 
width (W), surface to structure crest (B), and distance from 

shoreline to structure (x). The values of the parameters used in 
the numerical tests were given in Table 1. 

 
Table 1. Simulation conditions. 

 

SBW Parameters Modelled Values 
Crest submergence depth below mean 

waterlevel (B) (m) 
0, 0.5,1,1.5, 2 

Cross-shore distance from shoreline to 
structure (x) (m) 

300, 350, 400 

Length of SBW (L) (m) 200, 300, 400 
Crest width of SBW (W) (m) 10, 20, 30 

 
The peak wave period and significant wave height were kept 

constant in the simulations. Tidal variation is not considered in 
the simulation by specifying a constant water level (0 m) at the 
offshore boundary. 
 
Numerical Simulation 

To understand the impacts of the different design parameters 
of the SBW on the wave transformation and to develop a useful 
engineering aid for preliminary design of the SBW, wave 
conditions behind the SBW have been simulated for different 
design conditions using a spectral wave transformation model, 
SWAN, and a wave-resolving model, SWASH as well. 

The SWAN model that solves the wave action balance 
equation (Booij, Ris, and Holthuijsen, 1999) is useful in 
obtaining the general information of the response of the SBW, 
but may have some limitations in solving the wave interaction 
with coastal structures. The SWASH (Simulating WAves till 
SHore) is a hydrodynamic model for simulating non-hydrostatic, 
rotational free-surface flows which is based on the nonlinear 
shallow water equations including the non-hydrostatic pressure 
and is capable of describing the wave transformation in the surf-
zone (Zijlema, Stelling, and Smit, 2011). 

Waves were simulated for different combinations of the SBW 
design parameters (water depth (h), the distance of the crest of 
SBW from the mean water level (B), the width of SBW crest 
(W)) and incident wave conditions (wave height (H) and period 
(T)). For simplicity, processes such as the effect of breakwater 
permeability, wave refraction and diffraction at the end of the 
SBW were not considered. The simple case where waves 
propagate normal to the breakwater was considered. 

As a representative indicator of the response of the SBW, the 
transimission coefficients (Kt), the ratio of the transmitted wave 
height (Ht) behind the SBW to the incident wave height (Hi) in 
front of the SBW, were calculated for about 12,000 cases of 
different combinations of the SBW design parameters (h, B, W, 
H, T). The results are used in understanding the impact of the 
SBW and also in developing a tool to predict the wave 
transmission coefficient for given design parameters. 

 
          RESULTS 

Beach Restoration Project 
The 2D simulation results based on MIKE21 PMS and HD 

indicate that hydrodynamic circulations are generated with 
different patterns in the vicinity of the SBW. Figure 3 shows the 
hydrodynamic circulations near the SBW. The circulation 
patterns vary with cross-shore distance from shoreline to the 
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SBW and with length of the structure as well. From the series of 
numerical test, it was found that  different patterns of coastal 
circulations were reproduced in different locations. 

An example of the wave simulation over the SBW across-
shore center line of the structureis shown in Figure 4 with 
different submergence depth (B) for a given crest width (W) and 
distance from shoreline (x). It is also suggested that for near zero 
submergence the SBW is efficient in reducing the transmission 
(Rambabu and Mani, 2005). The circulation patterns are related 
to the transmission coefficient (Kt) of waves across the SBW. 
From these series of numerical test, four cells are generated 
leeward of structures when the Kt is bigger than 0.6, while just 
two cells are generated when the Kt  is smaller than 0.4.  

 

 

 
Figure 3. Example of coastal circulation reproduced in the vicinity of the 
SBW(with x=300 m, B=1 m, W=20 m, L=200 m). 

 
 

 

 
Figure 4. Variations of simulated wave height (dotted line) behind the 
SBW (solid line) with different submergence depth (B). 

 
 
The morphological evolution simulated using XBeach model 

shows that the cross-shore sediment transport and shoreline sets 
back take place. After simulation for about 55 hours the bed 
profiles reached to near equilibrium stage. The distance of 
shoreline setback varies with different dimensions of SBWs and 
wave conditions. Examples of the simulation results were shown 

in Figure 5. It is shown that  the SBW with smaller submergence 
depth (B) has much more efficient in beach protection, while the 
impacts of distance from shoreline and crest width on 
morphology change are rather small compared to that of the 
submergence  depth. 

 

 

 
Figure 5. Example of the simulated bathymetry change after wave 
acting for 55 hours (x=300 m, W=10 m). 

 
 

From these series of numerical test, the response of shoreline 
is accretion when B/Hi<0.1 (here Hi is incident wave height), 
and erosion when B/Hi>0.1. In addition, the distance of 
shoreline setback is sensitive to B/Hi and increases rapidly when 
B/Hi<0.3, while the value increases slightly and trends to a 
constant when B/Hi>0.3. 

 
Wave Simulation Experiment 

An example of the wave transformation behind the SMW 
simulated by SWAN model is shown in Figure 6.  

 

 

. 
Figure 6. An example of wave and water level transformation simulation 
using SWAN model. 
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An example of the output of the transmitted waves at the lee 
side of SBW simulated by SWASH model together with the 
incident waves are shown in Figure 7. The time series of the 
surface elevations are analyzed to get the significant wave 
height at each grid point to estimate the wave transmission 
coefficients. 
 

 

 
Figure 7. An example of the output of the transmitted waves (red color) 
at the lee side of SBW simulated bt the SWASH model and incident 
waves (blue color). 

 
 
The trasimission coefficient is a main parameter used to 

analysis the efficiency or response of the SBW. The wave 
transmission coefficient is calculated by comparing wave 
heights right behind of the breakwater with that in front of the 
breakwater. The wave transmission coefficients were analyzed 
for all the cases of simulations and compiled together with the 
various SBW design parameters that were used in the simulation, 
from which a useful design tool is to be established. 

The transmission coefficients vary with 5 independent 
variables and their compound non-dimensional parameters such 
as the relative structure height (h/d), the relative freeboard (ratio 
of the SBW crest depth to the incident wave height, B/Hi), 
relative water depth kh (here, k is wave number). Out of many 
controlling variables, the ratio between the SBW crest 
submergence and incident wave height (B/Hi) is considered as 
the most influential variable (Ahrens and Cox, 1990).  

An example of the variation of the coefficient for different 
water depth, crest width is shown in Figure 8 and Figure 9. An 
example of the variations of the transimission coefficient with 
B/Hi for a given SBW dimensions (water depth is 10 m, and 
crest width is 2.5 m) and different wave period is shown in 
Figure 8. In this example the transmission coefficients decrease 
rapidly with the increase of B/Hi when B/Hi is small and 
increase rather smoothly with the ratio of crest submergence 
depth and incident wave height seaward of the SBW (d/Hi). 

The graphical representation of the relations between wave 
transmission coefficients and these 5 variables used in this 
experiment is very complex so that an efficient method to 
predict the transmission coefficients in the design process has 
been developed, first by finding the transmission coefficient for 
the nearest combination of the input design parameters from the 
results. The transmission coefficient is more accurately 
estimated using multi-dimension linear  interpolation. 

 

 
Figure 8. Variation of transimission coefficient with B/Hi for different 
wave periods. 

 
 

 
Figure 9. Variation of transimission coefficient with B/Hi for different 
water depths. 

 
 

 
Figure 10. Variation of transimission coefficient with B/Hi for different 
crest widths.  

 
 

          DISCUSSION 
It is necessary to understand the relative importance of the 

design parameters in controlling the transmission of waves over 
the SBW through theoretical analysis as well as the analysis of 
the results of numerical simulation. The major wave energy loss 
due to SBW can be considered as two parts: (1) wave energy 
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dissipation and reflection by the front slope od SMB, (2) wave 
energy dissipation by bottom friction and wave breaking on the 
crest of SBW. 

The wave energy loss for these two cases can be estimated on 
the basis of linear wave theory when it is simply assumed that 
the wave energy below the SBW crest is either reflected or 
dissipated at the front slope of the SBW. Only the wave energy 
above the crest will continue to transmit over the SBW, some of 
which will be dissipated on the crest of the SBW by the 
frictional dissipation and wave breaking. If it is assumed that the 
waves respond quickly to the local depth, the analysis would be 
much simpler. 

The former case depends on the relative wave depth (kh) and 
relative SBW crest level (B/h), while the latter depends strongly 
on relative incident wave height to water depth (here crest 
depth), Hi/B, and the crest width (W)  and wave period (T). 

Which processes have more impacts on transmission 
coefficient depends on the breaking criteria that can be simply 
specified as the ratio of B and Hi. The wave breaking and 
bottom frictional dissipation on the crest depend on the 
dimensionless value of Hi/B and also on crest width (W). Even 
the transmission coefficient is highly dependent upon the 
dimensionless ratio of the freeboard to the incident wave height, 
it is also affected by other dimensionless variables. 

There are so many variables that the graphic or table 
presentation is not feasible to show the complex functional 
relationship between the transmission coefficient and various 
design parameters, especially when the neglected processes are 
taken into consideration, such as permeability of SBW structure, 
wave refraction and diffraction, incident wave direction. A 
realistic method to estimate the transmission coefficient for 
different SBW design parameters has been developed utilizing 
multi-dimension linear interpolation using the results of 
intensive wave simulation experiment. 

 
          CONCLUSIONS 

For the design of the SBW for the recreational beach, it is 
necessary to consider the impacts of the SBW on the beach 
hydrodynamic processes. To help engineers in designing the 
SBW for the recreational beach, it would be helpful to extend 
the tool that can easily estimate the impact of the SBW for more  
design parameters by means of intensive wave simulation 
experiment  considering wave-structure interaction. 

Wave spectral model can be used to see the general trend of 
the impact of the SBW, while the numerical simulation using 
wave-resolving model such as SWASH can be used in such 
experiment to solve the detailed wave-structure interaction. 
Using the output of the simulation experiment for different 
combinations of design parameters of the SBW, a useful tool has 
been developed to provide the responses of the SBW to various 
design parameters to be usaed as an engineering aid for 
preliminary design of submerged breakwaters. 

The circulation patterns behind the SBW are related to the 
transmission coefficient of waves across the SBW. It was found 
that the appearance of the circulation close to the center of 
structure is sensitive to the location and dimensions of SBW, 
while the circulation close to the edge of the structure is always 
reproduced in the simulation.  To understand the circulation 
patterns behind the SBW, the transformation of wave need to be 
estimated accurately. 

Further work is suggested to improve the engineering designs 
tool to improve the reliability of the numerical simulation and 
the efficiency of the engineering design tool: (1) validation and 
calibration of the model using available field and laboratory 
experiment data. (2) inclusion of the neglected design 
parameters. (3) extension to the wave setup and coastal 
circulation. (4) interfacing with data base of long-term wave 
hindcast to be able to provide wave climate inside the SBW. 

With the development of such useful design tool, the 
engineers would be able to design the SBW to make most of its 
advantages and also to minimize some weaknesses of the SBW 
for the recreational beach. 
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ABSTRACT 
 
Kim, I.H.; Kim, J.; Jeong, Y.-M.; Hur, D.S., and Shin, S., 2017. Field observation and numerical modelling on the 
hydrodynamics behind a submerged breakwater. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), 
The 2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 304-308. 
Coconut Creek (Florida), ISSN 0749-0208. 
 
In 2014, a submerged breakwater installed near the erosion hot spot and the beach is being formed to salient beach 
behind the structure at Anmok beach, which is located on the east coast of Korea. The field monitoring has been carried 
out for past three years in order to investigate the change of beach morphology and shoreline before and after the 
breakwater construction. Wave gages were installed in the offshore location, in front of the breakwater and in the 
behind of the breakwater to investigate the wave height variation. A three-dimensional numerical model based on the 
Navier-Stokes equation with a Large Eddy Simulation (LES) turbulence closure scheme (LES-WASS-3D) was 
employed to predict the hydrodynamics near the submerged breakwater. The model used the beach topography and the 
bottom bathymetry before the breakwater construction to predict the wave transformation, refraction and diffraction 
due to the installation of the breakwater. The model simulated the wave and nearshore current fields especially behind 
the submerged breakwater and successfully predicted the wave heights near the submerged breakwater in high 
correlation (r2 = 0.98) with the filed observation results. The numerical results also showed that the predicted wave and 
current fields could induce the sediment deposition behind the structure. 
 
ADDITIONAL INDEX WORDS: Rip current, field observation, numerical modeling, crescentic sand bar.  
 

 
          INTRODUCTION 

For past decades, Anmok beach, located on the east coast of 
Korea, has been suffered from beach erosion due to the coastal 
structures and high waves. In addition, large waves overtopped 
on the coastal road and threaten the people who were enjoying on 
the beach and the waterfront. In order to avoid the water safety 
issues, a submerged breakwater was installed near the erosion hot 
spot at Anmok beach, Korea. 

Submerged breakwaters are often used as a countermeasure to 
prevent beach erosion because the crest of the structures induces 
the wave energy dissipation by breaking. Therefore, the 
submerged breakwaters have been one of the effective measures 
to protect the beach from the energetic waves and to prevent the 
cross-shore sediment transport without interfering scenery. 

Many researchers have studied the performance of the various 
types and shapes of the submerged breakwater (Browder, Dean, 
and Chen, 1996; Calabrese, Vicinanza, and Buccino, 2008; 
Hayakawa et al., 1998; Kawasaki and Iwata, 1998; Kobayashi, 
1989; Lamberti et al., 2005). Calabrese, Vicinanza, and Buccino 
(2008) studied the wave setup behind the submerge breakwaters 
in a two-dimensional wave flume.  

 
 
 
 

They concluded that the main causes of the mean water level 
rise were the momentum flux release by wave breaking and the 
mass transport process. 

From the previous studies, it is known that the submerged 
breakwaters are effective to reduce the incoming wave energy and 
to protect beach sand. However, researchers also found the 
disadvantages of these structures such as the rise of mean water 
level and the strong return flow through the gap. Therefore, it is 
very important to understand the hydrodynamics on the 
permeable submerged breakwater for the effective design. 

In order to investigate the performance of the submerged 
breakwater, field observations were conducted including the 
bathymetric surveys and the wave height measurements near the 
structure. In addition, a three-dimensional numerical model 
(LES-WASS-3D; Hur, Lee, and Cho, 2012) was employed to 
understand the flow characteristics near the structure and to be 
validated by comparing with the field observation data. 

 
          METHODS 

Study Area 
Anmok beach is located in Gangneung-si, Gangwon-do, Korea 

as shown in Figure 1. The beach belongs to littoral drift cell with 
the length of 9.17 km between northern Sacheonjin harbor and 
southern Gangneung harbor. The littoral drift cell includes several 
beaches that are categorized into Sacheon beach, Sunpo beach, 
Sungeut beach, Sageunjin beach, Gyeongpo beach, Gangmun 
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beach, Songjeong beach and Anmok beach. In the bottom panel 
of Figure 1 shows the location of submerged breakwater at 
Anmok beach. The submerged breakwater was built in September 
2014. 

 

 

 
Figure 1. An aerial photograph of Anmok beach. 

 
 

Field Observations 
Shoreline, beach topography, and bottom bathymetry data were 

collected by using RTK-GPS near the swash zone and ship-
mounted single-beam echo-sounder in deeper area respectively. 
The elevation and distance were collected along the predefined 
measurement line (upper panel of Figure 2) repeatedly in order to 
calculate beach width every time. In order to estimate contour of 
the bottom bathymetry, survey ship measured the water depth 
along the cross-shore measurement lines with the distance of 5 m 
between the lines. Since the field observations have been 
conducted in this site for 6 years, the survey data clearly show the 
shoreline change and the bottom bathymetry change for pre-storm, 
post-storm, pre-construction, and post-construction. 

 

 

 
Figure 2. The locations of the pressure type wave gauges and the pre-
designated measurement lines for surveying the cross-section. The red 
line and blue dotted line are the examples of shoreline survey results. 

 
 
Numerical Model 

A numerical model based on the three-dimensional Navier-
Stokes solver with Large Eddy Simulation (LES) scheme 
(LESWASS-3D; Hur, Lee, and Cho, 2012) was employed to 
understand the hydrodynamic characteristics near the submerged 

structure. Since the submerged breakwater in this site was 
composed of tetrapod, this structure is permeable structure. LES-
WASS-3D uses a Porous Body Model (PBM), which is capable 
of estimating energy dissipation by fluid resistance directly with 
respect to both laminar and turbulent flows. The model 
performance was also verified by Lee and Hur (2014). A detail 
description of PBM can be found in Hur, Lee, and Cho (2012). 

Figure 3 shows the bathymetric setup for numerical simulation. 
The model domain was 1400 m × 800 m as shown in Figure 3a. 
Figure 3b shows the plan view of the bottom bathymetry and 
beach topography in the computational domain.  The grid sizes 
were set to 4 m in x-direction and 8 m in y-direction. Vertical grid 
size (z-direction) varied from 1 m to 0.2 m to reproduce the water 
surface elevation with higher resolution. 

 

 

 

 
Figure 3. Numerical model setup: (a) computational domain; (b) setups 
for the bathymetry and boundary conditions.  

 
 

          RESULTS 
Field Observations 

Figure 4 shows the time history of the beach width behind the 
submerged breakwater on the pre-designated line 17 to 10 (KP17-
KP20). The survey results showed that the average beach width 
in the study site before the breakwater construction was 38.4 m. 
After the breakwater was installed, the average beach width 
increased by 5.3 m and became 43.7 m as shown in Figure 4. 
Especially, the beach width behind the breakwater increased by 
11.6 m after finishing the construction. Therefore, the beach 
width had increased by 2.5 m per month from November 2015 to 
March 2016.  
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Figure 4. Time history of the beach width behind the submerged 
breakwater. A red dotted line indicate the moment of typhoon Goni attack. 

 
 

During the storm season, typhoon Goni attacked Anmok beach 
in mid-August 2015, and the beach was seriously eroded. Figure 
5 shows the bathymetry contours of pre-storm and post-storm. 
The contour plots indicate that the eroded sand moved to the side 
and front of the submerged breakwater. In addition, the crescentic 
sand bars were slightly moved to the north. The shoreline behind 
the structure was retreated by cross-shore sediment transport by 
the storm.  
 

 

 

 
Figure 5. Contour plots of pre-storm and post-storm bathymetry. Black 
solid lines are shoreline surveyed by RTK-GPS. 

 
 
Figure 6 represents the time variations of the significant wave 

heights collected by the pressure gauges which were mounted at 
the locations in Figure 2.  

On June 5th, 2015, the wave gage results showed the maximum 
significant wave heights of 1.7 m, 0.75 m, 1.6 m at the wave gage 
position 1, 2, and 3, respectively. Since the crest depth of the 
submerged breakwater is approximately 0.5 m, larger waves 
break on the submerged breakwater and the wave heights 
decrease by energy dissipation. The wave heights at the wave 
gauge 1 and 3 are almost same. Therefore the submerged 
breakwater effectively reduce the wave energy. However, more 
careful investigations are needed to the beach on the northern and 
southern side of the structure because the beach sands at that area 
can move to the area behind the structure. 

 
 
 

 

 
Figure 6. Significant wave heights as a function of time. Red, blue, and 
black lines represent the wave gauge 1, 2, and 3, respectively. 

 
 
Figure 7 shows the joint distribution of the significant wave 

heights (Hs) and the significant wave period (Ts) at the wave gage 
location 1 and 2 as shown in Figure 2. This figure indicates that 
the maximum transmitted waves slightly increase as the wave 
period increase. Therefore, the submerged breakwater somehow 
more effective in reducing the incident wave energy of the shorter 
period of waves. 

Figure 8 shows the wave transmission rate with respect to the 
wave steepness (Hs/Ls) and indicates that the transmission 
coefficient (KT) decreases as the wave steepness increases. 
Therefore, the submerged breakwater reduces the energy of 
steeper waves by inducing wave breaking on the crest. 

 

 

 
Figure 7. Joint distribution of the significant wave heights and the 
significant wave periods at WG 1 (black dots) and WG 2 (red dots). 

 
 

 

 
Figure 8. Wave transmission coefficients (KT) as a function of the wave 
steepness (Hs/Ls).  
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Numerical Simulations 
The input wave conditions were used from the observation data 

collected on June 3-5, 2015. Using these wave conditions, the 
wave source generated regular waves in NE direction from the 
offshore boundary as shown in Figure 3b. In this study, the 
regular waves with unidirectional were generated to save 
computational cost even if the wave characteristics were irregular 
and multi-directional in the real ocean. Figure 9 shows the spatial 
distribution of the wave heights, the mean water level, and the 
horizontal current velocities. In Figure 9a, the wave heights 
behind the submerged breakwater are smaller than those in front 
of and the side of the structure. The submerged breakwater 
reduces incident waves by 50% according to the spatial 
distribution of wave height simulated by the model as shown in 
Figure 9a. In addition, the partial standing waves appear near the 
harbor structure so reflected wave can also affect the beach. 

 
 

 

 

 
Figure 9. Vertical distribution of horizontal velocities at points P1 and P2 
(blue: x-direction velocity, red: y-direction). 

 
 
The mean water level in Figure 9b shows that the water level 

rose behind the submerged breakwater which is a typical problem 

of submerged breakwater. The wave breaking induced current 
drive the water level rise behind the structure and the increased 
water level enlarge the wave runup on the beach. 

Figure 9c indicate that there are vortices in both sides of the 
breakwater and the return flows behind the submerged breakwater. 
The simulated flow field describes that the time average currents 
converge behind the breakwater and flows offshore direction. 
This flow pattern shows that the flow moves beach sands 
alongshore direction toward the submerged breakwater and 
deposit them behind the breakwater.  In addition, strong return 
flows appear near the harbor structure. 

Table 1 and Figure 10 show the results of the numerical model 
comparison with the observation data for three days. The model 
precisely predicted the wave heights at the front side and lee side 
of the submerged breakwater. The correlation coefficient (r2) is 
0.98. 

 
Table 1. Observed and simulated wave heights. 
 

Case
Date 

in 2015 

Wave Height (m) 
Gauge1 (P1) Gauge 2 (P2) 

Observed Simulated Observed Simulated

1 June 3rd 0.952 0.989 0.511 0.425 

2 June 4th  1.251 1.217 0.613 0.581 

3 June 5th  1.068 1.166 0.533 0.510 

 

 

 
Figure 10. Comparison between the observed and simulated wave height 
at Anmok Beach. P1 and Ps indicate the wave heights in front of and 
behind the submerged breakwater. 

 
 

DISCUSSION 
The present study showed various field observation results. In 

Figure 4, the beach width continuously increased until typhoon 
Goni attacked Anmok beach. During the storm, Anmok beach 
was eroded seriously even in the area of the submerged 
breakwater. However, from the end of November 2015 to 
February 2016, several extreme events with large swell waves 
occurred all over the east coast of Korea. Even if the wave 
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climates were similar to those of typhoon Goni (Hs > 5 m, Ts > 12 
s), the beach recovered the stage of pre-storm, 2015. Therefore, 
more detail study is necessary for this region regarding the storm 
and other extreme events. 

