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Abstract  

In many parts, coastal erosion is severe due to human-induced coastal zone development and storm impacts, in addition to 

climate change. In this study, the beach erosion risk was defined, followed by a quantitative assessment of potential beach 10 

erosion risk based on three components associated with the watershed, coastal zone development, and episodic storms. On an 

embayed beach, the background erosion due to development in the watershed affects sediment supply from rivers to the beach, 

while alongshore redistribution of sediment transport caused by construction of a harbor induces shoreline reshaping, for which 

the parabolic type equilibrium bay shape model is adopted. To evaluate beach erosion during storms, the return period 

(frequency) of a storm occurrence was evaluated from long-term beach survey data conducted four times per year. Beach 15 

erosion risk was defined, and assessment was carried out for each component, from which the results were combined to 

construct a combined potential erosion risk curve to be used in the environmental impact assessment. Finally, the proposed 

method was applied to Bongpo-Cheonjin Beach in Gangwon-do, Korea, with the support of a series of aerial photographs 

taken from 1972 to 2017 and beach survey data obtained from the period commencing in 2010. The satisfactory outcomes 

derived from this study are expected to benefit eroding beaches elsewhere. 20 

Key words: Beach erosion risk, Quantitative assessment, Parabolic model, Storm impact, Combined potential erosion risk 

curve. 

1 Introduction 

In recent years, erosion of sandy beaches has worsened in many countries due to development in the watershed and coastal 

zones, construction of artificial structures, storm impact, and climate change. Among these factors, the scale of coastal zone 25 

development has threatened beach safety due to (1) reduction of upstream sediment supply, (2) changes in nearshore wave 

fields following the installation of harbor structures, (3) inappropriate large-scale reclamation without preventive measures, 

and (4) decrease in beach width due to forest plantation and construction of roads and infrastructure. 

Coastal erosion is often accompanied by environmental and social problems. In many developed countries, including Korea, 

coastal environments have deteriorated, and the beaches have narrowed due to urbanization. However, because it is difficult 30 
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to accurately quantify the cause of erosion and logically infer the mechanism, it does not fundamentally alleviate the motive, 

but rather protects the eroding coast, causing further problems or wasting public investments. Therefore, it is imperative to 

evaluate the existing regulations for beach erosion control and guidelines for coastal development, as well as to incorporate 

environmental impact assessment into a comprehensive licensing system. To achieve these goals, an appropriate method is 

required to assess the risk of beach erosion and determine the most effective strategy. 35 

In general, beach erosion may be caused by a decrease in sediment supply to a beach, shoreline reshaping within a littoral cell 

due to the construction of large structures, and by bar formation during storms. Because sedimentation problems on a sandy 

coast are multi-scale spatiotemporal processes associated with different mechanisms and the shoreline planform is constantly 

evolving (Stive et al., 2002, 2009; Miller and Dean, 2004), it is not only difficult to find publications that include all these 

mechanisms, but it is also difficult to discover good cases where the cause of erosion is identified at various time and space 40 

scales. However, Toimil et al. (2017) simplified the shoreline migration by disassociating long-shore processes (e.g., 

Zacharioudaki and Reeve, 2011; Casas Prat and Sierra, 2012), which are mostly responsible for long-term changes, from those 

induced in the cross-shore direction (e.g., Callaghan et al., 2008; Wainwright et al., 2015), which tend to produce changes in 

the short-term and over seasonal time scales. In addition, Ballesteros et al. (2018) have classified the main factors inducing 

coastal erosion into three components: long-term (associated with a timescale of several decades), medium-term (associated 45 

with a timescale from years to few decades), and episodic terms (associated with a timescale from days to months), on the 

basis of different processes acting at different timescales.  

A beach can retain stability when the sediment budget is balanced within a closed littoral cell, such as in an embayed beach. 

Therefore, it is essential to analyze sediment transport in both alongshore and cross-shore directions (e.g., Inman and Jenkins, 

1984; Bray et al., 1995). When the amount of sediment enters or leaves littoral cell changes, a new equilibrium volume of 50 

sediment is established within the cell accordingly (Dolan et al., 1987; Kana and Stevens, 1992; Pethick, 1996; Cooper, 1997; 

Cooper and Pethick, 2005). On the other hand, the amount of sediment supplied from a river and then lost into the open sea 

due to continuous wave action should also be regarded as the main component in the sediment budget. For example, a decrease 

in sediment discharge due to the construction of dams (Foley et al., 2017; Warrick et al., 2019) or an increase in sediment loss 

due to sand mining (Edward et al., 2006) has caused gradual shoreline retreat. In addition, Lee and Lee (2020) recently 55 

proposed an equation to calculate the beach width according to the law of mass conservation by placing variables to represent 

the main factors in the sediment budget. 

It is well known that wave diffraction and changes in longshore sediment transport direction occur downdrift of a harbor where 

shoreline reshaping begins, resulting in updrift accretion and downdrift erosion. Numerous observations and studies have been 

conducted to assess and predict the longshore sediment transport rate in a wave-sediment environment (Komar and Inman, 60 

1970; CERC, 1984; Kamphuis, 2002; Bayram et al., 2007). Empirical models have been used to estimate the equilibrium 

shoreline in areas affected by harbor breakwaters. Among them, the parabolic bay shape equation (PBSE; Hsu and Evans, 

1989) for headland-bay beaches in static equilibrium has been recognized for its practicality in many countries and has been 

used for coastal management (USACE, 2002; Herrington et al., 2007; Bowman et al., 2009; González et al., 2010; Silveira et 
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al., 2010; Yu and Chen, 2011; Anh et al., 2015; Thomas et al., 2016; Ab Razak et al., 2018a & 2018b). Recently, Lim et al. 65 

(2021) extended the parabolic model (Hsu and Evans, 1989) to concave beaches in polar coordinates and proved the versatility 

of this model for embayed beaches.  