The numerical model, used in this study, is one of the most 
advanced models. In addition, the model was modified to 
simulate the hydrodynamics in the porous media. However, the 
input wave condition considered the regular and uni-directional 
waves to save the computational expense. So it is still difficult to 
use this model for long-term simulation with the irregular and 
multi-directional waves. 

Another founding was that the strong return flow occurs near 
the harbor structure in the numerical simulation, which was also 
observed during the survey. This return flow may transport 
sediment outside the littoral drift cell. Therefore, more studies in 
this area are needed. 

 
CONCLUSIONS 

In this study, field observations were carried out at Anmok 
beach to investigate wave transmission characteristics on the 
submerged breakwater as well as the morphologic change due to 
the storm and other extreme events.  

A numerical model based on the three-dimensional Navier-
Stokes solver with Porous Body Model (PBM) was employed to 
predict the wave heights, the mean water level, and the time 
averaged horizontal current velocity. 

Based on the field observation and numerical simulation at 
Anmok beach, the following conclusion can be drawn: 

 
 The time history of beach width at Anmok beach shows that 

the beach width near the submerged breakwater 
continuously increased until typhoon Goni approached 
Anmok beach. After the storm season, the beach was 
recovered even if there were several extreme events in 
winter, 2016. 

 The bottom morphology changed during the storm season 
in 2015. The beach sands moved to offshore and were 
deposited behind and the side of the submerged breakwater.  

 The wave gauge data showed that the submerged 
breakwater effectively reduced large waves and the small 
waves pass over the submerged breakwater. 

 The numerical model results gave a better understanding of 
the spatial distribution of the wave heights, the mean water 
level, and the horizontal flow pattern. The simulation 
results regarding the wave heights in front of and behind the 
submerged breakwater show a high correlation (r2 = 0.98) 
with the field observation results. Therefore, this model is 
applicable to simulate the hydrodynamics in the presence of 
the permeable structures.  

 Based on the flow filed behind the breakwater, the model is 
also capable of predicting sediment deposition behind the 
breakwater. 

 The simulation results showed that the strong return flow 
move along the harbor structure. So the flow may affect the 
 
 

 

sediment transport outside this littoral drift cell. 
 

Future study may include the continuous field observation in 
accompany with sediment movement in the vicinity of the 
submerged breakwater and the numerical simulation by 
considering multi-directionality and irregularity of the wave 
condition. 
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It is essential to acquire an accurate topographic information to efficiently operate a reclamation project. However, the 
measurement of large-size reclaimed land using terrestrial survey methods, such as total station and GPS requires huge 
number of efforts in terms of time and labor spending. Moreover, the coastal surveying that should be remote and hard 
to reach is extremely dangerous and sometime impossible. Therefore, in this investigation, UAV (Unammaned Aerail 
Vehicle) which has been actively considering in the field of spatial information currently, was applied for the 
construction management of reclamation project. In this paper, the feature matching and SfM (Structure from Motion) 
algorithm were used as image correction and matching technology. The UAV images were used to create three 
dimensional point clouds. The points clouds are transformed and aligned to global coordinate by using 21 GCPs 
(Ground Control Points) which are previously measured by terrestrial surveying. The aligned point clouds were 
eventually used to generate a DEM (Digital Elevation Model) and ortho-imagery. This study also assessed the 
positioning accuracy of the results by comparing with terrestrial surveying results using total stations at 426 check 
points on the study area. The RMSE (Root Mean Square Error) of positioning differences between the coordinates of 
UAV photogrammetry and terrestrial surveying was within tolerance, 4.8 cm, except for the results at non-ground 
points. This paper, consequently, presented an availability of the UAV for the photogrammetry, so that it can be fully 
expected the UAV photogrammetry could be applied in many fields included construction application.  
 
ADDITIONAL INDEX WORDS: Land reclamation, hybrid UAV, ortho-image generation, process management. 
 

 
          INTRODUCTION 

In South Korea, large scale tidelands have been reclaimed for 
the agricultural and commercial land in recent decades. Korean 
government has tried to set up the geographic information system 
(GIS) of the reclaimed land to improve the availability of the land 
and identify the width and shape along the shoreline. The GIS and 
topographic map has been typically generating by the spatial data 
measured by terrestrial measurements. However, it is inefficient 
for large scale measurement to conduct the terrestrial surveying 
considering significant investment in personnel and time. In the 
case of the coastal surveying, in particular, they has very poor 
environment, in terms of positioning, to set up local permanent 
references for the geo-referencing point clouds (Mancini et al., 
2013). The drawbacks of the ground-based surveying 
methodologies result in the growth of interest in aerial 
photogrammetric surveying using UAV which can easily acquire 
reliable spatial information for tremendously large scale 
measurement (Chiabrando et al., 2009). The UAV, referred to as 
drones, has developed over past decade for military uses, and has 
begun to be applied to public services. More recently, the UAV 
has evolved rapidly with integration of Global Positioning System 
(GPS) and Inertial Measurement Unit (IMU). Moreover, digital 
photogrammetric technologies and airborne Light Detection and

 

Ranging (LiDAR) have also made the acquisition of high-quality 
topographic data possible. The improvements of the positioning 
technologies and high performance sensors eventually result in an 
increased availability of the civilian UAV (Turner, Lucieer, and 
Watson, 2012). 

With the advent of the high performance UAV, many studies 
have successfully used UAV for coastal surveying. Gonçalves 
and Henriques (2015) present that UAVs can play a role in 
monitoring of coastal areas with reliable accuracy. Guillot and 
Pouget (2015) indicates that it is able to export high-resolution 
ortho-imagery, Digital Surface Model (DSM) and 3D models of 
the dikes and coastal sand dunes of Oleron Island by using UAV.  

Mayr (2012) demonstrates that UAV is able to generate 
suitable quality and accuracy of orthomosaics and Digital Terrain 
Models (DTMs). Tong et al. (2005) describe a possibility of 
practical application of the integration of UAV and Terrestrial 
Laser Scanning (TLS) for the 3D geological mapping and 
monitoring system of open-pit mine areas. In addition, several 
studies show many advantages of the UAV compared with other 
surveying systems. Azmi, Ahmad, and Anuar (2014) indicate that 
UAV provides reliable image data for topographic map with a 
higher ground resolution, less cost, and more usability. Martin 
and Tung (2004) point out that the unmanned instrument is 
possible to produce a higher rate of collection than traditional 
measuring ways with low operation cost in large area. 

However, there are practical challenges in the Unmanned 
Aerial System (UAS) for the coastal survey. The one of the 
critical issues is about the operating UAVs. The type of the UAV 
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and flight plans are applied differently according to the location 
and purpose. Nex and Remondino (2014) suggest present the 
types of UAV by the application field and regulations for UAV in 
several countries. Moreover, the battery capacity of the UAV may 
become an issue if the air craft is applied for extremely huge scale 
of survey. Especially, since reclaimed lands are usually wide and 
located at the shore, the battery capacity should be carefully 
considered. This study, therefore, provides the way to operate the 
UAVs in extremely wide reclaimed land. Issues about the data 
reliability are another challenge for the survey using UAV. 
According to Rehak, Mabillard, and Skaloud (2013), the accuracy 
of UAV measurement is cm-level with integration of 
GPS/IMU/camera. However, most studies have used the UAV 
equipped the single frequency GPS, and there are few researches 
conducted with dual frequency GPS. Thus, this study used the 
UAV installed the dual frequency GPS, and the accuracy of the 
results extracted from UAV photogrammetry were verified by 
comparing with direct survey using total station. 
 

          METHODS 
This study concerns a reclaimed land located in Gimje-si, 

Korea, on the central west coast of South Korea. The reclamation 
Project creates 28 km2 of reclaimed land and a lake as large as 
118 km2 by constructing the world's longest 33.9 km sea dike 
connecting Gunsan and Buan on the west coast of Korea. The 
purpose of the aerial survey is to calculate earthwork volumes 
specific area located in south-east of the Saemangeum reclaimed 
land. The study area is constructed for high-tech agricultural lands, 
and the average wind velocity is 5.8 m/s. The study area marked 
with red line in Figure 1. Since the reclaimed land has been 
recently constructed, and several areas are still difficult to access. 
Moreover, since the area is physically contiguity with livers and 
streams, it was extremely difficult to measure this lands with 
terrestrial survey devices.  

 
Hybrid UAV 

The type of UAVs can be classified roughly into three types: 
fixed wing, rotary wing, and fixed/rotary hybrid wing. Fixed wing 
UAVs are characterized by a simpler structure, lower cost, and 
more efficient aerodynamics that guarantee longer flight 
 

 

 
Figure 1. Regional location map of the study area (red box). 

 

duration at higher speeds compared to rotary wing. In contrast, 
the rotary wing UAVs have relatively more complex structure 
which translate into lower speeds and shorter flight ranges than 
fixed wing. The advantages of the rotary wing, however, are their 
ability for Vertical Takeoff and Landing (VTOL) and hovering. 
The differences between the fixed wing and rotary drones are as 
shown Table 1. 

 
Table 1. Korean Beach hazard rating guide. 

 
 Fixed Wing Rotary Wing 

Purpose Mapping 
Small area Mapping, 

Inspection 

Application 
Land Surveying 

(Rural), GIS, 
Construction 

Inspection, Real 
Estate, Surveying 

(Urban) 
Speed High Low 
Coverage Large Small 
Flight Times Long Short 
Wind Resistance High Low 
VTOL X O 
Hovering X O 
 
In the case of the coastal survey, the UAV should meet several 

conditions; since reclaimed land is generally located nearshore, it 
must have high wind resistance. Moreover, the UAVs for 
surveying reclaimed land must have the long duration of flight 
and ability for VTOL and hovering because of its topographical, 
geological characteristics. To satisfy the conditions, this study 
used the tiltrotor type of UAV combined with a dual frequency 
GPS, IMU, LiDAR, and 3 Axis-Gimbal system, which is an 
equipment to adjust and stabilize the devices in all directions. The 
UAV has 1.524 m of wingspan, 0.95 m of total length, and 40 min 
of flight time with payload. Figure 2 shows the shape of the UAV 
used in this study. 

 
Data Acquisition 

The photogrammetry results are affected by Ground Sampling 
Distance (GSD), overlap rate, and spatial accuracy (Gonçalves 
and Henriques, 2015). The GSD is the distance of centers of two 
contiguous pixel measured on the ground. In general, lower GSD 
value imply that one pixel will capture a smaller area and 
therefore the image will have a higher spatial resolution. Since 
the GSD value is related to a flight height if the focal length of 
the camera is fixed, it is important to decide the flight altitude of 
the UAV. For a given flying height H, the GSD will be given by: 

 

 

  
 
 
 

Figure 2. The tiltrotor UAV.  
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GSD 	 	
                           (1) 

 
where f is the lens focal length, and H is the flight height. In this 
study, the camera installed on the UAV is a RICOH GR 2, which 
has a 16M pixel (4928 by 3264 pixels) CMOS sensor that has 
physical dimensions of 23.7 by 15.7 mm, and the focal length is 
18 mm. In the case of the GSD of 5 cm, typically, a standard 
deviation of 1 pixel in the parallax would result in a standard 
deviation of approximately 10 cm in the elevation difference. 
Gonçalves and Henriques (2015) indicate that the errors could be 
reduced by accurate Ground Control Points (GCPs), a proper 
camera calibration, and stereo-matching. Moreover, Haala, 
Cramer, and Rothermel (2013) assert that the high overlapping 
rates provide a multi-ray intersection that increase the accuracy 
of point cloud. For a given focal length and a given image rate, 
increasing the altitude will increase the overlap. In this study, 
therefore, the flight height was determined above ground level of 
200 m to maintain longitudinal overlap of 75%, traverse overlap 
of 65%, and GSD of under 5 cm.  

As mentioned above, the UAV operated in this study includes 
dual frequency GNSS receiver to improve spatial accuracy, so 
that real-time positioning of UAV is possible with cm-level of 
accuracy. Virtual Reference Station is a system which facilitate 
Real-Time Kinematic (RTK) GPS positioning based on a set of 
reference stations. The VRS system relies on national 
Continuously Operating Reference Station (CORS). The primary 
advantage of the VRS is that users don’t need to set GPS base 
station. This study navigated and positioned the UAV using 
VRS/RTK. Figure 3 shows the flight plan and mission monitoring 
during the flight at the study area. 

 

 

 

Figure 3. Mission monitoring for UAV operation.  
 

 
Spatial accuracy of the 3D modeling also depends on the 

quality of the georeferencing as inferred from ground control 
points. In general, at least 9 GCPs are required to provide 
redundancy for the least squares adjustment, and more GCPs 
often means a better, higher accuracy. GCPs were placed in an 
orthoimage of the area, and the user can survey them with ground-
based measurements or high accuracy GPSs. In Figure 4, this 
study set 21 GCPs on the study area, and the coordinate 
measurements of the GCPs used in this study were performed 

with VRS/RTK. The high resolution images collected by UAV 
was aligned and registered using the 21 GCPs. The accuracy was 
better than 2 cm in planimetry and better than 3 cm in height 
compared to ground control points.  

A total of 426 check points (CPs) were used to estimate the 
vertical accuracy of the final DSM result. The CPs were measured 
by total station which is the most accurate survey system. The 
coordinate values of each CPs measured by both total station and 
UAV was eventually compared in this study. 
 

 

 

Figure 4. Recognition on check-points.  
 

 
          RESULTS 

The imagery and scanning data acquired from UAV eventually 
used for 3D model, DEM, and ortho-mosaic. All of the processing 
was performed in WGS-84/UTM zone 52N. The results were 
eventually compared with ground-based survey results using a 
total station.  

 

 

 

Figure 5. Surveying comparison in ortho-image.  
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The image collecting and processing were performed by a 
commercial software, Photoscan, implementing SfM algorithm. 
The dense DEM of the study area was generated by overlapping 
and orienting images with the SfM algorithm (Clapuyt, Vanacker, 
and Van Oost, 2016; Mancini et al., 2013). The orthoimage were 
created based on the DEM as shown in Figure 5. The DSM of the 
study area represents different types of terrain, and the accuracy 
are assessed differently according to the types of terrain. In 
general, the average absolute value of errors was about 5 cm at 
exposure surface, but in the case of non-ground points, the errors 
were generally over 10 cm.  Figure 6 is enlarged a section where 
the non-ground points widely distributed. 

 

 

 
 
 

 

Figure 6. DEM and ortho-image generation. 

 
 

          DISCUSSION 
As shown in the Figure 7, this study assessed the DSM vertical 

accuracy by comparing to ground survey using total station at 426 
CPs. Table 2 summaries the statistical results. The RMSE of UAV 
survey result compared to ground survey result measured 
relatively higher than the average of the absolute value of 
differences, 0.083 m. The causes of the errors are so various that 
it is impossible to address and reduce the errors completely in 
UAV survey. However, it founds that errors at non-ground points 
were generally over 10 cm, and the errors greatly affect an 

increase in RMSE although the percentage of the non-ground 
points was only 32% of total area. 

For this reason, if the points that have errors more than 10 cm 
were removed, the RMSE would be decreased dramatically. As 
shown in Table 2, the RMSE was less than 5 cm when the 
statistical analysis was conducted without the points representing 
errors over 10 cm. In the case of the aerial surveys, typically, the 
non-ground points are removed or filtered because they have a 
negative effect on the accuracy of the result. Therefore, it is 
necessary to combine UAV survey with ground-based survey for 
the accurate ortho imagery and DEM.  

 

 

 

Figure 7. Vertical error distribution. 

 
 

Table 2. Statistics for comparative analysis (only GCP vs Total). 
 

 
Total Measurements 
(GCP +non-GCP) 

Mesurements for 
within 10 cm  
(only GCP) 

N 426 298 
Average -0.056 -0.016 
STD 0.102 0.045 
RMSE 0.116 0.048 
Minimum error -0.432 -0.099 
Maximum error 0.151 0.099 

 
          CONCLUSIONS 

This study presents utilization of UAVs for survey in the 
coastal area, especially a reclaimed land. As seen before, the 
UAV provides superior functionality to survey large, difficult to 
access area. In particular, the hybrid UAV that is possible to 
operate fixed/rotary wing in parallel. The issues about battery and 
wind resistance of UAV are still major challenges. However, the 
UAV technology today has grown rapidly, so that it is expected 
the applicability of UAV for coastal survey will be increased if 
further researches are conducted well in the future.   

In this study, the accuracy values obtained with the UAV at flat, 
smooth ground was satisfactory in comparison with the ground-
based survey. However, the RMSE including the results of non-
ground area survey was relatively worse. This study, therefore, 
suggests to use combination of UAV and ground-based survey to 
satisfy both the accuracy and economics.  

As the camera technology developed, it is possible to operate 
the UAV at higher altitude with low GSD. The development of 
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camera and UAV technology might make it possible for people 
to apply the UAV to the monitoring of flow and water quality or 
structure health monitoring of offshore structures. However, 
many countries have strict regulations for operating UAV. The 
rigid regulations might hinder the development and growth of 
UAV economy. Consequently, it is essential to readjust the 
previous regulations as well as to develop the UAV technique. 
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The Probabilistic Storage Prediction Model (PSPM) is a model that probabilistically predicts the future reservoir 
storages considering the uncertainty of natural inflow. This study simulated reservoir operation using the PSPM and 
evaluated the usefulness of the PSPM compared to the actual reservoir operation during the recent severe drought of 
the Chungju Dam basin in South Korea. The initial storage was set to observed storage at the end of January 2015, and 
the reservoir operation for achieving target storage at the end of June was simulated for various achievement 
probabilities. The differences between the simulated storages and the actual storage at the end of June 2015 was as 
large as 14-20% of effective storage capacity of the reservoir. The maximum supply reduction for achieving target 
storage simulated for the achievement probability of 0.8 was less than actual maximum supply reduction. This is 
possible by storing more water in advance to prepare for more severe drought. PSPM can offer valuable information 
as a decision-making tool, which will enable reservoir managers to secure water in advance, and thus mitigate severe 
drought damages. 
 
ADDITIONAL INDEX WORDS: Drought, reservoir operation, probabilistic prediction, water management. 
 

 
INTRODUCTION 

Drought is a natural disaster that causes widespread damage to 
the ecosystem and human society. In addition, it can result in 
severe economic, social, and environmental costs (Wilhite, 2006). 
Moreover, climate change has affected the frequency and 
magnitude of drought in a way that is very likely to result in 
increased drought regularity in the near future (WMO, 2009).  

Effective drought monitoring, prediction, and response plans 
are needed for drought mitigation. These are challenging 
problems to address because it is difficult to define the beginning 
and the end of a drought event, which can last for long periods of 
time (i.e. dozens of months). Many researchers have developed 
various drought indices to evaluate drought severity and have 
made efforts to apply them to drought mitigation planning. 
However, drought indices have a practical limitation in that they 
cannot provide prospects for future drought severity because they 
can only describe current drought severity.  

The modern water management system is mainly based on the 
water stored in reservoirs for supply to users. Thus, it is necessary 
to install more reservoirs to secure water resources in case of 
severe drought. In South Korea, it is very difficult to develop new 
water resources by constructing new dams owing to public 
concerns for environmental problems. Under these circumstances, 

a reservoir operation for securing much more water is paramount 
in order to reduce and mitigate drought damages.  

Many studies have focused on the optimization of reservoir 
operation for reserving water as much as possible. These studies 
have used various techniques, such as linear programming (Datta 
and Houck, 1984; Palmer and Holmes, 1988), nonlinear 
programming (Oron, Mehrez, and Rabinowitz, 1991; 
Teegavarapu and Simonovic, 2000), dynamic programming 
(Shim, Fontane, and Labadie, 2002; Yurtal, Seckin, and 
Ardiclioglu, 2006), genetic algorithm (Chang, Chen, and Chang, 
2005; Hormwichian, Kangrang, and Lamom, 2009), fuzzy set 
theory (Chang, Hui, and Chen, 2002; Mousavi, Ponnambalam, 
and Karray, 2005), and artificial neural networks (Jain, Das, and 
Srivastava, 1999; Liu et al, 2006). However, these studies do not 
provide probabilistic information on changes in future storage.  

Kwon, Jun, and Kim (2016) suggested the Probabilistic 
Storage Prediction Model (PSPM) that probabilistically predicts 
the future reservoir storages considering the uncertainty of natural 
inflow. They paid attention to the need to adopt a probabilistic 
model because natural inflow embeds a large uncertainty. A 
probabilistically predicted storage can provide inherent drought 
risk quantitatively using probability value. Moreover, it can 
calculate the required water for achieving target storage as 
specific probability. 

In this study, reservoir operations is simulated using the PSPM, 
and its effectiveness as a decision-making tool is evaluated by 
comparing it with actual reservoir operations during the recent 
drought involving the Chungju Dam in South Korea.  
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METHODS 
When current reservoir storage and specific amount for water 

supply are known, the expected storages in the next month based 
on historical inflow data can be calculated by: 

  
; 	 1 (1)

 
where  is the reservoir storage in month ,  is the observed 
inflows in month ( 1), and  is water supply in month (

1). The probability density function (PDF), , 1 , can be 
easily estimated. 

However, if the  is greater than or equal to 2, the PDF of the 
storage in month ( 1 ) has to be estimated using the joint 
marginal PDF, Equation 2, because the current storage is 
expressed by the probability distribution: 

 

; 	 2 (2)

 
To estimate |  in Equation 2, Kernel density function 

(KDF) proposed by Fix and Hodges (1951) was used. The KDF 
is defined by: 

 

	
1

 (3)

 
where  is the kernel function,  is the number of observed data, 
and  is the bandwidth. This study used the Gaussian function for 
kernel and the optimal value of , Equation 4, suggested by 
Parzen (1962): 

 
4 /3 /  (4)

 
The tails of the probability distribution may exist beyond the 

reservoir capacity. The bounded KDF is applied so that the tails 
of the probability distribution cannot be exceeded between 0 to 
the maximum capacity of a reservoir. In order to apply the 
bounded KDF, the variable  is transformed into a new variable, 

, as given in Equation 5 (Bowman and Azzalini, 1997): 
 

log log	  (5)
 

where  and  are the upper and lower boundary, which are zero 
and maximum capacity of a reservoir in this study. If  denotes 
the PDF of  and  denotes the PDF of , then the two 
densities are related by Equation 6 (Devroye and Gyorfi, 1985): 

 
 (6)

 
where  also can be calculated by KDF, and then bounded KDF 
can be written as: 

 

	
1 t

 (7)

|  in Equation 2 can be expressed as Equation 8 from 
Equation 7: 

 

1 , ′  (8)

 
where  is the number of observed inflows, , 	 can be 
calculated by Equation 1 and should exist within the capacity of 
storage. Therefore, ,  is defined as: 

  

,

,

, ,

,

 (9)

 
Now, Equation 10 can be obtained from Equations 2 and 8. 