Lastly, cross-shore sediment transport causes morphological changes in the beach profile due to storm waves, resulting in 

shoreline retreat. Many studies have been conducted to interpret geomorphological phenomena (Swart, 1974; Wang et al., 

1975; Wright et al., 1985; Miler and Dean, 2004; Yates et al., 2009; Montaño et al., 2020). Recently, Kim (2021) proposed a 70 

method to estimate the erosion width based on the frequency of high waves using statistical analysis of GPS shoreline 

observation data collected seasonally for more than 10 years. He also devised the concept of horizontal movement of suspended 

sediments and applied a wave scenario model to analyze the response relationship between the convergent MSL of Yates et al. 

(2009). 

The aim of this study is to propose a combined potential erosion risk curve (CPERC) for a beach from accumulating the 75 

potential risk of three different erosion components (Section 3), using a minimum set of field data (e.g., aerial photographs 

and shoreline survey data). The methodology is then applied to Bongpo-Cheonjin Beach in Korea as part of the environmental 

impact assessment for planning coastal protection measures.  

This paper starts with a general introduction in Section 1, followed by the definition of potential erosion risk and the concept 

of combined potential erosion risk curve (CPERC) in Section 2. Section 3 explains the methods for assessing three different 80 

erosion factors: (1) sediment input from the watershed, (2) construction of harbor breakwater, and (3) storm impact. The 

methodology is then applied to the Bongpo-Cheonjin Beach in Korea, a shallow embayment with a high risk of erosion, 

supported by aerial photographs taken between 1972 and 2017, 37 sets of seasonal shoreline survey data collected during 

2008–2017, and NOAA’s wave data, shown in tables and graphs in Section 4. Discussions are then presented in Section 5 to 

improve the accuracy when applying the method proposed in this study to a different coastal environment. Finally, concluding 85 

remarks are presented in Section 6. It is expected that this quantitative method for the assessment of beach erosion risk will 

benefit eroding beaches elsewhere in both developing and developed countries. 

2. Beach Erosion Risk 

Recently, research on coastal impacts caused by extreme events, such as hurricanes, has increased in several countries 

including the United States and Europe (e.g., Beven II et al., 2008; Kunz et al., 2013; Van Verseveld et al., 2015; Spencer et 90 

al., 2015). Among these, Ballesteros et al. (2018) proposed a methodology, framed within the Source–Pathway–Receptor–

Consequence model (SPRC), which enables the identification of the main factors inducing coastal erosion at different 

timescales and their associated impact on the beaches on the Mediterranean coast. Toimil et al. (2017) conducted a probabilistic 

estimate of shoreline retreat to quantify the risk consequences due to climate change on a regional scale. Sanuy et al. (2018) 

also established an erosion risk assessment method based on a Bayesian network and obtained a method to reduce erosion by 95 

applying it to beaches in the Mediterranean. In addition, many studies have been conducted to evaluate coastal risks by 
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analyzing and predicting various physical phenomena and effects using numerical models (e.g., Roelvink et al., 2009; McCall 

et al., 2010; Harley et al., 2011; Roelvink and Reniers, 2012). 

However, most risk assessment methods are not only focused on extreme events but also require numerous data and techniques. 

Therefore, it may be impractical for coastal managers to apply these methods to field conditions for coastal erosion 100 

management. In this study, we present a method to assess the potential erosion risk induced by the combined action of processes 

acting at different time scales and with minimal basic survey data.  

2.1 Definition of beach erosion risk 

Many different definitions of risk have been proposed (Knight, 1921; Rasmussen et. al., 1975; Kaplan and Garrick, 1981; 

Hansson, 2007; Hubbard, 2009). In technical contexts, the word “risk” has several specialized uses and meanings. Among 105 

them, risk is defined as the expected loss of the event, implying the product of the probability of an event and the loss of the 

event itself. It is the standard technical meaning of the term “risk” in many disciplines, and it is also regarded by some risk 

analysts as the only correct usage of the term (Hansson, 2007). In the same context, risk is usually assessed by the time-

averaged amount of damage, and its evaluation is possible through time domain, frequency domain, and probability domain 

analysis. In the frequency domain, potential risk 𝑅 is defined as the product of consequence (i.e., factor or mechanism) 𝐶 and 110 

frequency 𝐹 such that,  

𝑅 = 𝐶𝐹             (1) 

In this study, R is the beach area likely to be damaged by erosion due to development in the watershed, on land, and in coastal 

waters. The frequency, 𝐹, in Eq. (1) corresponds to the frequency of erosion risk from the equilibrium shoreline to the landward 

erosion limit. Where several erosion causes (factors) exist, the total erosion risk is taken as the sum of the risk from each 115 

contributing factor.  

2.2 Potential beach erosion risk 

The consequence(s), 𝐶  in Eq. (1) was obtained by analyzing all the factors affecting the eroded beach surface area. As 

mentioned in the introduction, coastal erosion is caused by an imbalance in the sediment budget, construction of harbor 

breakwaters, and storm impacts on the shore. As such, the physical process that causes erosion is characteristically subdivided, 120 

so the erosion consequence 𝐶 is calculated from the sum of the independently assessed beach erosion area defined as the 

potential erosion area (PEA) and the potential erosion width (PEW). The former consists of the beach surface area reduced 

by (1) background erosion due to reduction in sediment input from the river called potential background erosion area (PBEA, 

𝐴𝑏), (2) alongshore shoreline reshaping due to harbor construction called potential reshaping erosion area (PREA, 𝐴𝑟), and 

(3) retreat by episodic storm impact called potential episodic erosion area (PEEA, 𝐴𝑒). The latter contains three components: 125 

the potential background erosion width (PBEW, 𝑊𝑏 ), potential reshaping erosion width (PREW, 𝑊𝑟 ), and the potential 

episodic erosion width (PEEW, 𝑊𝑒), which are obtained by dividing each PEA component by the effective beach length. In 
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the above, the width of erosion risk is measured shoreward with respect to the equilibrium original shore line (EOSL), which 

can be obtained by determining a long-term average value prior to erosion due to coastal zone development. 

Because the sediment budget is expressed in volumetric units, information on the vertical dimension of active beaches, defined 130 

as the sum of closure depth and berm height, is required to convert to the area unit of the beach surface. When a change in the 

total surface area of a beach in the littoral cell occurs, it is necessary to assess the PBEA and PREA to ascertain whether it is 

due to development in a watershed or coastal zone. If there is no change in the total beach surface area within a littoral cell, 

but the equilibrium shoreline is reshaped and irreversible erosion occurs, assessment of PREA is required. Finally, an 

assessment of the PEEA corresponding to recoverable episodic erosion is required. For the first two erosion factors, the concept 135 

of frequency is not required because beach erosion is irrecoverable, but for the third factor, the return frequency (period) of 

storm occurrence should be considered because wave heights and periods vary with the strength of the storm.  

Each component in the PEA is a term that has units of area and is defined as the potential beach erosion area. Similarly, this 

definition gives the erosion width for all the three component factors as follows: 

𝑊𝑏 =
𝐴𝑏

𝐿𝑏
 , 𝑊𝑟 =

𝐴𝑟

𝐿𝑟
 ,    and 𝑊𝑒 =

𝐴𝑒

𝐿𝑒
         (2) 140 

where 𝐴𝑏, 𝐴𝑟, 𝐴𝑒 , 𝑊𝑏, 𝑊𝑟 and 𝑊𝑒 correspond to PBEA, PREA, PEEA, PBEW, PREW, and PEEW, respectively, as defined 

above, and 𝐿𝑏, 𝐿𝑟 and 𝐿𝑒 are the effective beach lengths for PBEA, PREA, and PEEA, respectively. The PBEA can be assumed 

to have a uniform effect along the coast; for convenience, it is assumed that the same erosion occurs along a coast due to storm 

impact, so 𝐿𝑏  and 𝐿𝑒  are equal to the length of beach L. However, erosion due to shoreline reshaping occurs only in the 

erosion/accretion zone, so it is less than the beach length L.  145 

2.3 Combined potential erosion risk curve (CPER) 

Prior to delimiting the landward boundary of an ideal combined potential erosion risk for a sandy beach, which is the sum of 

all potential erosion widths from the contributing components, the existing beach status must be clarified. For example, a beach 

may include a wide buffer zone in which no damage occurs, such as the back beach and dunes that will only be damaged by a 

storm for a specific number of years, and the beach profile can recover after storm wanes. Conversely, if the extent of erosion 150 

is too large, the existing property and infrastructure may be damaged. The extent of the current beach width and the area on 

which protection is required must be thoroughly investigated.  

For practical applications, a combined potential erosion risk curve (CPERC) can be constructed by plotting the consequence 

C (e.g., combined potential erosion risk area) versus the combined potential erosion width, with respect to the shoreward 

distance from the average shoreline (i.e., EOSL). By expressing the EOSL in polar coordinates, and if the circle that best fits 155 

the current average shoreline is obtained, the center of the circle O can be determined. As shown in Fig. 1, the average shoreline 

is located at Ro from the reference pole, and the beach landward limit (red dashed line in Fig. 1) is located at 𝑅𝑒𝑐 from the 

origin, and each angle α has different values depending on its boundary configuration. Therefore, if Ro and Rec are determined 
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for each angle 𝛼, a combined potential erosion risk curve (CPERC) is obtained using an appropriate equation according to the 

shoreward distance 𝑟 from the EOSL: 160 

𝐶(𝑟) = ∫ 𝛿(𝛼)[(𝑅𝑜(𝛼) + 𝑟) − 𝑅𝑒𝑐(𝛼)]𝑑𝛼
𝛼=𝛼𝑒

𝛼=0
        (3) 

where  

𝛿(𝛼) = 1  for 𝑅𝑜(𝛼) + 𝑟 > 𝑅𝑒𝑐(𝛼)         (4a) 

𝛿(𝛼) = 0  for 𝑅𝑜(𝛼) + 𝑟 < 𝑅𝑒𝑐(𝛼)         (4b) 

If the shoreline is not well fitted into a circle, as in the example in Fig. 1, after finding the curve that best fits the shoreline, it 165 

is appropriate to set the fitting curve as EOSL and 𝑟 in the direction perpendicular to the shoreline. 

 

Figure 1: Conceptual diagram of combined potential erosion risk (CPER) curve ©  Google Earth. 

Next, the total beach erosion width, 𝑊𝑡, is calculated from the sum of all PEWs obtained from the method described above, 

such that 170 

𝑊𝑡 = 𝑊𝑏 + 𝑊𝑟 + 𝑊𝑒            (5) 

The right-hand side of Eq. (5) includes the effects of (1) background erosion resulting from a decrease in sediment budget due 

to watershed development, sand dredging, or extraction, (2) alongshore sediment redistribution and shoreline reshaping due to 

harbor construction, and (3) short-term erosion due to episodic storms. Because the beach recovers after a storm waves, the 

recoverable episodic erosion (𝑊𝑒) will have different values depending on its recurrent interval. When 𝑊𝑡 is calculated, as 175 
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shown in Fig. 2, the overall erosion consequence, 𝐶𝑡 , can be obtained from a combined potential erosion risk curve (CPERC), 

which represents the accumulated area likely to be damaged from the EOSL. 