Equation 10 can be calculated by approximation as Equation 11 
because Equation 10 is difficult to calculate directly, where  is 
the number of the interval for approximation: 

 

1 , (10) 

 

1 ,

∑
(11)

 
The probability distribution of the future storage can be 

calculated by Equation 11. If ,  is transformed to ,  
( , ), the probability distribution of the prior storage 
for achieving target storage can be calculated by Equation 12: 

 

1 ,

∑
(12)

 
RESULTS 

The PSPM was applied to the Chungju Dam basin, where 
extreme droughts recently occurred. Reservoir inflow data for the 
last 30 years (1986-2015) were used. Starting from the observed 
storage (989.3 106 m3) at the end of January 2015, the 
cumulative distribution functions (CDF) for the following five 
months were obtained for various supply reduction scenarios 
(Figure 1). Table 1 provides the probabilities that the reservoir 
storage at the end of each month would be less than the 30-year 
average storage for each month. 

Figure 2 shows a temporal change in observed storage and 
simulation results for various scenarios consistently reducing the 
water supply from February to June. The drought was in full 
effect during this period, and the reduction in water supply was 
also implemented in actual reservoir operation. Figure 3 shows a 
comparison of the water supply reduction for actual reservoir 
operation with that calculated for 30% reduction scenario. The 
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actual reduction in supply was 18 m3/s on average but sharply 
increased to 99 m3/s after the middle of May. In contrast, the 
supply reduction remains mostly unchanged between 29 m3/s and 
38 m3/s if the 30% reduction is adopted.  

Figure 4 shows the CDF of storage at the end of each month for 
achieving target storage at the end of June. In other words, it is 
the relation between a storage value (S) and probability value (P) 
such that if current storage is less than S, the probability to 
achieve target storage at the end of June is less than P. P will be 
called achievement probability later on. The 30-year average 
storage at the end of June (1036 106 m3) was taken as the target 
storage.  

Table 2 summarizes the results of the simulation. As shown in 
Figure 4a, water shortfall of January for achieving target storage 
was calculated by the difference between the storage for each 
achievement probability and the initial storage. In addition, the 
supply reduction was calculated by dividing the water shortfall by 
the length of the period lasting until the end of June. These supply 
reductions were applied to reservoir operations in February. This 
process was repeated for each month until June. Figure 5 shows 
temporal changes in storage and the supply reduction.  

 
DISCUSSION 

From Table 1, one can see that it is highly probable that the 
storages of each month would not reach the 30-year average 
values if the water is fully supplied as it is planned. The 
probability for June is 0.71. This is because the initial storage was 
very low due to the ongoing drought. It was markedly lower 
compared with the 30-year average storage in January 
(1424.9 106 m3). If the water supply is consistently reduced by 
10%, the probability that the storage would be below the average 
storage at the end of June is 0.62, which is less than 0.71, but still 

higher than 0.5 meaning that it is more likely that the storage will 
become less than the 30-year average. If the water supply is 
reduced by 30% or 50%, the probability will get even lower to 
0.41 or 0.20, respectively. This means that there would be high 
chance to secure more than 30-year average storage. These results 
can be used not only to inform the seriousness of the current 
drought, but water managers can also confirm a need for and 
convey the effects of water supply reduction. 

Although there is little difference between observed and 
simulated storage at the end of June (see Figure 2), the maximum 
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Figure 1. Cumulative distribution function for reservoir storage for various supply reduction scenarios. 
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Figure 2. Change of reservoir storage for various supply reduction 
scenarios. 
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Figure 3. Comparison of reduced water supply. 

Table 1. Probabilities that reservoir storage is less than the 30-year 
average storage for each month. 

Supply Reduction Feb. Mar. Apr. May Jun. 

None 1.00 0.99 0.95 0.85 0.71 

10% 1.00 0.99 0.93 0.79 0.62 

30% 0.99 0.97 0.84 0.63 0.41 

50%  0.99 0.93 0.70 0.42 0.20 
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difference in supply reduction is 62 m3/s, which is very high 
compared with those for previous months (see Figure 3). A sharp 
increase in supply reduction may result in a lot of inconvenience 
and trouble of limited water use. Considering that the planned 
supply is usually more than the actual water usage and that there 
is certain water volume that can be reduced without causing 
serious damages (such as irrigation water and environmental 
water), reserving the water based on the probabilistic storage 
prediction will be beneficial to both water managers and water 
users. However, water managers need specific information on 
present water storage that is required to achieve target storage at 
a given time in the future at a certain probability level. Thus, the 
prior probability of storage for achieving target storage has to be 
calculated, and this can be done by Equation 12. It is seen that 
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Figure 4. CDF of current reservoir storage for achieving target storage at the end of June. 

Table 2. Summary of reservoir operation simulation for achieving target 
storage on 30 June. 
 

  
Achievement Probability 

0.5 0.6 0.7 0.8 
31 

Jan. 
Initial Storage(106 m3) 989.3 989.3 989.3 989.3

RSP (106 m3) 1356.9 1475.2 1595.6 1726.7

Shortfall (106 m3) 367.6 485.9 606.3 737.4

SR (m3/s) 28.4 37.5 46.8 56.9 
 

       

28 
Feb. 

Simulated Storage (106 m3) 875.5 897.6 920.1 944.5

RSP (106 m3) 1201.2 1310.2 1421.3 1542.9

Shortfall (106 m3) 325.7 412.6 501.2 598.4

SR (m3/s) 30.9 39.1 47.5 56.8 
  

      

31 
Mar. 

Simulated Storage (106 m3) 818.5 862.7 907.6 956.8

RSP (106 m3) 1138.3 1234.2 1330.2 1434.3

Shortfall (106 m3) 319.8 371.5 422.6 477.5

SR (m3/s) 40.7 47.2 53.7 60.7 
  

      

30 
Apr. 

Simulated Storage (106 m3) 922.9 984.1 1045.9 1113.2

RSP (106 m3) 1195.1 1264.3 1330.3 1398.9

Shortfall (106 m3) 272.2 280.2 284.4 285.7

SR (m3/s) 51.6 53.2 54.0 54.2 
  

      

31 
May 

Simulated Storage (106 m3) 836.4 901.7 965.7 1033.6

RSP (106 m3) 1147.0 1191.6 1229.4 1262.5

Shortfall (106 m3) 310.6 289.9 263.7 228.9

SR (m3/s) 119.8 111.9 101.7 88.3 
  

      

30 
Jun. 

Simulated Storage (106 m3) 889.2 933.8 971.5 1004.7
Difference with the observed

(106 m3) 
+247.1 +291.7 +329.4 +362.6

  

      

SR 
(m3/s) 

Maximum 119.8 111.9 101.7 88.3 

Difference with the observed +20.4 +12.5 +2.3 -11.1

Note)  
- RSP: Requisite storage for achieving target storage as a specific probability
- SR: Supply reduction 
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Figure 5. Temporal change of storage (a) and supply reduction simulated 
for various achievement probabilities (b). 
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storages simulated by PSPM are larger than the actual storage and 
that the higher the achievement probability is, the more water can 
be secured (Figure 5a). The reservoir storage calculated for 
achievement probability of 0.8 is 1004.7 106 m3, which is very 
close to the target storage even under severe drought 
circumstance. The differences between the simulated storages 
and the actual storage at the end of June, 2015 are 247.1 106 (for 
achievement probability of 0.5) - 362.6 106 m3 (for achievement 
probability of 0.8). This is fairly large amount, which corresponds 
to as 14-20% of effective storage capacity of the reservoir. Supply 
reduction in June sharply increases for all simulations as well as 
the actual reservoir operation (Figure 5b). Also, and the 
maximum reduction from simulations is larger than that of actual 
reservoir operation except for the case with achievement 
probability of 0.8. To prevent sudden or excessive decrease of 
water supply, a constraint on the amount of supply reduction may 
be added to the simulation model. 

When the lack of reservoir storage occurs, information on the 
risk of water shortage was provided only with the percentage of 
storage until now. This simple information cannot make people 
recognize how serious the situation is. However, by using the 
PSPM, the risk of lack of storage can be shown as the future CDF 
of storage and the probability that the future storage is less than 
the particular storage. This information can clearly convey the 
seriousness of drought. And also it can induce residents living in 
drought areas to save water and help in easily forming the social 
consensus about the reduction in water supply.  
 

CONCLUSIONS 
The Probabilistic Storage Prediction Model was applied to 

simulate the reservoir operations during the recent drought 
involving the Chungju Dam basin in South Korea. Starting from 
the observed storage at the end of January 2015, the cumulative 
distribution functions (CDF) for the following five months were 
obtained for various supply reduction scenarios. This CDF can 
provide quantitative information on the inherent risk of the 
current drought as a probability value, and also the effect of 
supply reduction can be clearly known by changes of the CDF. 
Also, CDF of storage at the end of each month was developed for 
achieving target storage at the end of June. This can have 
reservoir operation implement by the probabilistic approach to 
achieve target storage. The storages simulated by PSPM are larger 
than the actual storage, and the storage increases with 
achievement probability. The maximum reduction of water 
supply for achieving target storage simulated for the achievement 
probability of 0.8 is less than actual maximum supply reduction. 
This is possible by storing more water in advance to prepare for 
more severe drought. Therefore, the use of the PSPM as a 
decision-making tool for operating a reservoir during a drought 
will improve the reservoir management and reduce the risk of 
drought damage. 
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ABSTRACT 
 
Roh, J.Y.; Shin, M.S.; Suh, Y.C.; Yang, I.T., and Lee, D.H., 2017. Evaluation of nautical chart adequacy in the 
coastal area around Incheon Bay using satellite imagery with AIS data. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, 
K.-S., and Lee, J. (eds.), The 2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue 
No. 79, pp. 319-323. Coconut Creek (Florida), ISSN 0749-0208. 
 
The Nautical Chart (NC) is an essential tool for marine navigation that depicts the configuration of the shoreline and 
seafloor, such as bathymetry, locations of dangers to navigation, locations and characteristics of aids for navigation, 
anchorages, and other features. These features could be continuously changed according to the nature of a waterway 
and human activities. Hence, using the old or uncorrected NC for navigation is strongly prohibited. Moreover, the 
adequacy of NC is a must for the safety of the seaway before navigation. The general manner of ensuring the 
adequacy of NC is to access the change in bathymetry along with the vessel traffic information in seaway. The recent 
bathymetry update is commonly done by using hydrographic surveying techniques, such as Multi-Beam Echo 
Sounder (MBES) and Airborne LiDAR Bathymetry (ALB). These techniques provide both highly accurate and a 
dense coverage of depth measurements. However, high cost and logistic challenges are required. This study applied 
the satellite-derived bathymetry from Landsat imagery with Auto Identification System (AIS) data as vessel traffic 
information to evaluate the adequacy and completeness of NC information in the coastal area around Incheon Bay, 
Korea. Based on satellite data, submarine topography was derived and found to be very highly correlated up to 10m 
depth. The procedure can easily identify the changes of bathymetric information in NC and could be an effective and 
economic way of ensuring the NC adequacy without MBES or ALB surveying in the coastal area of Korea. 
 
ADDITIONAL INDEX WORDS: AIS data, bathymetry, satellite-derived bathymetry, nautical chart. 
 

 
          INTRODUCTION 

Increased vessel traffic from the concentration of industrial 
and living infrastructure in coastal waters has triggered several 
changes in submarine topography and coastlines. Furthermore, 
the high sedimentation rate from ports and coastal development 
in waters near harbors have caused the siltation of harbors and 
entry routes, which affects the routes for safe entry and vessel 
departure. The existing technology generally used to construct 
submarine topographical data for determining such safe vessel 
routes includes ship-based Multi-Beam Echo Sounder (MBES) 
and Airborne LiDAR Bathymetry (ALB). 

However, the MBES has certain limitations in acquiring data 
from areas not easily accessible by ships. Meanwhile, the ALB 
has its own limitation of requiring expensive equipment and not 
being able to observe water depth in turbid waters despite being 
a method that addresses the shortcomings of the aforementioned 
MBES (Ricardo et al., 2015). Acquiring submarine topology 
data in this manner requires much time and cost. 

Hence, developed countries are researching technology to 
extract data from satellites and use them to acquire submarine 
topological data through indirect calculations.  

 
 
 
 
 

Accordingly, the present study aims to analyze the database, 
which was qualitatively and quantitatively constructed using a 
significant amount of satellite remote sensing and GIS data 
along with an Auto Identification System (AIS) and Electronic 
Navigation Charts (ENC) required for submarine topology 
analysis. The satellite derived bathymetry is to compare with 
current ENC and identify the area with change that was caused 
by vessel operations. 

 
          STUDY AREA 

All The use of nautical charts has become essential in vessel 
operations for promoting a safe and timely arrival to the 
destinations. Therefore, rigorous evaluations of nautical charts 
are just as essential in promoting a safe and timely shipping 
operation. The Port of Incheon plays the role of a gateway to 
Seoul and represents the primary trade port on the west coast of 
Korea with the highest inbound and outbound vessel traffic from 
the influence of the capital region industrial zone, which is one 
the largest industrial zones in Korea (see Figure 1). 

The area surrounding the Port of Incheon, including Daebu-do 
and Yeongheung-do to the south (longitude 126°05′00″ to 
126°40′00″ and latitude 37°00′00″ to 37°00′35″), was selected 
as the study area in the present study. The present study 
performed submarine topology and spatial analyses using the 
study area to identify the areas that could be considered as high-
risk routes.  
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          MATERIALS AND METHODS 
      Landsat 8 Data 

The first Landsat satellite, which was a part of NASA’s 
Landsat project, was launched in 1972. Landsat 7 and Landsat 8 
are currently in operation and provide high-resolution data for 
the user community, such as earth resource survey, land–surface 
change survey, red tide detection, and river detection (Table 1). 

The satellite images from Landsat 8 comprise 11 bands, with 
bands 1 to 9 covering the visible light band as an Operational 
Land Imager (OLI) sensor. In OLI sensors, only the 
panchromatic images from Band 8 have a spatial resolution of 
15 m per pixel. All the other images have a spatial resolution of 
30 m per pixel. Meanwhile, bands 10 and 11 are Thermal Infra-
Red Sensor (TIRS), which significantly differ from the OLI with 
respect to the detection bandwidth and resolution. 

 
AIS Data 

The AIS devices based on the international Very High 
Frequency (VHF) are used as Vessel Traffic Service (VTS) and 
maritime security by maritime control centers. 

These devices transmit ship data, such as the ship name, 
location, course, speed, and destination, while enabling the  

 
 

 

 
 
Figure 1. Study area. 

 
 
 
Table 1. Band names and wavelength ranges of Landsat 8 bands (USGS, 
2013). 
 

Band No. Band Name Wave Length 

Band 1 Coastal 0.430–0.450 μm 

Band 2 Blue 0.450–0.510 μm 

Band 3 Green 0.530–0.590 μm 

Band 4 Red 0.640–0.670 μm 

Band 5 Near-IR 0.850–0.880 μm 

Band 6 Short wave-IR1 1.570–1.650 μm 

Band 7 Short wave-IR2 2.110–2.290 μm 

Band 8 Cirrus (IR) 1.360–1.380 μm 

marine authorities to track the ship movement and collect 
information related to a vessel’s operation. The system displays 
the transmitted data on the Electronic Chart Display and 
Information System (ECDIS) and radar screen. The AIS 
messages are divided in 27 types. Each message type contains 
different information. The speed, location, and draught data, 
which are most needed for the study objective, are usually 
registered in messages 1 and 5. Among all AIS data, the 
dynamic data were extracted and used in the present study. The 
data were obtained with support from the National 
Oceanographic Research Institute (NORI) from January to 
December 2015. 

 
Electronic Navigational Charts 

Electronic Navigational Charts (ENC) refers to nautical charts 
constructed by any country or authorities recognized by a 
country, which comply with the international exchange standard 
S-57. The ENC is a digital navigational chart that standardized 
the content, structure, and format for use with the ECDIS. S-57 
is a standardized ENC format revised by the International 
Hydrographic Organization (IHO) to provide the hydrographic 
data of each country’s hydrographic bureau to ECDIS producers, 
navigators, and other users (see Table 2 and Figure 2).  

A Nautical Charts (NC) is an essential tool for marine 
navigation. It is a graphic representation of a sea and adjacent 
coastal area including bathymetry and topography, and also 
includes important information related to marine navigation: 
natural features, coastline, navigational hazard zone, man-made 
structures, tides and currents etc.  
 
 
Table 2. Information provided by the AIS data. 
 

Category Content Remarks 

Static Information 

(Vessel Specifications) 

Vessel name,  
IMO number,  

Call sign,  
Vessel type,  

Vessel length, width and 
height, Antenna location 

(stern/bow/left and right of 
the central line). 

Revisable at any 
time upon any 

changes. 

Dynamic Information 

Vessel location,  
Ground course,  
Ground speed,  

Heading, Sailing 
conditions (sailing, 

anchoring, etc.), Turn rate 
(optional), Angle of 

inclination (optional). 

Revisable at any 
time upon any 

changes. 

Sailing Information 
Draught, Dangerous cargo, 

Destination and ETA, 
Route planning (optional). 

Periodically 
inputted, 
manually, 
before and 

during sailing.

Text Communication 
Include important sailing 

or Weather warning. 
- 
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Figure 2. Overview of applicable ENC coverage around Korea. 

 
 

 

 
 
Figure 3. NIR image over Incheon Bay (left) and NIR image histogram 
showing the land–water threshold (right). 

 
 
Table 3. Types of ENC used in Korea (Jo, 2014). 
 

Category Scale Cell Size 

Overview chart (KR1) 1/1,500,000≤ 8°, 16°, 32° 

General chart (KR2) 1/350,000–1/449,999 4° 

Coastal chart (KR3) 1/90,000–1/349,999 1° 

Approach chart (KR4) 1/30,000–1/89,999 30′ 

Harbor chart (KR5) 1/7,500–1/29,999 15′ 

 
Therefore, these charts can provide important information for 

fisheries development, resource development, construction of 
submarine communication facilities, salvage of sunken vessels, 
marine pollution control, military operations, scientific use of 
the sea, and environmental protection. 

Table 3 shows the types of ENC used in Korea. Figure 2 show 
that the applicable coverage of ENC around Korea which is 
divided into and managed as sections A-P and 
EN/ES/SE/WS/SW sectors. The ENC used in the present study 
was No. 3415, which was constructed on a scale of 1/75,000 by 

the Korea Hydrographic and Oceanographic Administration 
(KHOA) in November 2015. 

 
Pre-Processing of the Satellite Imagery 

The Landsat images can be obtained at no cost from the 
United States Geological Survey (USGS). The area of interest 
must be first searched to obtain the satellite images and check 
for the date and cloud coverage. The data used in the present 
study were Landsat-8 OLI images acquired on May 19, 2015 
(http://glovis.usgs.gov/). 
 
Spatial Filtering 

The speckle noise presented in the Landsat imagery was very 
noticeable and had to be removed by spatial filtering in  
ArcGIS, which is a radiometric correction for better image 
interpretation and processing. 
 
Water Separation 

The water bodies were close to opaque in the near-infrared 
(NIR) range. Hence, the water appeared dark in the NIR band. 
The dark areas (low digital values) of the NIR band were in 
contrast to the dry land areas that appeared bright (high digital 
values). The land–water separation was done through a bi-
modeling of the NIR bands based on the threshold value using 
the Raster Calculator tool in ArcMap. 

The land–water threshold for the NIR image was determined 
as 6250. Thus, any digital number which was greater than the 
threshold was considered as land (Figure 3). 

 
Bathymetry Algorithm Application 

Two bands were utilized based on the ratio transform 
approach to reduce the number of parameters required to derive 
the depth. This process required less empirical tuning and a 
more robust algorithm to the linear transform approach (Stumpf, 
Holderied, and Sinclair, 2003).  

The concept for both algorithms using the ratio approach is as 
follows: the bottom radiance of one channel will decay faster 
with depth than the other band (Dierssen et al., 2003; Stumpf, 
Holderied, and Sinclair, 2003). Consequently, the ratio between 
the two bands will increase as the depth increases. This 
procedure utilized the log ratio approach of Stumpf, Holderied, 
and Sinclair (2003), where the bathymetry was extracted as 
follows from a natural log ratio between the blue and green 
bands: 

 

z 	

	
                      (1) 

 
where, m1 is a tunable constant to scale the ratio to depth; n is a 
fixed constant for all areas; and m0 is the offset for a depth of 0 
m (Z = 0). 

The value of n is chosen to ensure that the logarithm will be 
positive under all circumstances and the ratio will produce a 
linear response (Shachak et al., 2014). The gain and offset 
values were calculated after fitting a linear trend through the 
scatter plot for depths shallower than the extinction using a 
regression analysis. The algorithm result was referenced to the 
chart datum. The units were converted into meters for 
consistency. 
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Selection of Reference Soundings 
The gain and offset values (Equation 1) were calculated by 

comparing the algorithm results and correlating to the chart 
sounding. The two main considerations for selecting the 
reference soundings are as follows: (1) a source diagram that 
indicates the survey period and the survey technology and (2) a 
visual correlation between the optically driven bathymetry and 
the chart’s contours and soundings (Leland et al., 2016). 
 
Statistical Analysis 

The last step is a quality assurance for the procedure that 
includes internal and external evaluations. The internal 
evaluation is the correlation coefficient calculation that indicates 
the linearity between the datasets, R2, also known as the Pearson 
correlation coefficient (Leland et al., 2016). 

The internal evaluation allows the assessment of the relative 
accuracy of the results. The external calculation is a statistical 
comparison with a visual illustration between the final 
bathymetry product and the soundings. Meanwhile, the external 
evaluation allows the assessment of the absolute accuracy of the 
results. 

 
 

RESULTS 
A linear regression analysis was performed on the pixels 

acquired from the satellite images for the entire water depth and 
the water depth corresponding to that point in ENC (Figure 4). 
 

 

 
 
Figure 4. Satellite-derived bathymetry using Landsat 8 over Incheon Bay 
overlaid on chart No. 3415. 

 

 

 
 
 

Figure 5. Linear regression analysis for extinction depth calculation. The 
resulting equation of the trend line is used to derive entire area water 
depth. 

 
 

 

   
 
Figure 6. Comparison of ENC with satellite-derived bathymetry 
conditions: (a) Simple bathymetry, (b) Deep and complex bathymetry. 

 
 

Figure 5 shows the result having a high correlation of 0.9447. 
However, the comparison results appeared to be similar to NC 
when it applied to the area having simple and smooth 
bathymetry (Figure 6a). And, the analysis was difficult when the 
bathymetry included narrow areas with severe curvature, 
especially at a depth greater than 10 m (Figure 6b), which is 
because of the high turbidity in deep water. Hence, only the 
correlations at a depth of 0 m to 10 m were compared in the 
present study. More effective results could be obtained in the 
future if hyperspectral and high-resolution images can be 
applied and analyzed with different combinations of bands. 

 
DISCUSSION AND CONCLUSIONS 

A periodic assessment of the suitability of navigational charts 
is very important for the safe navigation of vessels. The Landsat 
8 satellite images provided by the USGS and the AIS data 
provided by the Korea Oceanographic Research Institute were 
used in this study to analyze the coastal submarine topography 
of Incheon Bay in Korea. The algorithm by Stumpf, Holderied, 
and Sinclair (2003) was applied to extract the submarine 
topography data from the satellite image data. A linear 
regression analysis was performed on the satellite image data 
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pixels of the entire water depth and the depth corresponding to 
that point. The results showed a high correlation of R²= 0.9447, 
which indicated that the problems of updating the navigational 
charts using the MBES and the ALB (e.g., accessibility, 
expediency, and economic feasibility) may be solved to a large 
degree. However, this method showed a high correlation when 
the bathymetry area was smooth and simple. On the contrary, 
the analysis was difficult when the bathymetry involved narrow 
areas with severe curvature, especially at a depth greater than 10 
m, because of the high turbidity. The depth can be derived more 
accurately if hyperspectral and high-resolution images are used 
with different combinations of bands. The result is very useful in 
frequent check for the change in coastal bathymetry. 
Furthermore, spatial analysis could be performed with various 
factors that could help in determining the high-risk routes. Thus, 
the suitability of the existing nautical charts could be assessed 
based on analysis of freely available satellite images.   
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ABSTRACT 
 
Lee, D.H.; Acharya, T.D., and Lee, H.S., 2017. Evaluation of seabed classification using hyperspectral data around 
the coastal area of Geoje Island, Korea. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 324-328. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
Seabed classification is an important part of current coastal research because it characterizes the seabed and its 
habitats. Seabed characterization makes the link between the classified area and the physical, geological, chemical or 
biological properties of seabed. This paper addresses the possibilities of the use of the hyperspectral data obtained 
from a CASI-1500 airborne sensor to map the seabed covers around the coastal area of Geoje Island, Korea. After 
radiometric, geometric and atmospheric correction for the raw hyperspectral data, the classification was performed in 
three steps. Firstly, thirteen classes of seabed were identified using an unsupervised spectral angle mapping algorithm 
in combination with data collected by ground survey. Secondly, seabed mapping was performed for each class 
separately. Finally, an accuracy assessment of the seabed mapping results was performed using data from ground 
survey. The overall accuracy was 84.29% with a kappa coefficient of 0.828. The results indicated that the 
hyperspectral data can help not only to classify the seabed material remotely and precisely, but also to construct the 
continuous geographical information for an effective management and conservation of the coastal area in Korea.  
 
ADDITIONAL INDEX WORDS: Hyperspectral sensing, CASI-1500 sensor, seabed classification, spectral angle 
mapping algorithm, coastal area. 
 

 
          INTRODUCTION 

Classification of seabed material is the important part of 
current coastal research because it is one route to characterizing 
the seabed and its habitats. Seabed characterization makes the 
link between the classified regions and the seabed physical, 
geological, chemical or biological properties (Freitas et al., 
2013). The seabed classification is generally based on the direct 
ground surveying (or inspection) as called the ground truthing. 
This direct method, however, provides information only for the 
limited sites (Li, 2010). Recent developments of remote 
classification of seabed material using hyperspectral data which 
made it possible to obtain continuous information of seabed 
materials (Deronde et al., 2013). 

This paper addresses the possibilities of the use of airborne 
remote sensing with a CASI-1500 hyperspectral sensor to map 
the coverage and the topography of seabed material in the 
coastal area of Korea. From April to October in 2012, 
hyperspectral imagery was acquired with a CASI-1500 from the 
entire study area at low tide. Hyperspectral images contain a 
reflectance spectrum for each pixel. The characteristics of this 
spectrum are influenced by the state, the composition, and the 
structure of the seabed material and topography.  

 
 
 
 
 
 
 

          HYPERSPECTRAL SURVEYING 
All matter on the earth’s surface interacts with sunlight to 

some degree, reflecting, transmitting, or absorbing incident light 
based in part on material composition and structure, and 
influenced by biological activity (Melgani and Bruzzone, 2004). 

It is the relative (and often subtle) differences in reflectance 
across the visible and near-infrared (VNIR) portions of the 
electromagnetic spectrum that provide the basis for the remote 
differentiation of surface materials in this region (Cracknell, 
1999; Hirano, Madden, and Welch, 2003). The commercial 
CASI (Compact Airborne Spectrographic Imager) series of 
hyperspectral VNIR imaging systems developed by ITRES 
Research Limited are calibrated remote sensing instruments 
designed to measure and record these spectral reflectance 
differences across the specified wavelength region. 

A CASI-1500 hyperspectral sensor consisting of an 
Instrument Control Unit (ICU), Sensor Head Unit (SHU), and 
monitor was employed for the hyperspectral surveying over 
study area for the seabed classification. 

The CASI-1500 system was integrated with a POSAV 410 
Inertial Measurement Unit (IMU) that records aircraft motion 
(roll, pitch, and heading) using gyroscopes and accelerometers 
and that also records aircraft position using differential GPS 
(Wang and Liu, 2014).  

After system mobilization and installation, two sets of survey 
flights were conducted. These were a geometric calibration 
survey flight for the bundle adjustment of raw data and the other 
was a survey project flights for seabed classification over the 
Geoje Island. A coastal area located in the Geoje island which is 
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one of principal island on the southern coast of Korea is used as 
a study area for the seabed classification using hyperspectral 
image. Geoje Island covers an area of 383.44 km² with 288.74 
km of coastal line, the second largest island in South Korea (see 
Figure 1). 

 
          DATA AND METHODS 

      Calibration of Hyperspectral Data 
A single calibration flight was conducted over the Cheonan 

calibration site on October 26, 2010 after sensor installation. 
The actual flight path over the bore site consisted of four East-
West lines and four North-South lines. The data from this flight 
was used to determine the linear and angular offsets between the 
CASI-1500 and the co-mounted sensors (POSAV 410 and GPS) 
using ITRES bundle adjustment software (Bertels et al., 2008). 
This allowed for measurements made by the IMU and GPS to be 
referenced to the co-mounted CASI SHU during post-processing, 
thereby increasing geometric accuracy in the final georeferenced 
imagery (Wang and Liu, 2014). 

The installation and internal sensor offsets determined from 
this calibration site were applied in the geo-correction process to 
all imagery collected during the installation of the CASI system. 

Hyperspectral data were acquired over the study area between 
April 2010 and October 2010 for the seabed classification. The 
operational sensor configurations for the airborne surveying are 
summarized in Table 1. 
 
Table 1. Purpose and description of the instruments used in the study. 
 

Instrument Purpose Description 

CASI-1500 
Hyperspectral VNIR 

imaging 
48 bands across a spectral range 

of 361.64 – 1048.16 nm. 

POSAV 410 
Aircraft position 
measurements 

Externally mounted on top of the 
CASI-1500 SHU 

 

As the evaluation of CASI system performance was the 
primary focus of this surveying, the final data were thus flown 
under optimal conditions in order to maximize data quality. 
Standard processing of CASI hyperspectral data produces 
georeferenced, radiometrically corrected imagery. There are 
three major steps involved. 

The first is to apply radiometric calibrations to convert the 
raw digital numbers of the imagery into radiance values. The 
second step involves processing the attitude and positional 
measurements from the airborne inertial system and GPS to 
create a navigation file, which is then used in the third and final 
general processing step, where the CASI data is georeferenced 
using UTM coordinates in the WGS84 datum (Bertels et al., 
2008; Wang and Liu, 2014).  

During the surveying, extensive ground survey data 
collections in support of the hyperspectral data takes were 
performed.  
 
Table 2. Number of field sampling point for reference of hyperspectral 
data for seabed classification. 
 

Class Type Reference Points 

Asphalt (A) 12 

Building (B) 13 

Concrete (C) 13 

Cray stone (Cs) 7 

Farmland (Fl) 13 

Fish farm (Ff) 8 

Forest (F) 18 

Gravel (G) 7 

Mud flat (Mf) 7 

Rock (R) 10 

Rubble mound (Rm) 8 

Salt pond (Sp) 11 

Sand beach (Sb) 12 

 
 

 

 
 
Figure 1. Study area for seabed classification using hyperspectral data. 
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Figure 2. General hourglass order in ENVI (Exelis Visual Information 
Solutions, 2010). 

 
 
 
Ground Survey Data 

Prior knowledge about seabed cover types is very important 
for accurately classifying hyperspectral data using an 
unsupervised classification algorithm (Odden, Kneubühler, and 
Itten, 2009). Even though some seabed cover types in high 
spatial resolution imagery can be identified by visual 
interpretation, a ground survey to obtain seabed cover 
information is very important and must be carried out during the 
same period of airborne survey, which will be very helpful for 
providing accurate prior knowledge about the different seabed 
cover types in the CASI hyperspectral data. A total of 139 
accessible ground survey sites were surveyed with the GPS 
locations of the individual survey (Table 2). These data, together 
with manual interpretation of the CASI images, were used to 
select high-quality sample pixels for the different seabed cover 
types. 
 

      Endmember Selection 
A Spectral Angle Mapper (SAM) algorithm (Kruse et al., 

1993), being implemented in Environment for Visualizing 
Images (ENVI) 5.0 software, was applied for seabed 
classification over the study area. 

The SAM is designed to classify hyperspectral image data 
using a set of reference spectra that define the classes (Exelis 
Visual Information Solutions, 2010). To obtain accurate 
classification results using the SAM, the choice of adequate 
endmembers (reference spectra) is of major importance. The 
optimal endmember classes over the study area were defined on 
the basis of the collected ground survey data. 

 
          RESULTS 

      Seabed classification using ENVI 
ENVI 5.0 software contains an application called the Spectral 

Hourglass Wizard (SHW) which guides the user step-by-step 
through the ENVI hourglass processing flow to find and map 
mage spectral endmembers from hyperspectral data (Exelis 

Visual Information Solutions, 2010). Figure 2 shows the general 
hourglass order that is followed in ENVI while analyzing the 
hyperspectral dataset. 

The first step in the hourglass processing flow deals with the 
Minimum Noise Fraction (MNF) determination. The MNF is 
used to describe the inherent dimensionality of imaging data, to 
segregate and equalize the noise in the data, and to reduce the 
computational requirements for subsequent processing (Odden, 
Kneubühler, and Itten, 2009). The second step of the hourglass 
processing flow contains functionalities to derive endmembers 
directly from the input dat. In a next step, the Pixel Purity Index 
(PPI) was calculated on the hypersectral data. This was done in 
order to identify additional endmembers beside the ones already 
identified from the ground surveying data. To calculate the PPI, 
the user needs to specify the number of iterations (Odden, 
Kneubühler, and Itten, 2009). In this study, 5,000 iterations were 
performed to produce the accurate classification result.  

The SAM classification is the last step in the SHW. The SAM 
output consists of a classification image and a set of rule images 
which correspond to the spectral angle calculated between each 
image pixel and each endmember. 

The best matches are the small angles. The classified seabed 
cover types using the CASI hyperspectral data were mapped 
according to the above hierarchical classification process (Sulla-
Menashe et al., 2011) as illustrated in Figure 3. 
 

      Accuracy Assessment 
In order to statistically differentiate between the CASI 

classification and ground survey results, accuracy assessments 
have to be performed. The accuracy assessments determine the 
correctness of classified images. The measure of accuracy is the 
correlation between a standard that is assumed to be correct and 
an image classification of unknown quality. 

In this study, the ground survey data consist of 139 
verification samples which were set as point layers in the image 
file. The verification samples are used as a standard for the 
accuracy assessments of the classifications performed in ENVI 
5.0 software. The standard confusion matrix with producer and 
user accuracy was derived and finally the overall accuracy and 
kappa coefficient were calculated. 

Table 3 shows the detailed validation result in confusion 
matrix that was derived on the basis of reference data taken from 
field. The overall accuracy was found to be 84.29% and a kappa 
coefficient of 0.828. 
 

          CONCLUSIONS 
This paper addresses the possibilities of the use of airborne 

remote sensing with a CASI-1500 hyperspectral sensor to map 
the coverage and the topography of seabed material in the 
coastal area of Korea. From April to October in 2012, 
hyperspectral imagery was acquired at low tide. After 
radiometric, geometric and atmospheric correction for the raw 
images, the classification was performed in three steps. Firstly, 
thirteen classes of seabed were identified using a supervised 
spectral angle mapping algorithm in combination with data 
collected by ground survey. Secondly, seabed mapping was 
performed for each class separately using spectral and spatial 
information. Finally, an accuracy assessment of the mapping 
results was performed using data from field survey.  
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Figure 3. Final sample map of seabed classification in the study area using hyperspectral data. (a) RGB image of hyperspectral data. (b) Map of seabed 
cover with shape file format. 

 
 

  

Table 3. Confusion matrix for the classification result validation using reference data.
 

 

Reference Data 
Classification 

Overall 

Producer 
Accuracy 

(Precision) Asp-
halt 

Build
-ing 

Con-
crete 

Cray 
Stone 

Farm-
land 

Fish 
Farm 

Forest
Gra-
vel 

Mud 
Flat 

Rock 
Rubble 
Mound

Salt 
Pond 

Sand 
Beach 

C
la

ss
if

ic
at

io
n 

R
es

ul
ts

 

Asphalt 10 1 1 0 0 0 0 0 0 0 0 0 0 12 0.833 

Building 0 11 2 0 0 0 0 0 0 0 0 0 0 13 0.846 

Concrete 0 1 11 0 0 0 0 0 0 1 0 0 0 13 0.846 

Cray stone 0 0 0 6 0 0 0 0 0 1 0 0 0 7 0.857 

Farmland 0 0 0 0 10 0 3 0 0 0 0 0 0 13 0.769 

Fish farm 0 0 0 0 0 7 0 0 0 0 0 1 0 8 0.875 

Forest 0 0 0 0 1 0 17 0 1 0 0 0 0 19 0.895 

Gravel 0 0 0 0 0 0 0 6 0 0 0 0 1 7 0.857 

Mud flat 0 0 0 0 0 0 0 0 5 0 1 0 1 7 0.714 

Rock 0 0 0 0 0 0 0 1 0 8 0 0 1 10 0.800 

Rubble 
mound 

0 0 0 0 0 0 
 

0 1 0 7 0 0 8 0.875 

Salt pond 0 0 0 0 1 0 0 0 0 0 0 10 0 11 0.909 

Sand 
beach 

1 0 0 0 0 0 0 0 0 1 0 0 10 12 0.833 

Truth Overall 11 13 14 6 12 7 20 7 7 11 8 11 13 

 
User Accuracy 

(Recall) 
0.909 0.846 0.786 1 0.833 1 0.850 0.857 0.714 0.727 0.875 0.909 0.769 

(a) (b) 
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Table 2 shows the confusion matrix for the classification. The 
overall accuracy was 84.29% with a kappa coefficient of 0.828. 
The results indicated that the hyperspectral sensing can help not 
only to classify the seabed material remotely and precisely, but 
also to construct the continuous geographical information for an 
effective management and conservation of the coastal area in 
Korea. 
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ABSTRACT 
 
Jeon, H.S.; Obana, M.; Kim, K.H., and Tsujimoto, T., 2017. Flow and sediment transport with non-submerged 
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Recently depth averaged analysis has become popular and powerful even in a stream with vegetation by taking 
account of form drag due to vegetation. A number of studies about the drag force related with various vegetation 
configuration were also carried out and focus on determining the drag coefficients and empirical formulas. However, 
there must be some restriction for application in depth averaged model for flow with vegetation. When it is applied to 
a stream with vegetation, form drag due to vegetation is taken into account, but the shear stress is not properly 
described because the frictional resistance law due to bed roughness is not modified in vegetated area. Therefore, 
friction factor in depth-averaged scheme must be modified by the flow with vegetation. In this paper, the concept of 
“bed roughness boundary layer” is proposed and analytically formulated against the vegetation density. Sensitivity 
analysis were also conducted under several parameters and vegetation densities. The calculated results bring the 
reasonable evaluation of shear stress and proposed concept will affect other many kinds aspect in fluvial process, 
which will be clarified successively. Resultantly we are able to apply the depth-averaged analysis reasonably to flow 
and fluvial process in a stream with various density of vegetation. 
 
ADDITIONAL INDEX WORDS: Bed roughness boundary layer, frictional resistance law. 
 

 
          INTRODUCTION 

Spatial variation of flow discharge is related to flood, water 
resources management and various landscapes created by fluvial 
process. River ecosystem is also known as a dynamic 
interrelating system among the flow, sediment transport, 
geomorphology and riparian vegetation. Especially riparian 
vegetation makes possible to arrange multi-functions and 
provides suitable habitat and proper fields for elementary 
processes of cycling of biophile element. The river flow is 
affected by riparian vegetation and it increases hydraulic 
resistance. As mentioned above, the interaction among flow, 
sediment transport, river morphology and vegetation is essential 
characteristics of a river, and its management is a key in river 
management aiming flood mitigation, water resources utilization 
and ecosystem conservation. 

In order to better understand the flow process provided by 
vegetation in the stream, Many researches about drag related 
with various vegetation configurations were carried out and 
focus on determining drag coefficients and empirical formulas 
(Li and Shen, 1973; Nepf, 1999; Stone and Shen, 2002). 

 
 
 
 
 

Other researchers attempt to describe physical processes using 
velocity and turbulence intensity profiles with vegetation (Ikeda 
and Kanazawa, 1996; Liu et al., 2008; Nepf, 1999; Tsujimoto et 
al., 1992). 

Recently 2D depth averaged numerical analysis also become 
very familiar and numerical model provides much information 
in river flow with vegetation by taking account of form drag due 
to dispersive obstacles. It is comparatively well described the 
flow behavior (Tsujimoto, 1999), but lack of bed roughness 
resistance law in vegetated area must bring inaccurate 
description of fluvial processes. Therefore, friction factor in 
depth averaged analysis must be modified by flow with 
vegetation and other many kinds of aspect should be 
investigated for more reasonable treatments. 

In this paper, the concept of bed roughness boundary layer is 
proposed and analytically formulated against the vegetation 
density for several issues along the scheme of 2D depth 
averaged analysis. Several issues are discussed to derive 
reasonable alternative for flow with vegetation. 

 
CONCEPT OF BED ROUGHNESS BOUNDARY LAYER 

AND RESULTANT RELATIONS GOVERNING FLUVIAL 
PROCESS 

In this chapter, the fundamental framework of 2D depth-
averaged analysis of flow and fluvial processes is summarized, 
and several assumptions to be added to this framework are 
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discussed to be checked their applicability. The characteristic of 
flow with non-submerged vegetation is represented by the 
velocity balancing form drag and longitudinal component of the 
gravity constant along the depth, Uv, and it is expressed by the 
following equation: 

 

DC

gI
U

D

e
v 

2
                                   (1) 

 
where vegetation is represented by a group of cylinders with 
diameter D of CD as the drag coefficient and number density , 
Ie=energy gradient of flow, and g=gravitational acceleration. In 
fact there is a thin layer near the bed governed by the bed 
roughness (Figure 1). 
 

 

 
Figure 1. Bed roughness boundary layer for flow with vegetation. 

 
 

The authors investigated the data measured in the laboratory 
flume by Liu et al. (2008), and the thickness of bed roughness 
boundary layer was formulated as follows (Jeon, Obana, and 
Tsujimoto, 2014): 

 

Dhh
v
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where v=bed roughness boundary thickness and h=depth. 
 

 

 
Figure 2. Relation between v h and Dh. 

 
 

Figure 2 depicts Equation (2) with data obtained from the 
experiments by Liu et al. (2008), and v approaches to the depth 

h (similar to the flow without vegetation) when the parameter 
related to vegetation density (Dh) becomes smaller. 

The authors investigated the vertical distribution of velocity 
u(z) inside the bed roughness boundary layer according to the 
data measured by Liu et al. (2008), and it was clarified that u(z) 
follows a logarithmic law subjected to the bed roughness in this 
layer, while it shows a constant velocity Uv expressed by 
Equation (1) in the outside of this layer. Thus, the velocity 
distribution of flow with non-submerged vegetation is written as 
follows: 
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where z=vertical distance from the bed, ks=equivalent sand 
roughness, Bs(Re*)=function of roughness Reynolds number, 
Re*=u*ks/, h=depth, =kinematic viscosity. Log law in the bed 
roughness boundary layer is certificated with sufficient 
reliability in spite of limited number of the measured data by Liu 
et al. (2008) for each run by using the defect law expression as 
shown in Figure 3 (Jeon, Obana, and Tsujimoto, 2014). 
 

 

 
Figure 3. Defect law expression of velocity distribution in bed roughness 
boundary layer. 

 
 

Based on the concept of bed roughness boundary layer, the 
authors investigated necessary improvements for 2D analysis of 
flow and fluvial process for flow with vegetation (Jeon, Obana, 
and Tsujimoto, 2014). By integrating Equation (3) along the 
flow depth, the depth-averaged velocity U is obtained, and the 
following is deduced as a frictional resistance law, which tends 
to the Keulegan’s equation without vegetation (v tends to h): 
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While, when the logarithmic velocity distribution is applied in 

the roughness boundary layer, the kinematic eddy viscosity is 
derived to distribute in a parabolic profile in the boundary layer 
and its value averaged in each layer, t becomes as follows: 
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Then, the velocity profile in the bed roughness boundary layer 

can be approximated by a parabolic profile with a slip velocity, 
and it matches the characteristic velocity Uv smoothly at z=v. 
Thus the following velocity profile can be written with the slip 
velocity ub at the bed: 
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Equation (4) is rewritten as follows: 
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UNIFORM FLOW IN A STREAM WITH NON-

SUBMERGED VEGETATION 
The governing equation of uniform flow under equilibrium in 

a straight wide channel described as follows: 
 

q Uh                                              (8) 
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where q=discharge in unit width, b=u*

2=bed shear stress, 
=mass density of water, F=form drag due to vegetation per unit 
area. Then, the relation between q and h is written as follows: 
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               (10) 

 
When flow with vegetation is treated, cf and cd depending on 

the vegetation parameter. In the previous studies, cd is taken into 
account depending on the vegetation parameter (Dh), but cf is 
often identified with cf0 (based on Keulegan’s equation for flow 
without vegetation). 