 

Figure 2: Combined potential erosion risk curve (CPERC) constructed from three components of potential erosion width and 

area. 180 

The abscissa 𝑟 in Fig. 2 represents the shoreward distance from the average shoreline (EOSL). If the combined potential 

shoreline retreat, 𝑊𝑡, in Eq. (5) is substituted by 𝑟, the CPERC can also represent an area corresponding to consequence 𝐶 in 

Eq. (1). To calculate the CPERC area, the frequency related to the background PBEA and PREA can be regarded as one per 

year (𝐹𝑏𝑟 = 1/𝑦𝑟), whereas that for the PEEA (𝐹𝑒) depends on the frequency of storm occurrence. Therefore, the combined 

risk 𝑅 in Eq. (1) can be expressed as: 185 

𝑅 = 𝐶𝑏𝑟𝐹𝑏𝑟 + 𝐶𝑒𝐹𝑒           (6) 

where 𝐶𝑏𝑟 = 𝐶(𝑊𝑏 + 𝑊𝑟) and 𝐶𝑒 = 𝐶(𝑊𝑡) − 𝐶𝑏𝑟 , as illustrated graphically in Fig. 2. 

3. Assessment of Potential Erosion Area (PEA) 

3.1 Background erosion from watershed and river (PBEA) 

The PBEA (𝐴𝑏) accounts for beach erosion caused by a decrease in sediment supply from the river. For a sandy beach within 190 

a littoral cell (Lee and Lee, 2020), the law of mass conservation gives 
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𝑑𝑉

𝑑𝑡
= 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡             (7) 

where 𝑄𝑖𝑛 is the ratio of sediment discharge mainly flowing into the littoral cell from a point source such as a river, and 𝑄𝑜𝑢𝑡  

is the rate of sediment loss that is steadily lost to the open sea mostly due to the action of waves. However, 𝑄𝑜𝑢𝑡  includes the 

rate of sand loss due to artificial offshore sand extraction such as sand mining or dredging. In a natural state without artificial 195 

coastal zone development, the representative 𝑄𝑖𝑛 is the sediment discharge rate from the river, and is balanced with the loss of 

sand to the open sea due to the continuous wave action. The latter can be expressed as the product of the sediment loss constant 

K and the beach sediment volume V (Lee and Lee, 2020). 

If the difference between the point source and the sink sediment discharge in the sediment budget, excluding the sand loss to 

the open sea due to wave action, is defined as ∆𝑄𝑝, the following equation is obtained. 200 

𝑑𝑉

𝑑𝑡
= ∆𝑄𝑝 − 𝐾𝑉             (8) 

When the amount of sediment in a littoral cell is in equilibrium, the sediment loss constant K can be estimated as ∆𝑄𝑝/𝑉. Here, 

volume 𝑉 in the active beach can be approximated as the product of the vertical height of the littoral zone 𝐷𝑠 and beach surface 

area 𝐴. Assuming 𝐷𝑠, the sum of berm height and closure depth, is constant along a beach, Eq. (8) becomes 

𝑑𝐴

𝑑𝑡
=

1

𝐷𝑠
∆𝑄𝑝 − 𝐾𝐴           (9) 205 

Many studies have been performed to determine the berm height and closure depth, D (Rosati, 2005; Cappucci et al., 2011; 

Cappucci et al., 2020; Pranzini et al., 2020). Although closure depth varies with wave climate and sediment particle size 

(Hallermeier, 1981), judging from the observed beach profile data, its value has been shown to remain reasonably constant 

over several decades. 

Because the purpose of this study was to obtain the PBEA, Eq. (9) gives the beach surface area A for a steady state (dA/dt = 210 

0) as 

𝐴 =
∆𝑄𝑝

𝐾𝐷𝑠
             (10) 

where K and 𝐷𝑠  are coefficients representing the characteristics of a beach. Therefore, if ∆𝑄𝑝  changes within a coastal 

environment where K and 𝐷𝑠 are constant, the beach surface area will change accordingly. When ∆𝑄𝑝 before coastal zone 

development is set as ∆𝑄𝑝
𝑜, and if ∆𝑄𝑝 is reduced by 𝛼 ∆𝑄𝑝

𝑜, then PBEA (𝐴𝑏) can be expressed as a function of 𝛼 as 215 

𝐴𝑏 =
𝛼

𝐾𝐷𝑠
∆𝑄𝑝

𝑜 = 𝛼𝐴𝑜           (11) 

Here, the superscript ‘o’ corresponds to the beach area before development. Once 𝛼 is obtained, PBEA can be calculated as 

described above. However, because of the difficulty in directly determining the 𝛼 value, additional information is required, 
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such as any changes in land use, forestation, water storage capacity stored by dams, and river maintenance projects in the 

watershed (Yang, 1974; Karim and Kennedy, 1990; Wu and Xu, 2006; Slagel and Griggs, 2008; Gunawan et al., 2018).  220 

Assuming 𝐴𝑏 is uniformly distributed over the entire embayment with a curved length 𝐿𝑏, then the PBEW (𝑊𝑏) =  𝐴𝑏/𝐿𝑏 , as 

shown in Fig. 3. 

 

Figure 3: Conceptual diagram for the PBEA caused by sediment reduction from river. 

3.2 Reshaping of shoreline due to harbor breakwater (PREA) 225 

Harbor construction on sandy coasts often changes the wave field, generating new wave diffraction and nearshore current 

patterns. It also causes ‘shoreline reshaping’, with downdrift erosion accompanied by updrift accretion. Although the amount 

of sediment may be maintained within a cell, the erosion risk area (called PREA) induced by the redistribution of littoral drift 

can be assessed by an empirical parabolic shoreline model of parabolic type (i.e., PBSE; Hsu and Evans, 1989). This model 

can be readily applied to predict the static bay shape on a downdrift beach with the breakwater tip as a control point. This 230 

equation (in polar coordinates) can be used to define two adjoining regions with a common tangent at the downdrift control 

point E (Fig. 4):  

𝑅(𝜃) =
𝑎

𝑠𝑖𝑛 𝛽
[𝐶0 + 𝐶1(

𝛽

𝜃
) + 𝐶2(

𝛽

𝜃
)2]  for 𝜃 ≥ 𝛽       (12a) 

𝑅(𝜃) =
𝑎

𝑠𝑖𝑛 𝛽
    for 𝜃 ≤ 𝛽       (12b) 

where  𝑅0 is the length of the control line (FE) joining the parabolic focus (F; wave diffraction point) and the downdrift control 235 

point E, 𝑅(𝜃) is the radius from the focus to a point Q on the equilibrium shoreline, 𝑎 is the perpendicular distance from the 

wave crest baseline to point E, 𝛽 is the angle between the wave crest baseline and the line joining the focus and the control 
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point, 𝜃 is the angle between the wave crest baseline and the line connecting F and Q; and 𝐶0, 𝐶1 and 𝐶2 are the coefficients 

provided by Hsu and Evans (1989). An approximate expression for the PBSE is given by  

𝑅(𝜃) ≅
𝛽

𝑠𝑖𝑛 𝛽

𝑎

𝜃
            (13) 240 

 

Figure 4: Sketch of parabolic bay shape equation and relevant geometric parameters. 