Calculation were conducted under several sets of (Ie, ks): 
(1/100, 5 mm), (1/200, 2 mm), (1/500, 1 mm) and (1/1000, 0.3 
mm). Table 1 shows conditions of vegetation (, D): (m-2, m). 

 
Table 1. Conditions of vegetation. 
 

No *D 

Case1 
Csae2 
Case3 
Case4 

0.005 
0.02 
0.04 

Conventional Model 

As demonstrated in Figure 4, h~q relation is significantly 
degenerated depending on the vegetation parameter, where 
calculated results by employing Equation (10) with Equation (4) 
and Keulegan’s equation (cf0) are compared with each other. 

The black solid line in the figure indicate the conventional 
model, blue solid line indicate the present model 
(Lamda*D=0.005), red solid line indicate the present model 
(Lamda*D=0.02), and green solid line represent the present 
model (Lamda*D=0.04), respectively. The result of sensitivity 
analysis shows that if the water discharge is small, water depth 
variation is also almost same between conventional model and 
present model. However, if the water discharge increases, the 
water depth increases in the present model according to 
vegetation density. The increase rate of water depth is the largest 
in case of present model (Lamda*D=0.04). The result of 
sensitivity analysis also shows that if energy slope become 
smaller, the water depth is getting larger. Finally, the results 
demonstrate that the taking account of the form drag is more 
effective in accuracy of the water depth (and resultantly of the 
depth-averaged velocity) against the water discharge. 
 

 

 
                     (a) Ie=1/100, ks=5mm.                    (b) Ie=1/200, ks=2mm.          

  

                (c) Ie=1/500, ks=1mm.                   (d) Ie=1/1000, ks=0.3mm.          
Figure 4. Result of sensitivity analysis (h~q). 

 
 

In order to evaluate the sediment transport with much more 
accuracy, it is necessary to estimate the shear velocity u* with 
concept of bed roughness boundary layer as follows: 
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Figure 5 depicts the relation u*~q, which is more sensitivity 

than h~q or U~q. As for the shear velocity, the calculated one by 
the conventional model appreciably underestimated rather than 
present model. The result also shows that if vegetation density 
have a high value, shear velocity will become faster. 



332 Jeon et al. 
_________________________________________________________________________________________________ 
 

Journal of Coastal Research, Special Issue No. 79, 2017 

In these figures, we can recognize the accurate and reasonable 
evaluation of shear stress based on the bed roughness boundary 
layer. 
 

 

 
                (a) Ie=1/100, ks=5mm.                          (b) Ie=1/200, ks=2mm.          

 
                (c) Ie=1/500, ks=1mm.                         (d) Ie=1/1000, ks=0.3mm.          
Figure 5. Result of sensitivity analysis (u*~q). 

 
 

DESCRIPTION OF SEDIMENT TRANSPORT IN 
VEGETATED STREAM 

Bed load transport rate and the bottom concentration of 
suspended sediment are closely related to the shear stress as 
shown in the following formulas (Ashida and Michiue, 1972; 
Tsujimoto, 1992): 
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where qB, qB*=bed load transport rate and its dimensionless 
expression, *=u*

2/[(/-1)gd]=Shields number, *c=dimensionl
ess critical tractive force, cbe=equilibrium bottom concentration 
of suspended sediment, and w0=settling speed of sand. 

Based on concept of bed roughness boundary layer, the shear 
flow structure in this layer already has been discussed and 
formulated. It has brought the reasonable evaluation of the shear 
stress and kinematic eddy viscosity. Sediment transport will also 
be affected by this kinds of import parameters and it will be 
discussed. Figures 6 and 7 depict the relation of qB~q and Cbe~q. 
The value of sensitivity analysis is also changed depending on 
the density of vegetation, and it suggest that the concept of bed 
roughness layer should be inevitably taken into account in 
description of sediment transport and fluvial process in stream 
with vegetation. 

 

 
                 (a) Ie=1/100, ks=5mm.                          (b) Ie=1/200, ks=2mm.          

 
                 (c) Ie=1/500, ks=1mm.                       (d) Ie=1/1000, ks=0.3mm.          
Figure 6. Result of sensitivity analysis (qb~q). 

 
 

 

 
                  (a) Ie=1/100, ks=5mm.                         (b) Ie=1/200, ks=2mm.          

 
                  (c) Ie=1/500, ks=1mm.                      (d) Ie=1/1000, ks=0.3mm.         
Figure 7. Result of sensitivity analysis (Cbe~q). 

 
 
The suspended sediment concentration distributes there by 

showing the following concentration profile: 
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where =reciprocal of turbulent Schmidt number. As for the 
turbulent Schmidt number, Tsujimoto (1986) deduced the 
following equation by comparing the diffusion theory with the 
stochastic modeling of suspended particle: 
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Then the equation to relate the depth-averaged concentration 

to the bottom one is derived as follows: 
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Figure 8 depict the C-q relation. 

 

 

 
                  (a) Ie=1/100, ks=5mm.                         (b) Ie=1/200, ks=2mm.          

 
                  (c) Ie=1/500, ks=1mm.                       (d) Ie=1/1000, ks=0.3mm.          
Figure 8. Result of sensitivity analysis (C~q). 

 
 

          CONCLUSIONS 
When river management is focusing flood mitigation, water 

resources utilization and ecosystem conservation, river land 
scape is a key and it is represented by fluvial process. Recently 
2D depth-averaged analysis has become popular and powerful, 
and one expects its applicability to a stream with vegetation. 
However, there must be some restriction for application in 2D 
analysis for flow with vegetation because the frictional 
resistance law due to bed roughness is not properly described by 
flow with vegetation. In this paper, as for flow with non-
submerged vegetation, several points necessary to be modified 
are theoretically discussed.  

From the check along the 2D modeling, the friction resistance 
law should be reasonably considered and the concept of “bed 
roughness boundary layer” has been proposed and formulated 
against the vegetation density. Based on this concept, the shear 

flow structure in this layer has been discussed and formulated. It 
has brought the reasonable evaluation of the shear stress and 
subsequently the kinematic eddy viscosity as important 
parameter for discussion of sediment transport.  

In addition, suspended sediment concentration has been 
discussed to relate the depth-averaged concentration to the 
bottom concentration of suspended sediment which is a key 
when fluvial process is discussed.  

In this paper, formulas to modify parameters necessary for 
flow with vegetation have been analytically derived which are 
presented as functions of the vegetation density, and some of 
them are depicted in graphs (Figures 4-8). Resultantly we are 
able to apply the 2D depth-averaged analysis reasonably to flow 
and fluvial process in a stream with various density of 
vegetation. It will be able to bring more effective result from 
vegetation management aiming flood protection, water resources 
utilization and ecosystem conservation. 
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ABSTRACT 
 
Son, S.; Kim, J.; Yoon, H.-D.; Jung, T.-H.; Do, K., and Shin, S., 2017. An observational and numerical study of storm-
induced morphologic changes at Sanpo Beach, Korea. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. 
(eds.), The 2nd International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 334-
338. Coconut Creek (Florida), ISSN 0749-0208. 
 
This study was conducted to investigate morphological changes at Sanpo Beach due to the storm through field 
observation and numerical simulation. Sanpo Beach located on the southeast coast of Korea had been significantly 
affected by typhoon Goni while some changes in beach profile was expected due to the strong storm-induced currents. 
Series of field observations on the beach topography, bottom bathymetries, shorelines, sand samples, and incident 
waves were carried out in order to investigate the morphological changes at Sanpo Beach during the typhoon season. 
In particular, Real Time Kinematic-Global Positioning System (RTK-GPS) and single-beam echo-sounder were 
deployed to collect beach topography and bottom bathymetry data, respectively. Observational results represented 
spatial and temporal changes of shoreline and sand bars during a storm event. For more close look at the process of 
morphologic changes derived by the sediment transport mechanism, field-scale numerical simulations were performed 
in parallel using Xbeach. Xbeach is one of the widely-used, open-source models which calculate sediment transports 
and morphologic changes by hydrodynamic processes of short (and/or long) waves, wave-induced setup and unsteady 
currents. Bathymetric evolutions, as well as shoreline changes predicted by the numerical results, revealed good 
agreements with observational data. 
 
ADDITIONAL INDEX WORDS: Storm surge, sediment transport, field observation, morphodynamic modeling. 
 

 
          INTRODUCTION 

Beach profile is known to be vulnerable to the attack of 
extreme events and accordingly to change severely even during 
short-term natural events such as storms and tsunamis. It is also 
suggested through many researches that the energetic waves 
during a storm event make sands near shoreline to move seaward 
and to form offshore sand bar, and occasionally the beach is 
recovered by post-storm-deposition (Nordstrom, 1980). Several 
typhoons are commonly passing through Korean peninsula every 
year causing morphologic changes, which sometimes involve 
casualty loss and property damage. Formations and migrations of 
sand bars are closely related to incoming wave climates. When 
the waves with high energy generated during the storm approach 
the coast, sand bars are formed and move cross-shore direction 
(Gallagher, Elgar, and Guza, 1998). However, there are lacking 
of understandings in beach erosion process during a storm and 
prediction of sand bar evolution by numerical modeling is still 
challenging. 

 
 
 
 

Sanpo Beach, located on the southeast coast of Korea, has been 
suffered from beach erosion, especially during the storm season; 
Examples are scouring near the coastal road, failure of structures 
along shorelines. In August 2015, typhoon Goni attacked Korean 
peninsula and changed morphological and shoreline features of 
many beaches including Sanpo Beach.  

Field observations pre and post the storm season were carried 
out in order to investigate the morphologic changes under storm 
condition. Various instruments were deployed to measure bottom 
bathymetry as well as incident wave climates, while expecting 
that observed data help establish the causal relationship between 
morphodynamic changes and storm hydrodynamics.  

A study of numerical analysis for bathymetry changes by storm 
was carried out in parallel to examine detailed processes in storm-
induced bathymetric changes. A 2D horizontal numerical model, 
Xbeach, was employed in this scope, since it has shown great 
capability and applicability to predict storm-induced 
morphodynamic changes throughout various works so far (e.g., 
McCall et al., 2010; Roelvink et al., 2009). Therefore, this study 
will focus on the comparison of field observation with numerical 
predictions for morphologic change during a storm, and on the 
investigation of in-detail processes behind it. 

 

†School of Civil, Environmental and 
Architectural Engineering 

Korea University 
Seoul, Republic of Korea 

§Graduate School of Disaster Prevention 
Kangwon National University 
Samcheok, Republic of Korea 
 

www.cerf-jcr.org 

www.JCRonline.org 

§§Department of Civil and Environmental 
Engineering 

Myongji University 
Yongin, Republic of Korea 
 

††Department of Civil and 
Environmental Engineering 

Hanbat National University 
Daejeon, Republic of Korea 

‡Coastal Disaster Research Center 
Korea Institute of Ocean Science & 

Technology 
Ansan, Republic of Korea 

∞Department of Marine Science and Convergence Engineering 
College of Science and Technology 
Hanyang University 
Ansan, Republic of Korea 



             An Observational and Numerical Study of Storm-Induced Morphologic Changes at Sanpo Beach, Korea  335 
_________________________________________________________________________________________________ 

Journal of Coastal Research, Special Issue No. 79, 2017 

          METHODS 
Morphologic changes by the storm-induced currents are 

examined in this study using both field observations and 
numerical modellings. This section will provide short 
descriptions on those methods. 
 
Field Observations 

Sanpo Beach is a nearly strait beach and crescentic sand bars 
are formed in moderate wave energy condition as shown in Figure 
1.  

Bottom bathymetry in this area were surveyed before and after 
storm season. RTK-GPS was used to survey the area from the 
swash zone to the area of 5 m water depth and a single beam echo-
sounder was used for deeper region. Survey boats, equipped 
single beam echo-sounder, collected water depth data from the 
shoreline to offshore in 50 m interval between the survey lines. 

 

 

 
 

Figure 1. Aerial photograph of Sanpo Beach with wave gage location. 

 
 
Figure 2 shows the bathymetric survey results at Sanpo Beach. 

In Figure 2a, there are lots of crescentic sand bars near the 
shoreline. However, after several extreme events including 
typhoon Goni, many of sand bars were disappeared and strait sand 
bars were formed as shown in Figure 2b. These morphologic 
changes are typical in this region so that the crescentic sand bars 
along the shoreline are dominant in moderate wave condition and 
the strait sand bars are formed during the extreme events. 

Figure 3 shows the bottom bathymetry change between Figure 
2a,b. The red and blue colored area indicates the amount of 
sediment deposition and erosion, respectively. It is shown in the 
figure that beach sands were deposited almost parallel to the 
shoreline. Formation of offshore sand bar during a storm is 
repeatedly observed and reported (e.g., Russell, 1993), which 
explains that a sand bar moves to offshore when the wave with 
high energy comes to the coast (Hoefel and Elgar, 2003). During 
the storm season, high turbulent waves and undertows picked up 
the sand, formed sand bars and moved them to offshore.  

An Acoustic Wave and Current Profiler (AWAC) was mounted 
at the sea bottom (DL 20.1 m), 960 m from the shoreline and have 

collected wave data (wave heights, periods, and directions) from 
July to October, 2015 (Figure 1). Figure 4 shows the significant 
wave heights (Hs), significant wave periods (Ts), and mean wave 
directions for three months. In Figure 4, three or four strong wave 
conditions can be found from July 16-18, from August 17-28, and 
September 8-11. When typhoon Goni approached Sanpo Beach, 
the maximum Hs was 5.12 m and Ts was 10.72 sec. The incoming 
wave directions during these periods were ENE directions 
(approximately 70 degrees), which is almost normal to the 
shoreline. We can assume that these strong waves with almost 
same direction for several days moved and deposited sand to 
offshore and formed alongshore sand bars.  

 

 

 

 
 

Figure 2. Contour plots of bottom bathymetric survey data at Sanpo Beach: 
(a) July 2015; (b) October 2015. 

 
 
On the contrary, in the moderate wave conditions between July 

22 and August 11, incoming directions were scattered for almost 
twenty days. These kinds of wave conditions appear pre-storm 
season for several month and may affect complicated sand bars 
formation like crescentic sand bars. 

 

 

 
 

Figure 3. Contour plots of bottom bathymetry change before and after 
storm season. 
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Numerical Simulations 
Observed storm-induced morphologic changes can be 

examined in more detail by Xbeach model (Roelvink et al., 2010). 
Therefore, field-scale numerical simulations are designed and 
carried out for a close look at morphologic changes derived by the 
sediment transport mechanism during a storm events. In this 
section, brief descriptions on Xbeach model including governing 
equations and numerical schemes are given, and followed by the 
numerical results.  

Xbeach is an open-source, process-based (i.e. based on the 
physical principles) numerical model which solves a set of 2D 
horizontal nearshore hydrodynamic equations. It is capable to 
describe hydrodynamic processes of short wave, long wave, 
wave-induced setup and unsteady currents as well as 
morphodynamic changes by waves and currents. Therefore, in 
Xbeach, a type of flows is defined either as short-wave or as long 
wave, which is to be treated by different physical equation. This 
approach produces two modes (i.e. a hydrostatic and non-
hydrostatic) which are selectively available in Xbeach.  

 

 

 
 

Figure 4. Incoming wave conditions: (a) significant wave heights (m); (b) 
significant wave periods (s); (c) wave directions (degree) (red window 
specifies records enhanced by the typhoon Goni). 

 
 
The hydrostatic mode is designated to calculate the short-wave 

transformations, separately from the long-wave motions which 
are solved simultaneously in the non-hydrostatic mode. That is, 
depth-averaged flows due to waves and currents which constitute 
long wave motions are computed in the non-hydrostatic mode 
based on non-linear shallow water equations retaining a non-
hydrostatic pressure term, while short-wave motions are solved 
by time-dependent, wave action balance equations. In both modes, 
formulations relating the sediment concentration to the wave 
breaking induced turbulences are included as additional terms. 

In the non-hydrostatic mode, the depth-averaged dynamic 
pressure similar with that in SWASH is considered and 

computed, based on the assumption that the dynamic pressure 
linearly increase from zero at the surface to the maximum value 
at the bed.  In addition to nonlinear shallow water equations and 
wave balance equations, the roller energy equation is included 
as a linkage between two groups of equations. In short, three sets 
of primary equations are included in Xbeach;  wave action 
balance equation for short wave, the roller energy equation for 
wave breaking, the nonlinear shallow water equations for 
longwaves, sediment transport and bed update. More detailed 
description on these equations can be found in Roelvink et al. 
(2010). Governing equations included in Xbeach are solved 
using explicit numerical schemes on the curvilinear, staggered 
grid system where depths, water levels, sediment concentrations 
are defined at the center of grid and velocities and sediment 
fluxes at the cell interfaces. For time integration, the model 
utilizes variable time step based on CFL condition.  

For simulating the storm-induced morphological changes, 
various types of data observed and recorded at the Sanpo Beach 
was utilized. Surface elevations recorded by AWAC were 
analyzed to define storm-induced wave climate which 
accordingly can be imposed on the model domains as boundary 
conditions. Especially, JONSWAP spectrum among other was 
chosen for generating storm-induced waves because it is well 
known that JONSWAP spectrum is most appropriate for 
representing storm waves. Thus the wave conditions had 
recreated storm-induced hydrodynamic environments including 
‘long’ and ‘short’ wave components in the modelling domain. 
The surface elevation was observed increased approximately 0.5 
m due to the low pressure effects. During the modeling, surge 
level was also taken into account as external tidal component. It 
should be noted that astronomical tides had not been included in 
the simulation. 

 

 

 
Figure. 5 3D view of bathymetry regenerated from the observed profile at 
Sanpo Beach. 

 
 
The bathymetric profiles measured were also utilized for 

Xbeach modeling. Figure 5 visualizes measured depth around 
Sanpo Beach before the storm event, where the offshore depth is 
about 25 m. The bathymetry was then discretized with a constant 
spacing of 5 m, to produce relatively fine grid sizes for both dx 
and dy. Number of grids in x and y directions are 220 and 340, 
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respectively. Thus the model domain extends 1.1 km east from 
the shoreline and 1.7 km north. Of note, such an extensive domain 
is defined to include surf zone areas as well as the depth of closure, 
since both have physically substantial significance in 
morphodynamic modelling.  

The physical parameter of importance to be used in the 
morphodynamic modelling is grain size. The median grain size 
(D50) of sediments required for Xbeach can be selected based on 
the observation. Subsequently, D50 was set to 0.2 mm, that 
represents generally fine sands. Specific gravity was also 
determined to 2.65 and the porosity of the bottom was set to 0.4.  
For the time step, flexible value was used which was 
automatically decided by CFL condition. CFL = 0.5 was set in the 
present study. Total simulation time was 4 days (=96 hours) when 
the storm had significantly affected the area of this study. 
Additional consideration was paid into the effect by wave-
breaking, since it is known that the wave breaking affects highly 
on the sedimentation process. The closure model equipped in 
Xbeach was, thus activated to consider the wave-effects during 
the simulation. Neumann boundary conditions at each lateral 
boundary was imposed, because it can be assumed there is no flux 
at the lateral boundary. Table 1 summarizes the main input 
parameters used in Xbeach.  
 
Table 1. Summary of primary input parameters in Xbeach. 
 

Conditions Input Value 

Wave Parameters 
Hmo, Tp, θ  
(input as observed) 

Type of Spectrum JONSWAP 

Bed Composition D50 = 0.2 mm 

Storm-Induced Surges Approx. 0.5 m 

Bed Friction Coefficient Cf = 0.01 

Spatial Resolution dx = dy = 5 m 

Morphological Accel. Factor 1 

No. of Grids (nx, ny) (220, 340) 

Simulation Time 4 days (96 hours) 

 
RESULTS 

Targeted storm surges and wave fields was generated as 
intended without any re-reflection issue at the offshore boundary, 
as seen in Figure 6, which measured the surface elevation during 
the storm events. It is also seen from the bottom plot of Figure 6 
that low-pressure induced surges were recreated with success. 
The highest significant wave height of short wave components 
was up to 4 m, while the maximum surface elevation of long 
waves up to 0.8 m. These results agree well with the observed 
value for peak in Figure 4a. Consequently, the storm-created 
wave fields were successfully recreated through hydrodynamic 
models embedded in Xbeach.  

Figure 7 shows snapshots for simulated surface elevations 
during the storm event; top plot for instantaneous long wave 
motion and bottom plot for phase-averaged short-wave motions. 
It can be inferred that very energetic current fields must had been 
generated around 50 hrs since the storm arrived, and had resulted 
in severe erosions and depositions during that time. Finally, 
bathymetric change after the storm event near the Sanpo Beach is 
shown in Figure 8. It tells the severe erosion occurred near the 

shoreline while most of the sediments eroded had settle down at 
the offshore location. This had created multiple offshore sand bars, 
which refers to a general feature of storm-induced morphological 
changes (McCall et al., 2010). The comparison between modelled 
and observed bathymetric changes (Figure 3 and 8) revealed that 
Xbeach modelled successfully the storm-induced morphologic 
changes in which sizes and locations of multiple offshore sand 
bars are in reasonable agreements. 

 

 
 

 
Figure 6. Top: Simulated short waves at the gauge location; Bottom: 
observed tide (black line) and simulated surge with instantaneous long 
wave motion (red line) at the gauge location. 

 
 

 

 
Figure 7. Top: Instantaneous water surface by the long wave components; 
Bottom: Phase-average short-wave heights. 
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Figure 9 shows GLM (Generalized Lagrangian Mean) flow 
velocity near the study area. It can be referred from the figure 
that energetic current fields generated during a storm are 
strongly related to erosive pattern at the shoreline, and in 
particular that the offshore-currents formed near the headlands 
in combination with longshore currents formed near the 
straight coastline have contributed to the migration and 
formation of offshore sandbars. Process-based description on 
the offshore sandbars formation during a storm can be 
accomplished through the Lagrangian-based modeling. 

 
DISCUSSION 

Even while Xbeach model produced reasonable results, some 
errors were found to be non-negligible near the lateral boundary 
(upper boundary in Figure 8). This implies more dedicate 
condition that Neumann condition should be imposed at the 
lateral boundary for better accuracy in morphologic changes. 
Besides, the application of constant bed frictions into Cf also 
contributed to the errors, since in real seabed, various types of 
sediments exist together and different values for Cf need to be 
defined and applied. Another reason of the error can be found in 
no-tide conditions, which definitely ignore tidal current effects on 
the sediments. Finally, the accurate modelling results can be 
secured only if the appropriate conditions are imposed during the 
numerical simulations. 

 

 
 
Figure 8. Modelled bathymetric change after Typhoon Goni (2015) at 
Sanpo Beach. Vectors indicate time-averaged sediment-fluxes. 

 
 

CONCLUSIONS 
In this present study, field observations were carried out at 

Sanpo Beach to investigate morphologic changes between pre- 
and post-storm survey data. The observation results showed that 
crescentic sand bars were distributed when the moderate wave 
condition with multi-directionality was dominant. However,  
storm-induced long waves with almost uni-directionality moved 
sand to further offshore region and thus created alongshore sand 
bars. For the detailed look at the process on how the sand bars are 
formed at offshore locations, numerical simulations using Xbeach 
were applied. Successfully modelled are the morphologic changes 
due to storm waves, and the comparison between modelled and 
observed showed good agreement while elucidating the 
hydrodynamic processes behind it.  
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Figure 9. Modelled GLM (Generalized Lagrangian Mean) flow velocity 
at Sanpo Beach. Color contours represent current speeds. 
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ABSTRACT 
 
Kim, H.-J.; Suh, S.-W.; Seok, J.-S., and Park, W.-K., 2017. Sedimentation for a flood-dominant estuarine harbor 
induced by anthropogenic activities. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd 
International Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 339-343. Coconut 
Creek (Florida), ISSN 0749-0208. 
 
Sedimentation around the Kunjang harbor area in Korea has intensified at a rate of ~2.0 m/yr because of the 
construction of an estuarine dam in 1988, which resulted in the tidal energy being blocked and the development of a 
flood-dominant environment. The construction of several harbor facilities cumulatively altered the tidal 
hydrodynamics and yielded sedimentation. Moreover, the annual maintenance dredging for the main channel 
accelerated alteration. In order to understand the sedimentation characteristics, archived intensive depth 
measurements were used to assess the variations in the bottom shear stress. Our results showed that the bottom shear 
stress and tidal prism have lessened. The resulting sedimentation should be managed through dredging or 
minimization plans based on an appropriate engineering solution. In this paper, we suggest an optimized weighting 
factor to represent diverse physical morphological variations that affect the shear stress. It can be used to compensate 
for unsatisfactory results generated by a morphological model. Our findings can help in devising an efficient 
engineering approach to mitigate sedimentation for a flood-dominant estuarine harbor. 
 
ADDITIONAL INDEX WORDS: Tidal prism, bottom shear stress, sediment transport, weighting factor. 
 

 
INTRODUCTION 

Human intervention in coastal environments has accelerated 
in the past 50 years with the construction and extension of major 
ports and estuaries, such as the Scheldt estuary in the 
Netherlands and the Yangtze estuary in China (Wang et al., 
2015). Deepening access channels influences the tidal and 
estuarine circulations and requires regular maintenance dredging 
(Van Maren et al., 2016). This study focused on the Kunjang 
harbor area (KJHA) in Korea, which has been subjected to such 
an intervention over the last four decades owing to economic 
growth. Remarkably anthropogenic constructions have been 
carried out, such as construction of the north parallel flow guided 
dikes (NPFGDs), blocking of a tidal river through the construction 
of the Geum River estuarine dam (GRED), development of the 
Kunjang complex industrial area reclamation (KCIAR), building 
of the north and south wave braking dikes (NWBD and SWBD), 
building of the Saemangeum dike (SD), and continuous dredging 
to deepen the navigation channel. Because of severe sedimentation 
at a rate of 4.4 × 106 m3/yr, annual dredging is required to maintain 
the ship channel and making an extra dumping site.  

Any abrupt tidal alteration due to anthropogenic activities can 
result in sedimentation changes (Mitchell, Burgess, and Pope, 
2014; Suh, Lee, and Kim, 2014; Van Maren et al., 2015; Wang 
et al., 2015; Ysebaert et al., 2016; Zarzuelo et al., 2015). 
Ysebaert et al. (2016) pointed out anthropogenic actions such as 

building a dam in an estuary inevitably causes environmental 
drawbacks, such as degradation of the ecological quality and 
ecosystem functions and water and sediment quality problems. 
Zarzuelo et al. (2015) noted that navigation and dredging, urban 
occupation, and marsh reclamation have strong influences on the 
hydro- and morphodynamics. These causes asymmetry in the 
tidal waves, which can result in higher velocity during the flood 
tide and thus lead to greater sediment transport than during the 
subsequent ebb tide (Mitchell, Burgess, and Pope, 2014). 
Expanding ports and deepening the access channels influence 
the tidal regime and estuarine circulation (Van Maren et al., 
2015). Reducing the tidal prism (TP) leads to smaller tidal flow 
velocities, which promotes sediment deposition (Van Maren et 
al., 2016). This sedimentation not only was defined at the Ems 
estuary but also appeared almost the same in the KJHA. 

Wang et al. (2015) mentioned the cumulative impacts of 
human activities for improving and maintaining navigation 
channels, and shoreline management activities have changed the 
morphological aspects of not only the Scheldt estuary in the 
Netherlands but also the Yangtze estuary in China. In addition, 
they noted that global changes may lead to thresholds being 
exceeded at which point the morphology of the tidal basins 
significantly, and they lose their natural characteristics. Suh, Lee, 
and Kim (2014) and Suh (2016) revealed that multiple coastal 
anthropogenic activities have caused tidal asymmetry; hence, the 
tipping point of natural morphological balances has been crossed, 
which has led to severe sedimentation. 

In this study, we examined the major causes of annual 
sedimentation based on the yearly measured depth over 31 years, 
the spatiotemporal bottom shear stress (BSS), TP, and tidal 
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asymmetry ratio variations according to a gamma parameter. 
Numerical simulations were performed by using two-
dimensional hydrodynamic and morphological models in order 
to compare changes in the BSS to understand the cause–effect 
relations for sedimentation in the KJHA. 
 

 

 
Figure 1. Map showing multiple anthropogenic constructions for 
KJHA, during 1989-2015, typical cross sections for TP, BSS 
evaluation and computational grid structure (inside box). 

 
 

METHODS 
To understand the spatiotemporal variations due to multiple 

constructions, as presented in Figure 1 and Figure 2, we 
analyzed survey data from 1989 to 2015. According to 
bathymetric maps, the total sediment volume deposited in the 
KJHA during this period was 20.4×106 m3, which is equivalent 
to 1×106 m3/yr. The mud content of these deposits was around 
50%. The method is based on a simple mass balance for a 
specific control volume prescribed around the KJHA. This 
approach has been widely applied to short- and long-term 
morphological variations that neglect external complex forcing 
but concentrate on the final results. For the tidal asymmetry 
analyses, the recorded tidal data from 1980 to 2015 at the 
Kunsan tide station were adopted. In addition to the recorded 
data, numerical modeling focusing on the BSS variations was 
applied by using ADvanced CIRCulation (ADCIRC, Luettich, 
Westerink, and Scheffner, 1992) to simulate the BSS and TP 
changes, and Environmental Fluid Dynamics Code (EFDC, 
Hamrick, 1992) was used to apply the newly suggested scheme. 
In the simulation, spatially different BSS and sedimentation 
rates were weighted and modeled to prepare a proper alternative 
plan for future conditions in order to minimize sedimentation of 
the KJHA. 

 
Numerical Model Simulations 

To reproduce the tidal hydrodynamic changes by ADCIRC 
due to multiple constructions, an unstructured grid (NWP-
G258k) that covers the northwestern Pacific Ocean with 258,046 
nodes (Suh et al., 2015) was simulated for 195 days with eight 
major tidal constituents introduced on the open boundary. Based 
on the simulation results, nonlinear shallow tidal constituents for 
MS4, MN4, M6, 2SM2 were added to a refined sub-grid (KJ-

G44k) with a minimum grid size of 24 m in order to better 
reproduce localized hydrodynamic changes. These forcing 
functions were also assigned to the orthogonal curvilinear grid 
of EFDC with a minimum grid size of 45 m. To simulate the 
morphological changes, water and bed columns were divided 
into five layers each, and the spatial distributions of the bed 
materials of clay, silt, and sand were interpolated from the 
observed data at 62 stations in 2014. The EFDC morphological 
model was continued for 212 days in order to preserve the 
dynamic equilibrium. 
 

 

 
Figure 2. Details of coastal line changes due to progressive constructions. 

 
 
Evaluating the Sedimentation Rate with the Optimized 
Weighting Factor 

The variation in the measured morphological depth represents 
not only the general natural fluctuations caused by tidal 
asymmetry but also sudden extreme changes during storm attack 
periods, freshwater discharges from the summer seasonal 
monsoon, and strong wind-induced waves in the winter. 
Anthropogenic short- or long-term variations are also included 
as the results. However, most attempts using morphological 
models cannot reproduce the whole mechanism because of a 
lack of sufficient long-term forcing functions and moderate 
amounts of verifiable data. Thus, some representative cases were 
modeled, and extreme results were included as an alternative. 
Because a yearlong simulation of the morphological model 
could not fully represent the real situation, another approach is 
suggested of introducing the optimized weighting factor (OWF) 
to overcome the prevailing long-term sedimentation in the 
simulation. This method has two parts to consider spatially 
different weighting factors, as given in Equation (1). The first 
part accounts for morphological changes in EFDC as the 
prevailing numerical assessment of the morphodynamics, while 
the second part corrects uncertainties in the numerical modeling 
by introducing BSS relations between the measured 
sedimentation and computed ratio by ADCIRC for the typical 
representative zones. The resulting physical characteristics, 
including diverse natural variations, can be represented: 

 
      SR = w × SRM + (1 − w) × SRC      (1) 
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where, SR is the sedimentation rate (m/yr), w is the weighting 
factor, which can be spatially different, and the subscripts M and 
C indicate the modeling by EFDC and correlation between the 
measured depth change and BSS by ADCIRC, respectively. The 
correlation was established for 2013-2014 because there was no 
anthropogenic event during this period. After the zonal SRC was 
obtained with further calibration, it was applied to future 
alternatives for mitigating sedimentation. 
 

RESULTS 
Tidal Asymmetry 

Tidal asymmetry is known to change in a severe 
sedimentation environment. We evaluated the tidal asymmetry 
intensity to understand the tidal asymmetry ( (M4/M2)) and 
phase lag between semi-diurnal (φM2) and quarter-diurnal 
nonlinear (φM4) shallow tides. For instance, when peak flood 
velocities at 0° < (2φM2 − φM4) < 180° (where φM2 and φM4 
are the phase angles of the M2 and M4 component, respectively) 
exceeded the peak ebb velocities it resulted in net flood-directed 
sediment transport. 

For the first stage of construction from 1980 to 1990, there 
were no significant tidal impacts, and the area was in dynamic 
equilibrium. However, just after the GRED was completed in 
1988, the tidal asymmetry rapidly decreased for almost two 
decades, as shown in Figure 3. Among the alterations, SD (33.9 
km long, constructed 14 years ago) was one of the major reasons 
for tidal changes in the KJHA. Moreover, the abrupt tidal 
change was inferred due to not only the multiple constructions 
but also the annual maintenance dredging along the main 
channel. However, it is hard to discern the individual 
anthropogenic impacts on sedimentation caused by multiple 
issues. Before development in 1980, the gamma ratio stayed at 
0.24. However, it decreased linearly to 0.19 by 2005, and then 
recovered to 0.21 in 2015. The phase lag difference between M2 
and M4 slightly changed from 75° to 85° owing to the 
completion of SD in 2004, which intensified the flood 
asymmetry. This result clearly showed that anthropogenic 
activities can alter the hydrodynamics and sedimentation. 

 

 

 
Figure 3. Temporal variation of tidal asymmetry gamma ratio (blue color) 
and phase differences (gray color) showing flood dominances for 1978-
2015, due to coastal constructions in KJHA. Vertical dashed (solid) lines 
mean starting (ending) of each construction. 

 

 

 

 

 
Figure 4. BSS changes due to typical construction corresponding years 
for selected four stations (a), TP (marked as solid circles) and BSS 
changes (marked as open circles) for two regions of interest (b) as in 
Figure 1. 

 
 
Bottom Shear Stress and Tidal Prism Variations 

Sedimentation basically originates from a low flow intensity 
during the ebb tide, i.e. a flood-dominant environment. In order 
to understand the variations that induce human activities, the 
BSS was estimated according to changes in the TP. 

At ST1 (main entrance of the KJHA), the BSS increased from 
1.67 N/m2 in 1993, to almost 5.76 N/m2 after 2011. The BSS 

(a)

(b)
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increased almost double compared to the periods of 2003-2008 
and 2008–2011. This was directly related to the shrinking of the 
main ship channel area due to the completion of NPFGD and 
KCIAR. However, there was a somewhat inconsistent pattern at 
ST2 (middle of the ship channel). During the initial stage of 
construction, the BSS increased to 4.53 N/m2 in 1993, but 
decreased owing to NPFGD, KCIAR, and NWBD. However, the 
BSS became stable after the constructions but at a reduced rate 
of 1.50 N/m2. At ST3 (rightmost point of the main channel), the 
BSS showed more diverse relations than at ST1 and ST2. 
Overall, the most recent condition of the KJHA (2011-2015) 
showed a decrease in the BSS. 

Figure 4 shows the relations between BSS and TP variations 
for cross sections. Note that the BSS at the C2 section in Figure 
1, which covers the main channel encompassing NPFGD and 
KCIAR, decreased the ratio from 4 to 3.5 and from 2 to 1 over 
the period of 1989–1993. However, the comparison for 2011-
2015 showed changes in the TP even when there were no 
significant constructions. Thus, the decreasing BSS may have 
been due to deepening of the main channel. This suggests that 
any anthropogenic actions, including deepening of the channel, 
may alter the BSS and increase or decrease the tidal asymmetry. 

Meanwhile, the C4 region showed an exceptional decrease in 
TP for 1993-2003. However, the maximum BSS decreased from 
3.9 to 3.4 N/m2 for 1989-1993, and a remarkable decrease in 
BSS occurred owing to continuous construction. 

 

 

 
Figure 5. Correlation between TP and BSS for C1 to C5 cross sections 
during flood (solid symbols) and ebb (open symbols) tide as shown in 
Figure 1 from 1989 to 2015, by representing big to small symbols. 

 
 
According to the TP variation analysis shown in Figure 5, the 

flooding/ebbing volumes for the mean spring tidal period were 
almost the same regardless of the cross-sectional location except 
for the C1 section. After progressive development, TP is 
decreasing for most of the KJHA. If the C2 section is taken as 
representative for the main ship channel, the TP for the flood 
tide lessened from 186×106 m3 to 126×106 m3 from 1989 to 
2015. However, note the imbalance of the BSS; in other words, 
the BSS was always higher during the flood tide than during the 
ebb tide. The representative section C2 showed an imbalance in 
the BSS of 1.67 and 1.19 N/m2 for flood and ebb tides, 
respectively, in 1989. The BSS continuously decreased to 0.54 
and 0.49 N/m2, respectively, in 2015. Thus, the rate change of 
the TP is not out of proportion to the change in the BSS. The 
main channel is continuously subjected to a reduced TP and 

asymmetric tidal hydrodynamics in the form of flood dominance. 
However, the imbalance gap between the flood and ebb BSSs is 
getting close and approaching the critical BSS for sedimentation. 
For the inner region of KJHA (e.g., the C3, C4, and C5 sections), 
both the TP and BSS have been decreasing compared to the past 
conditions, but the flood-dominant imbalance continues. Thus, 
the sedimentation environment of the KJHA cannot be improved. 

 
Sediment Computation by OWF 

The newly suggested approach of SR incorporating OWF was 
applied to simulating the proposed sediment mitigation plan, as 
shown in Figure 6. Details on the weighting factors calibrated by 
spatial variations are presented in the figure. Different OWFs 
were assigned at increments of 0.2 N/m2 for BSS values of 0.0-
0.8 N/m2. For a low BSS of 0.2 N/m2, the ratio of SRM to SRC 
was set to 0.85:0.15 to allow the reliability of the morphological 
model. However, at a higher BSS of 0.8 N/m2, the ratio for 
model reliability was reduced to 0.5. The reason for the halved 
reliability of the model result is that EFDC could not represent 
the sedimentation environment even though BSS sometimes 
exceeded the critical criterion. However, the measured depth 
data, which involve diverse external forcing variations that are 
not fully incorporated in the model, showed a sedimentation-
dominant trend. Thus, we needed to correct the OWF to 0.5 to 
account for site-specific conditions and complement the 
limitations of the morphological model. After this OWF method 
was introduced for a horizontal plan of setting jetties along the 
NPFGD, the results showed that there may be no more 
sedimentation for the main channel of the KJHA. 
 

 

 
Figure 6. Sediment mitigation plan by using an OWF and estimated 
annual sedimentation rate for KJHA.

 
 

DISCUSSION 
In the KJHA, the annual sedimentation would be 4.4×106 m3/ 

yr. Moreover, most of the sediment sink area is encroached upon 
by enlargement of the harbor area and land reclamation. As Van 
Maren et al. (2016) pointed out that reducing the TP leads to 
smaller tidal flow velocities in the tidal channels and 
accelerating sedimentation, the same results were observed in 
the analysis of TP alteration, which showed a rapid decrease 
after GRED was completed in 1988. As a result, the BSS 
decreased continuously. Another reason for the sedimentation 
may be the substantial deepened by dredging over the past 
decades. Van Maren et al. (2015) noted that a flood-dominant 
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estuary will then become more flood-dominant. This led to tidal 
amplification and hyper-concentrated sediment conditions in this 
estuarine harbor.  

Even though the critical shear stress for the erosion of 
cohesive mud may vary depending on the degree of compaction, 
Van Maren and Winterwerp (2013) used a value of 0.2 N/m2, 
which is typical for non-consolidated to loosely consolidated 
sediments. Moreover, they suggested that further intensive study 
is needed on the natural consolidation of the mean bed material 
itself and disturbances due to annual dredging. However, the 
critical shear stress for erosion varies between 0.16 and 3 N/m2 
according to consolidation (Lumborg, 2004). In the KJHA, the 
critical shear stresses from 0.52 to 0.71 N/m2 were assigned as 
site-specific variations. 

Van Maren and Winterwerp (2013) suggested that the peak 
flow asymmetry is much more important than the slack tide 
asymmetry for landward sediment transport. According to our 
variations in the sedimentation rate based on analyses of the 
BSS, tidal asymmetry, and TP, the site-specific BSS behaved as 
a major sedimentation factor, even under the same flood-
dominant tidal asymmetry condition. Anthropogenic activities 
overwhelm natural migration because of the abrupt alteration in 
a short time span.  
 

CONCLUSIONS 
According to the measured and numerically simulated results, 

the major factors causing sedimentation in the KJHA were 
alteration of tidal structures and decreases in the TP and BSS 
due by multiple harbor maintenance constructions. In addition, 
haphazard dredging of the main channel has accelerated flood 
dominance and inevitably led to continuous sedimentation. To 
provide mitigating alternatives, an approach of introducing the 
OWF to represent diverse localized variations was applied. 
Since, it is difficult to manipulate a single morphological model 
to represent yearlong sediment simulation without appropriate 
temporal information on the riverine discharge, sediment budget, 
and diverse short-term natural phenomena. Thus, the new 
suggested scheme can be understood as a moderate approach. 

Although multiple anthropogenic activities arise 
independently, they have a cumulative effect on the tidal 
hydrodynamics and resulting sedimentation. However, it is 
difficult to define and discern the contributions of each action, a 
future study will more intensively focus on enhancing the 
reliability of the OWF. 
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Several parts of the coastal road in Sanpo-Ri, Uljin-Gun, located in the eastern part of South Korea, have subsided 
due to erosion and scouring at the bottom of the front face of revetments, caused by frequent high wave attacks. In 
this study, we carried out field surveys and measurements (including waves, current, water depth, seabed material, 
beach profile, and shoreline) along the Sanpo-Ri coast and in Namdae-River and Wangpi-River, located in the 
northern part of Sanpo-Ri, in the summer and winter seasons, in order to analyze and determine the erosion process 
along the Sanpo-Ri coast. In addition, we used 8 aerial photographs, taken from 1988 to 2013, to analyze long-term 
coastline changes. The erosion of Sanpo-Ri coast was initiated and progressed not only due to the decreased width of 
the beach by the construction of coastal roads and the increase of reflected waves at vertical revetments, but also due 
to the 35 small dams installed in Namdae-River and Wangpi-River since 2000 that have interrupted the sand 
transport from the rivers to the coast. We performed numerical analyses on the generation of the long-shore current, 
sand transport, and shoreline change based on field data, and analyzed the erosion process along the Sanpo-Ri coast. 
These numerical monitoring data and results will be useful to establish coastline maintenance and protection plans on 
the Sanpoi-Ri coast and on other coasts with erosion problems. 
 
ADDITIONAL INDEX WORDS: Beach erosion, coastal road, field monitoring, coastline change, sand transport. 
 

 
INTRODUCTION 

Due to natural disasters and coastal developments and 
activities, coastal erosion continuously increases along the 
coasts of South Korea. Coastal erosion caused by frequent high 
wave attacks and subsequent subsidence of coastal roads and 
revetments, especially in the east coast of South Korea, seriously 
damage the local economy. Because coastal erosion occurs due 
to various factors, it is difficult to determine the fundamental 
cause. Therefore, long-term investigations and analyses on 
changes of water depth and shoreline, outflows of sand from the 
adjacent rivers, and changes in weather and wave climates, are 
required to provide countermeasures to control and reduce 
coastal erosion.  

In this study, field data was collected and numerical analyses 
were performed using aerial photographs, and field survey and 
measurement data to determine the causes of coastal erosion and 
subsidence of coastal roads in the coast of Sanpo-Ri, Uljin-Gun, 
located in the eastern part of South Korea. 

 
STUDY AREA 

Several parts of the 3 km coastal road in Sanpo-Ri, Uljin-Gun 
(between 36°57´00´´ N and 36°58´50´´ N and between 
129°24´20´´ E and 129°25´20´´ E) have subsided between 2012 

and 2015, due to erosion and scouring at the bottom of the front 
face of revetments caused by frequent high wave attacks.  

The tidal range in the Sanpo-Ri coast is less than 30 cm, and 
major sand supplying sources to Sanpo-Ri coast are Namdae-
River and Wangpi-River located in the northern part of Sanpo-
Ri. 
 

 

 

Figure 1. Study area and coastal road damages in Sanpo-Ri.

 
 

Installation of 35 Small Dams and Sand Extraction 
The installation of small dams interrupts sand transport to the 

downstream area and reduces the inflow of the sand into the 
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estuary. Fourteen and 21 small dams were installed at the 
upstream of Namdae-River and Wangpi-River, respectively, 
during 2010-2011 (Korea Rural Community Corporation, 2016). 