Recently, Lim et al. (2021) extended the applicability of the PBSE with polar coordinates to concave coasts. In the present 

case, the actual equilibrium shoreline can be estimated by shifting the downdrift segment of the predicted bay shape landward, 

parallel to the existing shoreline, and equating the accreted area 𝐴𝑟
+ with the eroded area 𝐴𝑟

−, as shown in Fig. 5. The accreted 245 

area, which is the PREA, can also be derived from Eq. (13) and rendering,  

𝐴𝑟

𝑎2 =
1

2
[cot 𝛽′ + cot 𝛽] +

1

2
(

𝛽

𝑠𝑖𝑛 𝛽
)

2

(
1

𝜋−𝛽′ −
1

𝛽
)         (14) 

In Eq. (14) and Fig. 5, 𝛽′ is the angle between the focus point (i.e., the breakwater tip) and the secondary breakwater. For 

application, Eq. (14) can be approximated as: 

𝐴𝑟 ≅ 𝑎2 (
28.8

𝛽′ − 0.004𝛽)  (𝛽, 𝛽′ units: degrees)         (15) 250 

Then, PREW 𝑊𝑟 can be calculated by dividing the accretion area 𝐴𝑟 by 𝐿𝑟, which is the length from the focus point to the 

farthest point on the downdrift beach or the shoreline length in the erosion section (Fig. 5). 
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Figure 5: PREA caused by shoreline reshaping due to harbor construction. 

3.3 Episodic storm caused beach erosion (PEEA)  255 

The PEEA is defined as a beach surface that is temporarily eroded by storms. However, it is also characterized by a gradual 

return of the beach profile to the original shoreline after storm wanes. Fig. 6 shows the variation in the mean beach profile 

with a near constant depth of closure at Bongpo-Cheonjin Beach. This reveals that the statistical distribution of shoreline 

survey data collected four times each year follows a normal distribution. Although these surveys are intended to present 

seasonal changes in shoreline variability, they are unlikely to reflect short-term changes during storm; it is confirmed that a 260 

series of survey data is sufficient for including storm effect if the sampling data of more than 8 years are multiplied by a 

weighting factor of 1.5 to the result of probability analysis comparing with the extreme analysis at Tairua Beach in New 

Zealand (Montaño et al, 2020). 
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Figure 6: Variation of beach profile and shoreline position and its probability distribution (inset) at a beach in Korea. 265 

When the observed shoreline data follow a normal distribution, it can be applied to assess the maximum probable erosion 

occurring once in 𝑛 years with a probability of 
1

4𝑛
 in a cumulative normal distribution curve, from which the frequency F for 

a shoreline variable 𝑥𝐹  can be estimated by  

𝐹(𝑥𝐹) = 1 −
1

2
[1 + 𝑒𝑟𝑓 (

𝑥𝐹

√2
)])          (16) 

From Eq. (16), the shoreline position due to episodic erosion 𝑆𝑒 is then calculated for a shoreline variation width 𝑥𝐹  by 270 

𝑆𝑒 = 𝜇 − 𝜎𝑥𝐹             (17) 

where 𝜇 is the mean position of the shoreline, and 𝜎 is the standard deviation of the shoreline variation width obtained from 

the data distribution curve. The PEEW with a certain return period can then be estimated statistically from the shoreline 

observation data, such that 

𝑊𝑒 = 𝜎𝑥𝐹             (18) 275 

where the frequency 𝐹(𝑥𝐹) corresponds to the frequency 𝐹𝑒 in the potential erosion risk given in Eq. (6). However, since the 

shoreline was observed four times a year, it was approximated by multiplying by 1.5 to convert it into a daily statistical value 

of the variation for 30-year return period (e.g., 𝑥1/30 𝑦𝑟 = 1.5 × 2.4 = 3.6). 

Finally, PEEA (𝐴𝑒) is obtained by multiplying PEEW (𝑊𝑒) by its effective shoreline length 𝐿𝑒. The proposed method cannot 

be applied because there is no shoreline survey data, or the amount of data is insufficient for statistical analysis. The PEEW 280 
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can be estimated using an equilibrium beach profile (Dean, 1977) from storm wave and sediment particle size data (Kim and 

Lee, 2018).  

4. Case Study at Bongpo-Cheonjin Beach 

4.1 Site description 

The quantitative assessment proposed in the present study was applied to Bongpo-Cheonjin Beach (38°15’N, 128°33’E), in 285 

the northeast of Gangwon-do (province), South Korea, where the small Cheonjin Harbor is located to the north and the large 

Bongpo Harbor to its south (Fig. 7). The beach is of a crenulated shape, approximately 1.1 km long, and is a closed littoral cell 

due to the existence of the breakwater (completed in November 2010) for Cheonjin Harbor at updrift and a group of natural 

rocks nearshore in the downdrift region. Because beach erosion often occurs due to increased swell and larger waves in winter, 

three segmented submerged breakwaters totaling 490 m in length (installed between November 2017 and November 2019) 290 

and one groin of 40 m (completed in July 2018) extended out from the rocks, eventually transforming the beach into a stable 

embayment (Fig. 7). 