These small dams interrupt the sand flowing into the coast 
and diminish sand resources for the Sanpo-Ri coast. However, 
because no quantitative data is available on the inflow of sand 
from Namae-River and Wangpi-River into the coast, we cannot 
estimate the quantity of interrupted sand by the installation of 
small dams. Therefore, in order to estimate the quantity of 
interrupted sand, we investigated the amount of river sand sold 
in this region and assumed this amount as the quantity of 
interrupted sand. The total amount of sand sold by sand 
extraction from Namae-River and Wangpi-River was 221,139 
m3. From that amount of sand sold, it is presumed that a large 
amount of sand is still interrupted by the small dams. 
 
Construction and Extension of Coastal Road with Vertical 
Revetment 

The coastal road in Sanpo-Ri was constructed during 1991-
1995, and was extended seaward during 1995-2005. The beach 
and coastal road have been strengthened by vertical revetments. 
Because the width of Sanpo-Ri coast is small, the beach has 
little effect on wave energy dissipation, and beach erosion is 
therefore accelerated by wave reflections from the vertical 
revetments.  

 
FIELD DATA AND NUMERICAL ANALYSES 

Eight aerial photographs, taken in 1988, 1991, 1995, 2005, 
2009, 2010, 2011, and 2013, were used to analyze long-term 
shoreline changes in Sanpo-Ri. In addition, 4 shoreline and 
cross-shore beach profile surveys and 2 wave and nearshore 
current measurements with seabed material samplings were 
carried out. These data were used in the field data and numerical 
analyses of the coastal erosion and shoreline change. Table 1 
shows the survey and measurement items and their ranges. 

 
Analysis of the Aerial Photographs 

We divided the Sanpo-Ri coast into 3 zones of A, B, and C 
for the analysis of long-term shoreline changes, as shown in 
Figure 2. Zone A is the northern part of Sanpo-Ri coast 
including the estuaries of Namdae-River and Wangpi-River. 
Zone B includes the coastal road at which subsidences occurred. 
Zone C is the southern part of the littoral zone of Sanpo-Ri coast. 

From the analysis of aerial photographs, it was found that the 
shoreline of Sanpo-Ri coast was relatively stable during 1988-
1995, and only a few shoreline advances and retreats appeared 
repeatedly in all Zones. In 2005, the parking lot and stone 
embankment constructed between Namdae-River and Wangpi-
River can be seen in Zone A, and the reduction of beach area 
after the coastal road extension can also be seen in Zone B. 
During 2010-2013, while little change is shown in the beach 
area of Zone A, a small reduction of beach area is shown in 
Zones B and C. 

Compared with the beach area of Sanpo-Ri coast in 2005, the 
largest reduction of beach area of 30.1% occurred in Zone B in 
2009. In Zone B, the beach area was reduced by 70% (from 
36,199 m2 to 10,716 m2) between 1988 and 2013, due to coastal 

developments. Table 2 shows the change of beach area in 
Sanpo-Ri, Uljin-Gun. 

 
Table 1. Survey and measurement items and ranges. 

Item Range 

Shoreline and Cross-
Shore Beach Profile 

37 each(50 m pitch) × 4 times 

(Before and after wave measurement) 

Waves and Current 
1 each× 3 months × 2 times 

(Summer and winter seasons) 

Nearshore Current Summer 17 ea and winter 7 ea × 2 times

Seabed Material 
Sampling 

24 each× 2 times 
(Summer and winter seasons) 

 

 

 
Figure 2. Analysis of aerial photographs in Sanpo-Ri coast.

 
 
Analysis of Field Survey and Measurement Data 

We analyzed the short-term changes of water depth and 
shoreline using the field data obtained from shoreline and cross-
shore beach profile surveys and wave and water depth 
measurements. We also determined the dominant longshore 
sediment transport direction on the basis of wave and nearshore 
current distributions produced by a SWASH model (Simulating 
WAves till SHore; The SWASH team, 2010). 

Two typhoons, GONI and ETAU, passed through the Sanpo-
Ri coast in the summer of 2015. The maximum significant wave 
height and period, H1/3=4.94 m and T1/3=10.72 sec, by typhoon 
GONI were observed, and the waves (84.2% of the total wave) 
coming from ENE, E and ESE were dominant during the field 
measurements. 

The maximum significant wave height and period, H1/3=3.30 
m and T1/3=9.88 sec, were observed during the winter field 
measurements, and the waves (87.1% of the total wave) coming 
from NE and ENE were dominant. Unlike the summer season, 
serious beach erosion was not observed in the winter season. 

Figure 4 shows wave–induced currents on the wave directions 
of NNE, NE, ENE, and SSE that resulted from the nearshore 
current numerical simulation using the averaged annual 
maximum wave heights and periods. From the numerical and 
measurement results, it can be seen that the long-shore sediment 
transport to the south is dominant. 
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Table 2. Change of beach area in Sanpo-Ri, Uljin-Gun between 1988 and 2013. 

Section 1988.10 1991.05 1995.10 2005.05 2009.10 2010.10 2011.10 2013.10 

Zone A 

Zone Area (㎡) 123,434 131,062 126,867 139,442 94,159 105,293 102,693 112,690

Variation (㎡) - 7,628 -4,195 12,575 -45,283 11,134 -2,600 9,997

Growth Rate (%) - 6.2 -3.2 9.9 -32.5 11.8 -2.5 9.7

Zone B 

Zone Area (㎡) 42,822 38,072 43,764 41,901 26,339 28,401 24,461 22,142

Variation (㎡) - -4,750 5,692 -1,863 -15,562 2,062 -3,940 -2,319

Growth Rate (%) - -11.1 15.0 -4.3 -37.1 7.8 -13.9 -9.5

Zone C 

Zone Area (㎡) 24,373 14,992 22,311 23,148 22,460 21,984 19,645 20,433

Variation (㎡) - -9,381 7,319 837 -688 -476 -2,339 788

Growth Rate (%) - -38.5 48.8 3.8 -3.0 -2.1 -10.6 4.0

Total Area (㎡) 190,630 184,125 192,940 204,491 142,958 155,679 146,798 155,265

Variation (㎡) - -6,505 8,815 11,551 -61,533 12,721 -8,881 8,467

Growth Rate (%) - -3.4 4.8 6.0 -30.1 8.9 -5.7 5.8
※ The ‘Variation’ represents the change due to shoreline advance and retreat.  
※ The ‘Variation’ and ‘Growth Rate’ are based on the total area of the previous year. 

 
Analysis of Shoreline and Cross-Shore Beach Profile 

Four shoreline and cross-shore beach profile surveys were 
carried out in July, October, and December of 2015, and in 
February of 2016. 

The cross-shore beach profile was surveyed at 37 survey 
points (CP01~CP37) at 200 m intervals along the shoreline as 
shown in Figure 5a. Each seaward cross-shore beach profile 
was surveyed at around 10 m intervals. Because the beach area 
between the survey points of CP21 and CP28 were almost lost 
after the coastal road subsided, this area was excluded in this 
analysis. 

The analysis of the cross-shore beach profile revealed that the 
beach width increased by around 10 m and 7 m at the estuary of 
Wangpi-River (CP13~CP14) and the southern part of the 
coastal road (CP30~CP33), respectively, between July 2015 and 
February 2016. The beach width of the remaining coast 
decreased. 

We also analyzed the variation of the amount of sand in each 
cross-shore beach profile by dividing the cross-shore beach 
profile into 3 parts (Part A: above DL±0.0 m, Part B: DL±0.0 
m∼DL-5.0 m, Part C: DL-5.0 m∼DL-10.0 m) as shown in 
Figure 6a. From the results, Part A showed a steep beach face 
after high wave attacks with a long wave period generated by 
typhoons, swells, etc. It is inferred from this result that high 
waves have rapidly eroded and deformed the shape of the beach 
face. However, the variation of the amount of sand was minimal 
below DL-10.0 m. 

 
Effects of Installation of 35 Small Dams and Sand 
Extraction 

Because the amount of extracted sand from Namae-River and 
Wangpi-River constitutes part of the total amount of sand 
flowing into the coast before the installation of small dams, it is 
presumed that the actual amount of sand flowing into the coast 
before the installation of small dams is more than the amount of 
extracted sand. Therefore, we assumed that the total amount of 
sand flowing into the coast from the rivers is the sum of the 
annual extracted sand from the rivers and the annual amount of 

sand recently flowing into the coast. After determining this 
amount of sand, we performed numerical analysis to investigate 
the effect of the change of the amount of sand flowing into the 
coast from the rivers on beach erosion.  

Figure 7 shows the numerical analysis results of shoreline 
change by a GENESIS model (Hanson and Kraus, 1989). In 
Case 2, the average beach width of about 300 m to the south of 
the erosion area increased by around 5.6 m more than that of 
Case 1. However, erosion is continuing in the overall littoral 
zone, so a countermeasure such as beach nourishment is 
required. 
 

 

(a)  

(b)  

(c)  

(d)  
 

Figure 3. Analysis of field survey and measurement data: (a) Wave 
measurement in summer (2015.7.22~2015.10.07); (b) Bathymetry and 
shoreline changes in summer (2015.7.22~2015.10.07); (c) Wave 
measurement in winter (2015.12.22~2016.2.18); (d) Bathymetry and 
shoreline changes in winter (2015.12.22 ~ 2016.2.18). 
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(a)  (b)  

(c)  (d)  
Figure 4. Numerical analysis results of wave-induced current: (a) wave 
direction : NNE; (b)  wave direction : NE; (c) wave direction : ENE; (d) 
wave direction : SSE. 

 
 
Effect of Extension of Coastal Road with Vertical 
Revetment 

To analyze the effect of coastal road extension on beach 
erosion by a SBEACH model (Larson and Kraus, 1989), 
numerical simulations were performed for 3 hours with the 
abnormal wave condition, Ho=3.40 m and To=8.95 sec 
(Gyeongsangbuk-do, 2015), and with a wave height and period 
for a 50-year return period of Ho,=9.20 m and To=13.00 sec, 
respectively.  

Figure 8 shows the numerical analysis results of beach profile 
change in the four cases: (a) before coastal road extension, (b) 
extension of coastal road with vertical revetment, (c) erosion of 
beach due to extension of coastal road with vertical revetment, 
and (d) reinforcing revetment with sheet pile and T.T.P. 

 

(a)  

(b)   
Figure 5. Analysis of shoreline change: (a) survey points; (b) shoreline 
survey results. 

 
 

 

(a)  

(b)  
Figure 6. Analysis of cross-shore beach profile: (a) division of cross-
shore beach profile; (b) variation of the amount of sand in Part A, B, 
and C. 

 
 

 

 

 
Figure 7. Numerical analysis results of shoreline change. 
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Figure 8a,b show that rapid beach erosion occurs under the 
abnormal wave condition due to the construction of the coastal 
road with vertical revetment.  

 

(a)  

(b)  

(c)  

(d)  

Figure 8. Numerical analysis results of beach profile change (a) Before 
coastal road extension (Ho=3.40 m, To=8.95 sec); (b) Extension of 
coastal road with vertical revetment (Ho=3.40 m, To=8.95 sec); (c) 
Erosion of beach due to extension of coastal road with vertical 
revetment (Ho=9.20 m, To=13.00 sec); (d) Reinforcing vertical 
revetment with sheet pile and T.T.P (Ho=9.20 m, To=13.00 sec). 

 
 

Therefore, it is inferred that the construction and extension of 
coastal road with vertical revetments are one of the major 
causes of coastal erosion in the Sanpo-Ri coast. 

 
CONCLUSIONS 

We analyzed 8 aerial photographs (1988, 1991, 1995, 2005, 
 

2009, 2010, 2011, and 2013) to investigate long-term shoreline 
changes in Sanpo-Ri. We also gathered field data and 
performed numerical analyses from shoreline and cross-shore 
beach profile surveys, waves and near-shore current 
measurements, and seabed material samplings. 

The erosion of the Sanpo-Ri coast was initiated and 
progressed not only by the construction and extension of the 
coastal road and the increase of the reflected waves at the 
vertical revetment, but also by the 35 small dams installed in 
Namdae-River and Wangpi-River since 2000 that interrupt the 
sand transport from the rivers to the coast. 

Under these circumstances, it is inferred that the singular use 
of a natural beach restoration method of beach nourishment 
cannot prevent the continuous process of beach erosion along 
the Sanpo-Ri coast. Considering that sand transport in the 
Sanpo-Ri coast is directed to the south, structures such as groins 
can be installed to trap the sand being transported from the 
north. Therefore, beach nourishment and the installation of 
structures are recommended to prevent beach erosion in Sanpo-
Ri. Also, persistent beach and wave monitoring are required to 
establish coastline maintenance and protection plans in the 
Sanpoi-Ri coast in the future. 
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ABSTRACT 
 
Kim, G.H.; Jho, M.H., and Yoon, S.B., 2017. Improving the performance of SWAN modelling to simulate diffraction 
of waves behind structures. In: Lee, J.L.; Griffiths, T.; Lotan, A.; Suh, K.-S., and Lee, J. (eds.), The 2nd International 
Water Safety Symposium. Journal of Coastal Research, Special Issue No. 79, pp. 349-353. Coconut Creek (Florida), 
ISSN 0749-0208. 
 
Phase-decoupled wave models such as SWAN model cannot in general deal with the diffraction of waves behind 
coastal structures or islands. Improvements have been made recently to the SWAN model by including the diffraction 
effect that allow energy transfer between the directional spectral components. For a successful simulation of the 
diffraction problem the grid size should be smaller than 1/10 of the wave length. However, this limitation on the grid 
size seems to be unrealistic to cover a large computational domain, and a practical way to deal with the diffraction 
problem for the case of large grid size is indispensable. The tests of the performance of the SWAN model for the 
diffraction of monochromatic waves with various grid sizes show that the diffraction effect disappears behind a 
breakwater when the grid size increases. To improve the model performance the directional turning rate given by the 
SWAN model is artificially increased by increasing the diffraction parameter. To test the performance of the modified 
SWAN model a simple case of monochromatic wave incident on a semi-infinite breakwater in a water of constant 
depth is considered. As a result, the diffraction effect appears in a shadow zone even for the case of large grid size. 
The appropriate amplification factor for the diffraction parameter is found by trial and error for a given grid resolution, 
and an empirical formula for amplification factor is obtained. A practical way to improve wave diffraction effect for 
the case of large grid size in SWAN is proposed. 
 
ADDITIONAL INDEX WORDS: Diffraction, SWAN model, spectral wave model, directional turning rate. 
 

 
INTRODUCTION 

Wave predictions affect human activities, whether in the far 
ocean or along the coast by providing surface wave information 
under various weather conditions. Numerical models make it 
easier to obtain this information than observations.  

For accurate wave predictions, the information of the 
penetration of incident waves behind breakwaters, so called 
diffraction effect, is important for harbor scales. The diffraction 
effect is usually neglected for oceanic-scale and shelf sea-scale 
because the diffraction effect is relatively smaller than other 
processes as described in Table 1. However, the wave climate in 
shelf sea-scale can be substantially affected by the diffraction 
effect induced by large islands. The diffraction effect behind the 
islands is dependent on the size of the island and the distance from 
the island (Penney and Price, 1952). 

Most of applicable operational wave prediction models, e.g., 
SWAN (Booij, Ris, and Holthuijsen, 1999), WAM (WAMDIG, 
1988) and WAVEWATCH III (Tolman, 2014) use phase-
decoupled methods. The SWAN model has shallow water physics 
to solve nearshore-scale surface ocean waves, while the WAM 
and the WAVEWATCH III are developed to predict oceanic-
scale and shelf sea-scale surface waves. 

 
 
 

 

The phase-decoupled models are efficient to deal with 
problems involving a large domain such as ocean-scale waves. 
However, the phase-decoupled models cannot generally deal with 
wave diffraction. To take diffraction effect into consideration, 
phase-resolving models, e.g., the mild slope equation model 
developed by Berkhoff (1972) should be used as an alternative. 
However, the numerical efficiency of the phase-resolving model 
is too poor to be employed as an operational wave prediction 
model. To overcome this difficulty with the phase-resolving 
models, the SWAN model includes an approximation method to 
deal with the diffraction physics (Holthuijsen, Herman, and Booij, 
2003). The applicability and stability of the SWAN model 
implemented with the diffraction effect have been tested for 
various grid sizes and parameters by Enet et al. (2006). 
Diffraction effect can be considered properly by the SWAN 
model if the grid size Δ  is less than 1/10-1/5 of the wave length 
(SWAN Team, 2015). If the grid size increases, the diffraction 
effect disappear. 

In the present study, the diffraction-implemented SWAN 
model is modified for practical use with large grid size to solve 
large scale problems for the case of monochromatic unidirectional 
incident waves. The numerical results obtained using the 
modified SWAN model are compared with analytical solutions. 
Based on the results, an empirical formula to estimate the 
appropriate amplification factor for the diffraction parameter is 
suggested.
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‡Department of Civil and Environmental Engineering 
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METHODS 
Governing Equations of SWAN Model 

The SWAN (Simulating Waves Nearshore) model is a third-
generation spectral wave model developed by Booij, Ris, and 
Holthuijsen (1999) designed to solve both shelf scale and near-
shore scale problems. The SWAN is a popular wave model that 
is widely used by researchers and government organizations. The 
model solves the wave action balance equation which contains 
advection terms for geophysical spaces and spectral spaces. The 
wave action balance equation is given as: 

 

 (1) 

 
where, 	 , , , ,  is the wave action density 
spectrum, ,  is the geophysical location,  is the relative 
frequency, and  is the wave direction. 

The second and third terms on the left hand side of Equation (1) 
represent the effect of spatial propagation in the - and -
direction, respectively. The fourth and fifth terms represent the 
shifting of frequency due to variations in currents and the current- 
and depth-induced refraction, respectively. The right hand side of 
Equation (1) is the source term which includes the generation of 
wave by wind, the dissipation caused by depth-induced breaking 
and white capping, and nonlinear interactions between wave 
components. The propagation velocities without diffraction in the 
geophysical location and spectral space are given by: 

 

, , 	 , 1
	

  (2) 

 

, 	 ∙ ∙  (3) 

 

, 	 ∙   (4) 

 
where, 	is the velocity of ambient current,  is the depth, and  
is the wave number. ,  and ,  are the energy transport 
velocity in geophysical spaces. ,  and ,  are the energy 
transport velocities in frequency and directional spectrum spaces. 
 

 
Diffraction in SWAN Model 

Holthuijsen, Herman, and Booij (2003) have improved the 
SWAN model by introducing the wave diffraction parameter 
derived from the mild slope equation (Berkhoff, 1972). In the 
SWAN model the diffraction parameter δ is given as: 

 
√

√
                                       (5) 

 
where, 	 , , , ,  is the energy density of the waves, 
and  and  are the phase speed and the group velocity in 
geophysical space, respectively. The energy transport velocities, 

, , , , and , , are modified using the diffraction parameter δ 
given by Equation (5) as in the followings: 

 

,
̅,  ,

̅                              (6) 
 

 ,
̅

, ,                         (7) 

 
where ̅ √1 . The diffraction effect is mainly considered by 
modifying the directional turning rate  which represents the 
energy transport velocity in the directional spectrum spaces. This 
approximation method has been further improved using the 
extended mild slope equation (EMSE) which can consider steep 
slopes, wave-current interactions, and depth curvatures that 
influence wave diffractions (Lin, 2013). However, in the present 
study, the original version developed by Booij, Ris, and 
Holthuijsen (1999) will be used. 
 
Modification of Diffraction Parameter 

The penetration of wave energy into the shadow area behind a 
breakwater can be calculated using the diffraction-implemented 
SWAN model. However, the grid size should be small enough to 
solve the diffraction problem properly. If the wave forecasting in 
the coastal area is attempted during the period of a typhoon attack, 
the computational domain should be large enough to include the 
ocean and neighboring shelf seas, and the simulation period 
should be long enough to span the entire life of a typhoon. As a 
result, the computational burden increases tremendously. Thus, it 
is a common practice to use coarse grids and a relatively large 

Table 1. Relative importance of the various processes affecting the evolution of waves in oceanic and coastal waters (after 
Battjes, 1994). 

Process Oceanic Waters 
Coastal Waters 

Shelf Seas Nearshore Harbor 
Wind Generation ●●● ●●● ● ○ 

Quadruplet Wave-Wave Interactions ●●● ●●● ● ○ 

White-Capping ●●● ●●● ● ○ 

Bottom Friction ○ ●● ●● ○ 

Current Refraction / Energy Bunching ○/● ● ●● ○ 

Bottom Refraction / Shoaling ○ ●● ●●● ●● 

Breaking (Depth-Induced; Surf) ○ ● ●●● ○ 

Triad Wave-Wave Interactions ○ ○ ●● ● 

Reflection ○ ○ ●/●● ●●● 

Diffraction ○ ○ ● ●●● 

●●● = dominant, ●● = significant but not dominant, ● = of minor importance, ○ = negligible 
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time step. However, the diffraction effect disappears when a large 
grid size is employed for practical use. This causes difficulties for 
the coastal areas that are located in the shadow zone of large 
islands in the ocean or shelf seas. Even when the distance between 
the islands and the coastal area is large, if the size of the island is 
of a sufficient size to have a wide shadow area behind it, the 
diffraction effect of waves becomes important for a reliable 
forecasting. 

In this study, the performance of the SWAN model is improved 
to enhance the diffraction effect for a coarse grid system by 
increasing artificially the diffraction parameter  by multiplying 
an amplification factor α  to the diffraction parameter . The 
modified diffraction-implemented model is equivalent to the 
original model when α 1. 

 
̅∗ √1                                     (9) 

 
∗

,
̅∗                                   (10) 

 
 ∗

,
̅∗                                   (11) 

 
∗  ,

̅∗
∗

,

∗

,                    (12) 

 
where,  is the amplification factor. ∗, ∗ , and ∗  are the energy 
transport velocities modified using ̅∗. 

Basically, the SWAN model does not offer diffraction physics 
with other propagation scheme except the Backward Space 
Backward Time (BSBT) scheme. However, the BSBT scheme 
gives generally a significantly-diffusive solution. In this study, 
the scheme suggested by Stelling and Leendertse (1992), which 
is called S&L scheme, is used by modifying source code for the 
calculation of energy propagation. The S&L scheme has little or 
no numerical diffusion in the solution. 
 
Garden Sprinkler Effect 

The third-generation wind wave model parameterizes all 
physical processes explicitly, and the evolution of the wave 
spectral density is accounted for without assuming spectral shapes. 
Thus, when an accurate propagation scheme with small numerical 
diffusion such as S&L scheme is employed, numerical issue, so 
called Garden Sprinkler Effect (GSE), arises if the directional and 
frequency spectral resolutions are low. The GSE numerical issue 
can be dealt with through the increase of the frequency and 
directional resolutions. However, the increase of resolution 
causes an increase in computational cost. The artificial spatial-
diffusion term added alleviates the GSE effects (Booij and 
Holthuijsen, 1987). The artificial diffusion also allows the 
penetration of the wave energy to the shadow zone behind the 
breakwaters. This causes an energy transfer to the shadow zone 
similar to the diffraction process. However, the physics and the 
numerical implementation of GSE are totally different from the 
diffraction process. 

 
Analytical Solution of Diffraction Problem 

The analytical solution for the diffraction of light waves was 
obtained first by Sommerfeld (1896). Penney and Price (1952) 
applied this diffraction solution to the water waves. The analytical 

solution for the diffraction of monochromatic waves incident on 
a semi-infinite breakwater can also be used for the random waves 
by summing the solutions for each component wave in the wave 
spectrum. 
 
Numerical Experiments 

To test the performance of the SWAN model for a diffraction 
problem, a simple case of monochromatic waves incident on a 
semi-infinite breakwater in water of constant depth is considered 
as shown in Figure 1. No ambient current is presented. The 
numerical basin has the dimension of 100 100 km in its size with 
the water depth of 1,000 m. A semi-infinite breakwater is installed 
along the line of  = 10 km for  > 0. The breakwater is non-
reflective and non-transmissible. Various grid sizes, such as 250 
m, 500 m, 1,000 m, and 2,000 m, were tested. The amplification 
factor α considered is in a range of 1– 2 . 
 

 

 
Figure 1. Definition sketch of computational domain to test the 
performance of numerical model for a diffraction problem.

 
 

 
Figure 2. Distribution of normalized wave height obtained using 
analytical solution of Penney and Price (1952) for semi-infinite 
breakwater. Monochromatic waves are incident normally on a breakwater.

 
 

While some directional spreading with a narrow band-width 
was used as input waves along  = 0 in previous works (e.g., Enet 
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et al. 2006; Holthuijsen, Herman, and Booij, 2003; Lin, 2013; Liu, 
2009), a pure unidirectional monochromatic wave condition is 
used for the numerical experiment of this study. Thus, the 
magnitude of the amplification factor can be easily estimated by 
comparing the distribution of the calculated wave heights with the 
analytical solutions. The wave period T of incident waves is 9.85 
s. The frequency space ranging from 0.04 to 1.0 Hz is discretized 
into 32 components. The directional space of a half circle is 
equally discretized into 37 sectors with ∆ 5°. The analytical 
solution is shown in Figure 2 where  represents the wave length. 
 

RESULTS 
Diffraction vs. Artificial Diffusion 

A series of numerical experiments with a semi-infinite 
breakwater were conducted to test the performance of the 
diffraction and the GSE options (artificial diffusion is included in 
this option) in the original SWAN model. When a large grid size 
is used without GSE option, the diffraction of waves is not 
observed in the numerical solution, even when a diffraction 
option is activated. Additional experiments are performed with 
the GSE options activated. Some of the wave energy is transferred 
into the shadow zone as shown in Figure 3a. The transferred wave 
energy increases as the wave age in the GSE option increases as 
shown in Figure 3b,c. This energy transfer is not induced by the 
diffraction process, but merely by the diffusion process. This can 
be recognized by checking the wave directional vector in the 
results using the GSE option. The wave direction in the shadow 
zone remains unchanged. On the other hand, as shown in Figure 
3d, the result calculated using the present diffraction model shows 
clearly the change of wave direction in the shadow zone due to 
the diffraction of waves. 
 
Amplification Factor for the Diffraction Parameter 

The diffraction parameter 	of the original SWAN model is 
significantly underestimated when the grid size becomes large. 
To find the amplification factor appropriate for the grid size used 
in the model a series of numerical experiments were conducted 
for the given grid size with various amplification factors, and the 

results are compared with the analytical solution. Then, the 
accumulated error between the calculated and the analytical wave 
heights along the line of / 	 ≅ 	461  are evaluated for each 
amplification factor. 
 

   

 
Figure 3. Distribution of wave height and wave directional vectors around 
a semi-infinite breakwater: (a) GSE option activated with wave age = 1 
hr; (b) wave age = 2 hr; (c) wave age = 4 hr; (d) present model with 
modified diffraction with ∆x = 500 m and α = 64.

 
 
Figure 4 shows an example of comparisons between the analytical 
and numerical solutions. In the numerical computations, the GSE 
option with a wave age of 1 hour was activated to alleviate the 
wiggle caused by low resolution of directional spectrum spaces. 
The results obtained using the present modified diffraction model 
show reasonably good agreements with the analytical solution in 
the shadow region when the appropriate α-value is employed. 

 
 

 

 

 
Figure 4. Comparison between analytical and numerical solutions obtained with original (no-diffraction) and modified diffraction models along the lines 
of / 	 ≅ 	197 (a)~(c) and / 	 ≅ 	461 (d)~(f). 
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The amplification factor which gives the minimum error is 
chosen as the optimal value for a given grid size. The empirical 
formula for optimal amplification factor  for the given grid size 
Δx/  is proposed for the range of Δx/ 	 0.2 as: 
 

2.25 9.45 43.54 7.43                (13) 
 
where 	 / . The amplification factor  is set as 1.0 when 
the grid size is less than /5 as suggested in the original SWAN 
model. The amplification factor  calculated using the empirical 
formula is shown in Figure 5. 
 

 

 
Figure 5. Amplification factor  as a function of Δx/ .

 
 

DISCUSSION 
In the numerical experiments, a pure unidirectional mono-

chromatic wave is used as input waves. Thus, the effect of the 
diffraction of waves can be clearly understood. For example, as 
shown in Figure 3, the differences between the effect of the 
diffraction and the artificial diffusion on the wave field in the 
shadow zone can be easily recognized. The artificial diffusion 
employed in the GSE option of the SWAN model cannot replace 
the diffraction, even though they provide similar results to each 
other. The SWAN model, however, does not allow to specify 
unidirectional waves along the input boundary. Thus, in this 
study the source code of the SWAN model is modified to admit 
unidirectional waves along the input boundary. On the other hand, 
Holthuijsen, Herman, and Booij (2003) specified multi-
directional waves with narrow directional spreading along the 
input boundary. Thus, the energy transfer to the shadow zone is 
contributed by two different sources, i.e. the diffraction and the 
propagation of the directional components of the incident waves. 
They cannot be separated. 
 

CONCLUSIONS 
The SWAN model can consider the diffraction of waves as 

long as the grid size is sufficiently small. Diffraction effect, 
however, is underestimated as the grid size becomes large. In the 
present study, an amplification factor for the diffraction 
parameter in the model is proposed to improve the performance 
of the model when a large grid size is used. A series of numerical 
experiments are conducted for the given grid size with various 
amplification factors, and the results are compared with the 
analytical solution. Then, the accumulated error between the 
calculated and the analytical wave heights are evaluated for each  
amplification factor. The amplification factor which gives the 
minimum error is chosen as the optimal value for a given grid 

size. The optimal amplification factor is presented as a function 
of the given grid size Δx/  for the use in the practical application 
of the improved diffraction model proposed in this study. 
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ABSTRACT 
 
Choi, Y.-K. and Seo, S.-N., 2017. Shock capturing shallow water model for long waves generated by a moving 
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The shock capturing numerical model based on nonlinear shallow water equations is developed to predict run-up as 
well as edge waves generated by a moving atmospheric pressure disturbance across a straight shoreline on a sloping 
beach. The HLL approximate Riemann solver with the fifth order accurate WENO scheme is used to compute 
numerical flux in spatial discretization, which yields better results in comparison with TVD-MUSCL type schemes. 
Numerical experiments are conducted for wave propagation by a moving atmospheric pressure disturbance normally 
approaching the coastline. When the atmospheric pressure disturbance suddenly acts on the water surface, both free 
and forced waves are generated and amplified due to shoaling and Proudman resonance. The maximum run-up is 
presented using different moving speeds for an atmospheric pressure. While wave run-up and run-down are repeated 
at the shoreline, edge waves are generated and propagate in the alongshore direction due to wave refraction. 
 
ADDITIONAL INDEX WORDS: Nonlinear shallow water equations, the fifth order accurate WENO, atmospheric 
pressure disturbance, Proudman resonance, edge wave. 
 

 
          INTRODUCTION 

Recently, the interactions between surface waves and 
atmospheric pressure disturbances have been investigated by 
many researchers. On 31 March 2007, abnormally large waves 
were observed on the west coast of the South Korea and a fast 
moving atmospheric low pressure system travelled across 
Yellow Sea, which caused both casualties and property damage 
in the coastal area. Motivated by this event, the waves generated 
by a moving atmospheric pressure disturbance are studied. As 
waves approach the coast, the wave height increases due to 
shoaling and the waves are amplified by Proudman resonance. 
Lowland coasts might be damaged by the amplified waves (Choi, 
Park, and Kwon, 2008). In addition, moving atmospheric 
pressure disturbances often generate edge waves propagating 
along the coastline mainly due to wave refraction. The 
amplitude of the waves is relatively small, but it can cause large 
coastal inundation with a high tide. An, Liu, and Seo (2012) 
investigated the condition for generating edge waves induced by 
large scale atmospheric pressure disturbance. Seo and Liu (2014) 
derived the analytical solution for edge waves generated by a 
moving atmospheric pressure parallel to the coastline. 

Vennell (2007) presented the analytical solution for reflected 
and transmitted waves when a storm passes a topographic step 
using linear shallow water equations. An, Liu, and Seo (2012) 
also used linear shallow water equations to generate edge waves. 

When the waves approach the coast, however, the nonlinear 
effect is important. Niu and Zhou (2015) used nonlinear shallow 
water equations to investigate the dynamics of the waves 
affected by the Proudman resonance in constant water depth. 
Moreover, wave run-up height over a sloping beach is one of the 
most important parameters in creating countermeasures for 
coastal inundation. 

When waves approached the coast, they become steeper and 
eventually break. Discontinuities due to breaking cannot be 
handled with the classical finite difference or finite element 
method without special treatment because of difficulty with 
numerical oscillations. In order to suppress the numerical 
problem, a numerical filter may be applied, but care must be 
taken to avoid numerical damping. In this study, the shock 
capturing numerical model for nonlinear shallow water 
equations (NSWE) is developed to investigate the wave run-up 
by an atmospheric pressure disturbance and evolution of edge 
waves. 

In most shock capturing finite volume models based on 
NSWE or Boussinesq type equations, TVD-MUSCL type 
shemes are used (Shi et al., 2013; Zhou et al., 2001). However, 
in this research, the fifth order WENO (WENO5; Jiang and Shu, 
1996) scheme is used, and the results of the WENO5 scheme 
against those of TVD-MUSCL schemes are compared. 
 

METHODS 
In the present study, NSWE is discretized using the cell 

averaged finite volume method. When the finite volume method 
is used for NSWE with a non-uniform bottom topography term, 
numerical oscillations can be generated even if the shock 
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capturing scheme is applied (Zhou et al., 2001). This is due to 
the numerical imbalance between the flux and the source term at 
varying water depths. 

Following the well-balanced method proposed by Liang and 
Marche (2009) to fix the numerical imbalance, the surface 
gradient term is reformulated to satisfy the well balance property: 
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where, H= +h,  and h are the free surface elevation and water 
depth, respectively. g is the gravity acceleration. u, v are the 
depth averaged velocities in x, y direction, respectively. Pa is the 
atmospheric pressure term and  is sea water density. 
 

RESULTS 
In the finite volume method, a numerical flux must be 

computed at each cell interface. In the WENO5 scheme, left and 
right values for solution variables are also needed to be 
computed at the cell interfaces. Using the values at the cell 
interface, the HLL approximate Riemann solver (Zhou et al., 
2001) computes the numerical flux. Both Sb and Sa are 
discretized by the cell averaged finite volume method. The 
second order TVD Runge-Kutta method (Gottlieb and Shu, 1998) 
is used as a time stepping method. For the wet and dry scheme, 
the method proposed by Shi et al. (2013) is used. 

In order to verify the present model, the results of the 
WENO5 scheme and two other second order TVD-MUSCL 
schemes with the MC limiter (van Leer, 1977) and the minmod 
limiter (LeVeque, 2004) are compared. The WENO5 results are 
also compared with the analytical solution by Thacker (1981). 
 
Water Motion in A Circular Parabolic Basin 

Thacker (1981) presented the analytical solution for the 
motion of surface elevation in a circular parabolic basin. The 
present numerical solutions are compared with the analytical 
solutions as shown in Figure 1. In Figure 2, comparisons of 
surface elevation time series at three different locations are 
plotted. Very good agreement with analytical solutions is 
observed until t=10T. 
 
Long Waves Generated by A Moving Atmospheric Pressure 
Disturbance over A Sloping Bottom 

Numerical experiments are conducted for wave propagation 
by a moving atmospheric pressure disturbance normally 
approaching the coastline. The water depth of a uniform slope is 
given by h=(1/400)x with x pointing to the sea and y aligned 
with the straight shoreline. A Gaussian form of atmospheric 
pressure disturbance is considered: 

 

 
Figure 1. Comparison of the computed surface elevation with the 
analytical solution at t=0.5T, 1.0T (―: bottom, ―: numerical solution 
(WENO5), – –: analytical solution, T: period). 

 
 

 

 
Figure 2. Time histories of numerical solutions with analytical solutions : 
analytical solutions: o at (x,y)=(0,0), □ at (x,y)=(1000,0), ● at 
(x,y)=(2000,0); numerical solutions: – – at (x,y)=(0,0), –. at 
(x,y)=(1000,0), ― at (x,y)=(2000,0). 
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where, P is the magnitude of the pressure disturbance 
propagating with constant speed U from initial position x0 and R 
denotes the effective radius of the pressure disturbance. A ramp 
function, which is used in Pa to relax numerical instability (An, 
Liu, and Seo, 2012; Niu and Zhou, 2015), is not needed in the 
present model. 

When the atmospheric pressure disturbance suddenly acts on 
the water surface, both free waves and forced wave are 
generated (Proudman, 1929). Both the free waves are 
propagated with the speed c gh  opposite each other and 
away from the starting point. The forced wave is propagated 
with the speed U. From linear theory without damping terms, it 
can be shown that the amplification factor for the forced wave is 
a function of Froude number rF U gh , expressed as 

21 1rF  . When the Froude number approaches unity, the 
forced wave height becomes unbounded due to lack of damping 
in the system of interest, which is known as Proudman 
resonance. 

At first, a Gaussian atmospheric pressure disturbance moving 
along the x axis is considered: P =-20 hPa, R=200 km, U= -50 
m/s, and x0=1000 km. The computational domain is -10 km ≤ x 
≤ 1800 km, -5500 km ≤ y ≤ 5500 km, and the grid size is given 
by x = y =2500 m. 

Since the Froude number is 0.32 at the initial position x0, the 
propagation speed of the left-moving free wave is faster than the 
forced wave speed. Hence, as time progresses, the free wave is 
split farther away from the forced wave. Snapshots of the wave 
propagation are shown in Figure 3. As the waves approach the 
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coast, the forced wave is amplified by Proudman resonance 
because Fr is increased due to the decreased depth. 
 

 

                    
(a) t=33.3 min.     (b) t=150 min.     (c) t=300 min. 

 
Figure 3. The propagation of forced and free waves generated by an 
atmospheric pressure disturbance (○: atmospheric pressure). 

 
 

Along a section at x=2500 m, the numerical results of three 
schemes are compared in Figure 4. In both results for the TVD-
MUSCL schemes, unphysical oscillations in surface elevations 
are clearly observed. Especially, even in the minmod limiter 
result permitting excessive numerical diffusion, some numerical 
oscillations remain. In the result of the WENO5 scheme, the 
unphysical oscillations are significantly reduced. The unphysical 
oscillations of the TVD-MUSCL schemes can be decreased 
significantly when the grid size is reduced by half. 

 

 

 
(a) WENO5 

 
(b) TVD-MUSCL with MC limiter 

 
(c) TVD-MUSCL with minmod limiter 

 
Figure 4. Comparison of the free surface elevation in each scheme at 
t=366.7 min. 

 

In general, smaller grid size gives better results for 
propagation of the long waves generated by the pressure 
disturbance in the coastal region. In the wave run-up test, a 
smaller grid size is needed. To investigate the wave run-up 
generated by a small scale storm of R=10 km, x = y =100 m, 
and the computational domain of -5 km ≤ x ≤ 200 km, -250 km 
≤ y ≤ 250 km are used. In this numerical test, results are 
obtained for the WENO5 scheme using different moving speeds: 
U=-10, -35 and -60 m/s. At the initial location x0=100 km, the 
Froude numbers for each case are 0.20, 0.71 and 1.21, 
respectively. In Figure 5, surface elevations along the x axis are 
plotted at different times. 

For U=-10 m/s, the Froude number at x0 is less than one but it 
becomes larger and eventually exceeds one as the pressure 
center moves closer to the shore. As shown in Figure 5a, the 
forced wave is elevated due to suction from low pressure. At 
t=9600 s, Proudman resonance occurs at x=4.08 km in the lower 
panel of Figure 5a. Long before the forced wave arrives at the 
coast, a negative form of the free wave begins to be reflected 
back to sea and the reflected wave has a positive form due to 
phase change. It can be clearly seen that the forced wave is 
amplified by Proudman resonance. 
 

 

 
(a) U=-10 m/s 

 
(b) U=-35 m/s 

 
(c) U=-60 m/s 

 
Figure 5. Comparison of the wave propagations over h=(1/400)x at each 
moving speed for the pressure disturbance (- -: atmospheric pressure 
disturbance, ―: free surface elevation). 

 
 

For U=-35 m/s, the speed difference between the forced wave 
and the left-moving free wave is not large enough that they 
move together. As the Froude number increases past one, which 
occurs at x=49.97 km and t=1400 s as shown in the upper panel 
of Figure 5b, a sudden change in the wave phase of the sign 
occurs, changing from a positive wave to a negative wave. The 
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wave height of U=-35 m/s is notably larger than that of U=-10 
m/s. The big wave height of U=-35 m/s is mainly produced by 
travelling over a longer distance where the amplification factor 
is larger than unity. It should be noted that the free wave height 
also increases. Both forced and free waves keep growing after 
they pass the location of Proudman resonance Fr =1. 

As shown in Figure 5c, the forced wave for U=-60 m/s is 
negative since Fr >1 at x0. Therefore, the Proudman resonance 
does not occur in this case. Over time, the distance between the 
pressure disturbance and the free wave increases and the wave 
heights diminish. 

In Figure 6, wave run-ups by the pressure disturbance of U=   
-10 and -35 m/s are compared. The wave run-up for U=-60 m/s 
is not presented because the run-up is so small and the 
Proudman resonance does not occur. It can be observed that the 
wave height at U=-35 m/s is larger and the wave length is 
shorter in comparison with those for U=-10 m/s. 

 

 

 
(a) U=-10 m/s 

 
(b) U=-35 m/s 

 
Figure 6. Comparison of the wave run-up using U=-10, -35 m/s (―: 
bottom). 

 
 

In Figure 6a, the maximum run-up of the wave is observed at 
t=10350 s and the wave length is very long. In Figure 6b, the 
wave slope becomes steeper and is close to vertical. Wave 
breaking may happen but is not included in the present model. 
The maximum run-up at t=4200 s is higher than that with U= -
10 m/s. 

Along a section at y=0 m, maximum run-up against Froude 
number at x0 is plotted in Figure 7. When the Froude number is 
0.7, the highest maximum run-up occurs shown in Figure 7. 
Higher than 3.3 m of maximum run-up appears in the results of 
Froude numbers 0.65, 0.70, 0.75.  Amplified waves by 
Proudman resonance affect the maximum run-up, and Proudman 
resonance for these Froude numbers occurs at x=42.25, 49.0, 
56.25 km, respectively. Noting that the initial position x0 is 100 
km, these positions are near midpoint of travelling distance of 
atmospheric pressure. Thus, the waves generated with the 
Froude number 0.65, 0.70, 0.75 are propagating over a longer 
distance where  amplification factor is larger than unity, as 

discussed before. Therefore, higher run-up can be found in these 
waves. 
 

 

 
Figure 7. Comparison of maximum run-up with various Froude number 
at x0. 

 
 

After run-down of the forced wave, rebounding run-up and 
run-down continues for a while, however, the magnitude 
decreases rapidly with time. The wave generated by the 
rebounding at the sloping beach radiates to all directions, which 
produces edge waves propagating essentially in the alongshore 
direction, in opposite directions to each other due to the 
refraction. The mechanism for the generation of edge waves is 
described by Fujima, Dozono, and Shigemura (2000) and Seo 
and Liu (2013, 2014). Fujima, Dozono, and Shigemura (2000) 
used linear shallow water equations for tsunami propagation on 
a uniform sloping bottom generated by an underwater 
earthquake. 

In Figure 8, the propagation of edge waves is presented for 
U=-10 m/s. At t=100 min, as shown in Figure 8a, non-trapped 
waves generated by reflected and refracted free waves are 
shown. After the forced wave is reflected, the refracted wave is 
observed in Figure 8b,c,d. As a result of the refraction, trapped 
edge waves propagating parallel to the coastline and opposite to 
each other are observed in Figure 8d,e. 
 

DISCUSSION 
To suppress unphysical oscillations for nonlinear shallow 

water numerical model, the fifth order WENO scheme is found 
to be effective. When the waves approach the coast, unphysical 
numerical oscillations are produced even though the shock 
capturing scheme is used. Especially, along a section at the 
coastline x=0 m, severe unphysical oscillations are generated 
when the forced wave run-up occurs. In Figure 9, the results of 
each shock capturing scheme are compared. Wave run-up 
profile by WENO scheme is more dependable than that of TVD-
MUSCL scheme, and numerical oscillations of TVD-MUSCL 
scheme can be much reduced if small grid is used. Thus, if a 
nesting method is combined with the shock capturing scheme, 
more accurate numerical solution may be obtained. 
 

CONCLUSIONS 
Numerical experiments are conducted for wave propagation 

by a moving atmospheric pressure disturbance normally 
approaching the coastline. The maximum run-up is compared 
using different moving speeds for the pressure disturbance. The 
longer the distance travelled by the wave over which the 
amplification factor has a high value, the higher the run-up that 
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occurs. After run-down of the forced wave, rebounding run-up 
and run-down continues for a while. Over time, the rebounding 
wave generates edge waves. 
 

 

 
(a)                 (b)                 (c)                (d)                  (e) 

 
Figure 8. Generation of edge waves when the moving speed of an 
atmospheric pressure U=-10 at t=(a) 100 min, (b) 200 min, (c) 260 min, 
(d) 300 min, (e) 440 min (○: atmospheric pressure). 

 
 

 

 
(a) WENO5 

 
(b) TVD-MUSCL with MC limiter 

 
(c) TVD-MUSCL with minmod limiter 

 
Figure 9. Comparison of the free surface elevation in each scheme at 
t=366.7 min along the coastline. 
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