The application of the software MeePaSoL (Lee, 2015) developed for the PBSE (Hsu and Evans, 1989) revealed that Bongpo-

Cheonjin Beach is currently close to static equilibrium (using focus points B and C for the updrift and downdrift half of the 

beach shown in the yellow curve, respectively; Fig. 7). 295 

In the geomorphic term, Bongpo-Cheonjin Beach has received predominant waves from approximately N47°E direction 

(drawn by software MeePaSoL), whereas the prevailing wave direction in spring and summer is from N50°E and in autumn 

and winter from N30°E in the open sea. Therefore, longshore sediment transport prevails from north to south in autumn and 

winter, especially during periods of high wave action in winter, which has caused severe beach erosion. 

 300 

Figure 7: Aerial photograph of Bongpo-Cheonjin Beach in February 2021, showing harbors, river, shore protection structures and 

static bay shapes produced by software MeePaSoL ©  Google Earth. 
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4.2 PBEA due to development in watershed 

The Cheonjin River watershed, which contains three rivers and covers an area of 69.51 km2 is linked to the littoral cell at 

Bongpo-Cheonjin Beach. Although a series of developments in the watershed (e.g., construction of several small weirs, change 305 

in forest environment, and river maintenance projects) have had the potential to reduce the sediment input to the beach, its 

impact on the background PBEA and PBEW was found to be minimal, upon analyzing a series of 10 aerial photographs of 

Bongpo-Cheonjin Beach (Fig. 8) spanning over 45 years from 1972 to 2017 (i.e., July 1972, November 1979, October 1991, 

June 1997, May 2005, November 2010, May 2011, September 2013, November 2015, and July 2017). The values of shoreline 

position, beach width, and beach area were extracted from three key locations (A, B, and C marked on each sub-panel in Fig. 310 

8) and tabulated in Table 1. In addition, 37 sets of seasonal shoreline survey data collected during 2008–2017 and NOAA’s 

wave data were also utilized, and the results are presented graphically in Fig. 9. 

 

Figure 8: Aerial photographs of Bongpo-Cheonjin Beach by year: (a) 07/1972 (b) 11/1979, (c) 10/1991, (d) 06/1997, (e) 05/2005, (f) 

11/2010, (g) 05/2011, (h) 09/2013, (i) 11/2015, and (j) 07/2017 on image courtesy of National Geographic Information Institute (MOF, 315 
2018). 

Table 1: Variations in beach area at three key locations of Bongpo-Cheonjin Beach marked on Fig. 8 (MOF, 2018). 

MM/YYYY 
Months from 

previous date 

Total months from 

07/1972 
Updrift A (m2) Middle B (m2) Downdrift C (m2) 

07/1972 1 1 3,266 12,943 5,059 

11/1979 89 90 9,699 15,262 6,835 

10/1991 143 233 10,986 14,892 5,648 

06/1997 68 301 8,969 13,660 6,681 

05/2005 95 396 12,279 14,383 4,653 

11/2010 66 462 14,194 15,268 5,041 

05/2011 7 469 14,980 15,444 4,721 

09/2013 28 497 14,416 13,631 5,443 

11/2015 26 523 15,144 15,591 5,864 

07/2017 20 543 13,669 9,317 3,898 
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Figure 9: Variations of beach area and width for Bongpo-Cheonjin Beach using aerial photographs. 

From each aerial photograph, the average beach width was obtained by dividing the beach area by the shoreline length at the 320 

time of photographing. Therefore, depending on the incident wave conditions at that time, it may not be able to reflect the 

effect of shoreline retreat caused by cross-shore sediment transport. Nonetheless, statistical analysis indicates that the erosion 

width occurring at a frequency of one year is approximately 16.3 m at the Bongpo-Cheonjin Beach.  

As shown in Fig. 9, that since 1979.11 (November), total beach area at Bongpo-Cheonjin has remained around 31,800 m2, 

about the average of 31,821 m2, or higher after 2005.05, except between 1991.11 and 2005.05, whereas beach width has 325 

maintained about 28 m or more, except in 1997.06 when it was reduced to 26.6 m. Although small submerged weirs were built 

along Cheonjin River, its effect on the background sediment budget 𝐴𝑏 is minimal, due to the small storage capacity of the 

weirs. And since the estuary of the Cheonjin River is located outside the Bongpo-Cheonjin Beach, it is not expected to 

significantly influence on PBEW depending on the potential bypass of sediment from the beach at the north. Therefore, 

considering the net effect of all agents, at the decadal scale, the Bongpo-Cheonjin Beach can be considered (more or less) as 330 

in equilibrium. Hence, the PBEW 𝑊𝑏 may be ignored in this study. 

4.3 PREA due to the construction of harbor breakwater 

As shown in Fig. 9, the averaged beach width of the Bongpo-Cheonjin Beach appears to have remained at approximately 30 

m for a long time after mid 2008 (by linear interpolation between May 2005 and November 2010), in spite of the regional 

shoreline advancing to form a static bay-shape after the construction of the Cheonjin Harbor breakwater. During this period, 335 

shoreline reshaping resulted in sediment deposition in the vicinity of the breakwater (at updrift A) and accompanying erosion 

(at downdrift C) of the beach, as shown in Table 1. 
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The PREA can be approximated by the bay-shaped shoreline feature across the entire Bongpo-Cheonjin Beach (Fig. 10). First, 

the equivalent wave obliquity (𝛽) from the tip of the harbor breakwater can be approximated from the geometry of indentation 

(𝑎) in relation to the beach length (𝐿𝑟): 340 

𝛽 = tan−1(
𝑎

𝐿𝑟
) = tan−1(

150

850
) = 9.68°         (19) 

PREA 𝐴𝑟 is then obtained by substituting the calculated 𝛽 with 𝛽′, as indicated in Fig. 5 and Eq. (15), 

𝐴𝑟

𝑎2 ≅
28.8

𝛽′ − 0.004𝛽 =
28.8

42
− 0.004 × 9.68 = 0.647  (𝛽 and 𝛽′ units: degrees)    (20) 

For a = 150 m (Fig. 10), Eq. (20) gives 𝐴𝑟 = 14,560 m2. The relationship between 𝛽 and 𝛽′ in Eq. (15) can be plotted (Fig. 11) 

to obtain the dimensionless PREA ( 
𝐴𝑟

𝑎2) with values from 0 to 10. Alternatively, the value for 𝐴𝑟/𝑎2 can be obtained graphically, 345 

as shown in Fig. 11. By equating 𝐴𝑟
+ with 𝐴𝑟

− (Fig. 10), the beach erosion width 𝑊𝑟 was estimated to be 17 m by inputting the 

beach length from the breakwater (𝐿𝑟 = 850 m) into Eq. (2).  

 

 

Figure 10: Calculation of PREA at Bongpo-Cheonjin Beach on image courtesy of National Geographic Information Institute (MOF, 350 
2020). 
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Figure 11: Diagram for determining dimensionless PREA (

𝑨𝒓

𝒂𝟐) ranging from 0 to 10 in Eq. (15). 

4.4 PEEA due to episodic storm 

Routine shoreline surveys have been conducted at least four times per annum for beaches in Gangwon-do, South Korea, since 355 

the 2000s. More specifically, a total of 37 sets of seasonal data were collected over 10 years from 2008 to 2017 for the Bongpo-

Cheonjin Beach. These data were plotted and fitted by a normal distribution (Fig. 12) to show local shoreline changes with a 

standard deviation of σ = 5.5 m. Fig. 12 also compares the alongshore distribution of the mean shoreline and eroded shoreline 

of the 30-year return period from statistical analyses (𝑥𝐹  =3.59). The beach width due to the PEEW is evaluated as the value 

with the range from from 5.57 m to 23.16 m (1 yr ≤ Fe ≤ 100 yrs).  360 

 

Figure 12: PEEA at Bongpo-Cheonjin Beach, showing standard deviation 𝝈 and mean encroachment 𝝈𝒙𝑭  with 30-year return 

period (within inset) on image courtesy of National Geographic Information Institute (MOF, 2020). 
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4.5 CPER curve for Bongpo-Cheonjin Beach 

The potential erosion risk to a beach can be obtained by accumulating all the erosion risk widths from each contributing factor, 365 

resulting in a CPERC (Section 2.3 and Fig. 2). In Fig. 13, the CPERC accounts for the erosion risk distance from the EOSL. 

At Bongpo-Cheonjin Beach, the PBEW 𝑊𝑏 and PREW 𝑊𝑟 are estimated to be 0 m and 17 m, respectively, thus representing 

the sum of the first two individual components 𝑊𝑏 + 𝑊𝑟 = 17 m. Furthermore, by calculating the combined erosion risk width 

𝑊𝑡 (Eq. 5) at 5 m intervals, up to 50 m, the corresponding values for consequence 𝐶𝑡 are tabulated as in Table 2.  

Because PEEW 𝑊𝑒  is a function of the return period (frequency) of storm occurrence, the total shoreline retreat (𝑊𝑡 ), 370 

consequence (𝐶𝑡), and erosion risk (𝑅; Eqs. 1 and 6) are calculated for several specific return periods (in years) of storms, as 

shown in Table 3. In addition, Fig. 13 illustrates the consequence 𝐶𝑡 per return period 𝑇𝑟 (1/𝐹𝑒), which is obtained using the 

CPERC, while Fig. 14 shows the variation of consequence and the combined potential erosion risk with respect to the storm 

return period at Bongpo-Cheonjin Beach. 

Table 2: Relationship between combined shoreline retreat 𝑾𝒕 and consequence 𝑪𝒕 for Bongpo-Cheonjin Beach. 375 

𝑟 = 𝑊𝑡   (m) 5 10 15 20 25 30 35 40 45 50 

𝐶𝑡  (m2) 0 0 0 0 181 1,545 3,997 6,951 10,299 13,989 

 

Table 3: Potential erosion risk per return period 𝑻𝒓 for Bongpo-Cheonjin Beach using CPERC. 

Return period 𝑇𝑟 (yr) Shoreline retreat 𝑊𝑡 (𝑊𝑒) (m) Consequence 𝐶𝑡 (m2) Potential risk 𝑅 (m2) 

1 22.57 (5.57) 20.9 20.9 

2 26.49 (9.49) 446.9 223.5 

5 30.57 (13.57) 1787.7 357.5 

10 33.17 (16.17) 3034.0 303.4 

20 35.49 (18.49) 4263.5 213.2 

30 36.75 (19.75) 4969.4 165.6 

50 38.25 (21.25) 5861.5 117.2 

70 39.19 (22.19) 6440.7 92.0 

100 40.16 (23.16) 7052.6 70.5 
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Figure 13: Estimation of combined potential erosion risk using the CPERC for Bongpo-Cheonjin Beach. 

 380 

Figure 14: Consequence 𝑪 and potential risk 𝑹 with respect to 𝑻𝒓 at Bongpo-Cheonjin Beach. 

Overall, from the analysis of potential beach erosion area and width for the three key factors at Bongpo-Cheonjin Beach, the 

PBEW may be considered insignificant; hence, Wb ≈ 0, while PREW (Wr) is estimated to be 17 m following a 40-m extension 
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to the breakwater for Cheonjin Harbor. In addition, the PEEW (We) value is estimated to be between 5.57 m and 19.75 m for 

the storm return period (Fe) of 1 and 30 years, respectively. Upon applying the combined shoreline retreat (Wb + Wr + We) to 385 

the CPERC, it yields the total eroded beach area ranging from 20.9 m2 to 4969.4 m2 (see Fig. 13 and Table 3). For a storm 

with a 30-year return period, this implies that a beach area totalling 4,969.4 m2 (or beach width of approximately 36.75 m) 

might be eroded once every 30 years, thus requiring appropriate engineering solutions (such as coastal setbacks, beach 

nourishment, or others) to conserve the coastal environment at Bongpo-Cheonjin Beach.  

5. Discussion 390 

 The limitations of the assessment method proposed in this study are briefly described, together with additional considerations, 

to enhance the applicability of this methodology to different coastal environments.  

(1) Although the purpose of this study is to apply an assessment method to Bongpo-Cheonjin Beach, which is a shallow 

embayment or a semi-closed coastal cell, the proposed method is not limited to headland-bay beaches. It is also applicable 

to open beaches with suitable modifications to the mechanisms examined in this study.  395 

(2) The proposed combined potential erosion risk curve (CPERC) includes individual risk component assessed for 

background sediment from a river at updrift, a fishing harbor with breakwater extension and storm waves in winter. The 

construction of CPERC is based on a simple arithmetic sum to represent the case of the worst scenario, rather than a 

multivariable regression analysis. It cannot predict temporal changes in erosion risk. To improve the reliability of this 

method, the temporal beach change and the scale of each contributing factor versus time must be examined, especially 400 

from that induced by the episodic storm that occurs only sporadically. Conversely, the other two are either almost constant 

or increasing gradually. 

(3)  For Bongpo-Cheonjin Beach, the potential background erosion width (PBEW, Wb) is negligible, indicating that the 

variation in sediment supply from the watershed is minimal. However, after a large dam is constructed within a watershed, 

the time-dependent change in beach width must be considered. The theoretical solution given by Lee and Lee (2020) 405 

suggests the effects of the sand loss rate Kb into the open sea, and the decrease rate α of the sediment supply to the beach 

can be expressed as 

𝑊𝑏(𝑡) = 𝛼𝑊𝑜[1 − exp(−𝐾𝑏𝑡)]            (21) 

where  α and 𝐾𝑏 are constant, and the corresponding beach area is assumed to converge to (1 − 𝛼)𝐴𝑜, where 𝐴𝑜 is the 

initial area. Eq. (21) shows that the beach area decreases rapidly at the beginning, but converges to 95% or more of the 410 

equilibrium state when t is greater than 3/Kb years.  

(4) To increase the accuracy of potential erosion width (PREW, 𝑊𝑟) due to shoreline reshaping caused by breakwater 

construction for harbors, empirical formulae (e.g., the CERC equation in the Shore Protection Manual, 1984) can be 

applied. Starting from the angle difference between the initial and equilibrium shoreline angles at the boundary of erosion 
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and deposition, the temporal width change was obtained by applying an exponentially converging angle change to the 415 

formula for longshore sediment transport; 

𝑊𝑟(𝑡) = 𝑊𝑟
𝑢[1 − exp(−𝐾𝑟𝑡)]            (22) 

where 𝑊𝑟
𝑢 is the ultimate beach width due to longshore sediment transport, 𝐾𝑟  is the rate of change of angle according to 

the time at the junction, which is estimated by dividing the beach length 𝐿𝑟  and the vertical littoral height 𝐷𝑠 in the formula 

for longshore sediment transport. The equilibrium shoreline angle due to harbor or coastal structures can be obtained based 420 

on the PBSE of Hsu and Evans (1989). 

(5) For potential beach erosion due to episodic storms (PEEW, We) that can be recovered after storms wane, Yates et al. (2009) 

have confirmed that a linear relationship exists between the location of the shoreline and swell wave energy in field 

observations. Applying this recoverable process, the shoreline change model proposed by Miller and Dean (2004) can be 

expressed by the ODE equation (Kim, 2021), 425 

𝑑𝑊𝑒

𝑑𝑡
= 𝐾𝑒 (

𝐸𝑏

𝑎
− 𝑊𝑒)           (23) 

where Ke is the beach recovery factor, 𝐸𝑏  is the wave energy at the breaking point, and a is the beach response factor 

between the wave energy 𝐸𝑏  and the mean shoreline. When the value of Ke, which is unique for each beach, is known, the 

temporal change in the shoreline can be estimated from Eq. (23) for a given wave energy. Alternatively, the SBEACH 

model may be used (Larson and Kraus, 1989; Larsson et al., 1990). 430 

6. Concluding Remarks  

This study presents a quantitative method for assessing the potential erosion area (PEA) and potential erosion width (PEW) 

due to development in the watershed, harbor construction, and storm impact. Aerial photographs, beach surveys, and NOAA 

wave data were applied to support the analysis while omitting sea-level rise. The results are used to produce a combined 

potential erosion risk curve (CPERC) for planning coastal protection or restoration projects, which includes the effectiveness 435 

of potential risk induced by storms in different return periods of occurrence. For example, the potential erosion risk due to 

storms (PEEW, We) over a 30-year return period is estimated to be about 19.75 m (Table 3) which gives a total potential 

erosion risk width (Wt) of 36.75 m. This is greater than the beach width of 30 m from the current averaged shoreline (EOSL), 

thus calling for engineering solutions to protect Bongpo-Cheonjin Beach. Because of the potential severity of the predicted 

beach erosion risk, beach nourishment with three submerged detached breakwaters (each 160 m long with a gap of 70 m) were 440 

constructed from November 2017 to November 2019, with a short groin (40 m), and were completed in July 2018 (Fig. 7). 

These have satisfactorily transformed Bongpo-Cheonjin Beach into a stable embayment since the completion of the 

engineering work. 
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By applying the risk assessment method presented in this paper, it is possible to determine the optimal strategy by comparing 

the total cost of risk to the eroding section with the average annual cost of erosion protection. Moreover, the proposed 445 

methodology is helpful not only for quantitatively assessing beach erosion risk, but also for devising engineering 

countermeasures to mitigate the causes of erosion. Further research is recommended to apply the methodology described in 

this paper to beaches suffering severe erosion, so that this method can be improved and benefit other coastal communities 

through its application. 
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