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Coastal erosion caused by extreme storms can reduce the value of beaches. Under the scenario of climate change, the storm intensity may increase and the resulting severe erosion can lead to disastrous damages on the beaches. Therefore, it is crucial to find appropriate measures and adaptation plans to conserve the beach from storm attacks. In this study, numerical models were applied to analyze the dune erosion in Boggil Beach, Korea, occurred by Typhoon Tapah in September 2019. Two models were used as Telemac-2D was run in larger domains for producing forcing conditions. XBeach was then applied to simulate the 2019 dune erosion after validation using observational data from a post-event field experiment performed in 2020. The model results showed reasonable agreement with the observational data except for the overestimation of erosion that was likely caused by characteristic pattern of sediment that was a mixture of sand and gravel and the accuracy of model results decreased due to the existence of gravel. The results also confirmed the locality of erosional damage by which the dune erosion was severest in the southern part of the beach. This locality was caused because the water depth was steeper in this area, which kept the wave energy in this area higher than that in the northern part. The uneven distribution of depth was induced by natural and anthropogenic causes. Three cases of model tests were performed to determine an appropriate measure to preserve the beach from future storm attacks – two were to place a submerged breakwater (SB), and one to place a submerged groin(SG). Although the SBs could directly protect the shore from erosion in the lee of the SBs, they could cause additional erosions at unexpected seabed areas. Although the SG was not the best in protecting the beach from the dune erosion, it could minimize the side effect. This measure was also environmentally friendly by keeping the sediments within the coastal cell around the SG so that the beach maintenance could be feasible through replenishment. In addition, the SG could also save the initial cost by reducing its size, and would be more effective, if the recovery process considered, because the SBs would disturb the onshore sediment motions under milder wave conditions. The results of this study can be applied for decision-making to establish future adaptation plans from storm impacts in Bonggil Beach.
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1 Introduction

Coastal erosion has become a serious problem in many coastal areas in the world. The reason for the increasing threat on the coasts by erosion may be found from the natural factors such as climate change (Zhang et al., 2004; Masselink and Russell, 2013; Mentaschi et al., 2018) and from the anthropogenic factors such as coastal structures (Syvitski et al., 2005; van Rijn, 2011; Anthony et al., 2015). For example, episodic events of severe coastal erosion would increase when the intensity of storms increases due to the warming of sea surface (Bender et al., 2010; Knutson et al., 2010), and when the equilibrium within a coastal cell could be broken by construction of coastal structures (Do et al., 2021a). Because climate change is an ongoing process and will continue unless robust actions are taken globally, and also because various engineering structures will continue to be built as the coastal communities grow worldwide, the problem of erosion may remain as a significant issue not only at present but also in the future for probably a considerable time. Therefore, it is necessary to develop measures and plans to mitigate the damage by coastal erosion based on proper risk assessment. These assessments and measures should be carefully set up because the impact by coastal erosion is site-specific due to characteristic conditions in a coastal area and sometimes shows locality even within the same area due to the loss of equilibrium by various factors (Oh et al., 2021). Accurate analysis of sediment transport patterns is, therefore, a prerequisite to developing such measures for the site.

The characteristic pattern of sediment transport can be understood by analyzing the short-term and/or long-term sediment budget, the balance between the added and removed sediments within the coastal cell. However, accurate prediction of coastal sediment transport is difficult because the waves carry the sediment both onshore and offshore directions under different conditions. In addition, wave-induced currents and resulting nearshore circulations can lead to complex pattern of sediment transport within the coastal cell, which adds difficulties in understanding their motions. Therefore, the study of coastal sediment transport requires correct information on the hydrodynamic and geographic conditions in the nearshore areas. In addition, factors such as sediment inputs by streams, littoral drift, and outputs in the offshore and longshore directions would be important to understand the balance of the sediment budget within the coastal cell.

In general, the sediments in the beachface move offshore under energetic wave conditions (Russell, 1993), resulting in the shoreline retreat in a short time scale in days or even in hours (Harter and Figlus, 2017; Davidson-Arnott et al., 2019). The eroded shorelines are recovered in months, as a natural process, under mild wave conditions following the storms due to slow but steady onshore sediment motions caused by wave nonlinearity (Hsu and Hanes, 2004), which results in the balance of the shoreline positions without retreat or advancement in the long run. However, under specific conditions such as extraordinary storm waves, the damage on the shore could be too severe so that the recovery process may take a long time of years or even decades (Forbes et al., 2004) because the high wave power under these storms could carry the sediments to the areas where the waves and currents could not affect the sediment motion under normal wave conditions (Do et al., 2019). Sometimes, the damage could hardly be recovered when the coastal structures built to protect the shore were broken (Do et al., 2021a). In order to prevent unexpected damage and to find proper protection plans for beaches of economic and cultural values, therefore, it is important to accurately predict the processes under extreme conditions, considering that the intensity and frequency of major storms may increase in the coming years due to climae change (Bender et al., 2010; Knutson et al., 2010).

In the present study, we observed a severe coastal erosion in Bonggil Beach of the Republic of Korea when Typhoon Tapah attacked the site in late September 2019, which was classified as Categoty 1 tropical cyclone (1-minute maximum sustained wind speed for Category 1 ranges 33-42 m/s). Although the typhoon was not a major storm, it led to huge damages in the beaches located on the east coast of Korea due to the geographical proximity of its path. Specifically, the pattern of damage was distinguished in Bonggil Beach because the erosion showed strong locality as the damage was focused in the southern part of the beach that is separated from the northern part by a nearshore rocky island. In contrast, the typhoon left less severe damage in the northern part that is connected to a stream. In addition to Typhoon Tapah, additional tropical cyclone, Typhoon Mitag, attacked the site consecutively in early October. Typhoon Mitag was classified as Category 2, whose wind speed ranges 43-49 m/s. Considering the unprecedented damage made on the beachface, this study was initiated to analyze and understand the nearshore and beach processes that occurred in the site during the storms, specifically to support the decision-making by the local government to establish appropriate plans to protect and preserve the beach from future threats by similar or even worse storm waves.

For this, we performed field experiments to measure topography and hydrodynamic data and searched for historical records on the site. We also used XBeach model (Roelvink et al., 2009) to simulate the processes during the storm events. Commonly employed area models such as Telemac-2D (Galland et al., 1991) and Delft3D (Roelvink and Van Banning, 1995) have been used to calculate sediment transport, based on the hydrodynamic conditions calculated by the wave and flow modules. However, they are designed to calculate the changes in seabed elevation, which can be applied to indirectly estimate the shoreline changes. In contrast, the surfbeat mode of XBeach can simulate the morphological changes in the beachface outside the water under extreme wave conditions by resolving the long wave motions with an additional module for avalanching – the slumping of sand from dune face to foreshore under high wave conditions.

In addition, the impacts of sediments that have different sizes at one location can be considered by XBeach in simulating the sediment transport and the resulting morphological changes, using multiple sediment classes with different fractions of each size. One of the characteristic pattern of the sediment in Bonggil Beach was that it was a mixture of sand and gravel. In particular, the spatial distribution of the sand and gavel fractions showed strong loaclity withing the beach area, which required special setting in the input of sediment conditions to reduce modeling error. There were previous studies using XBeach that used multiple sediment classes, especially for the simulation in the gavel (Jamal et al., 2014; McCall et al., 2015) or sand and gravel mixture coasts (Bergillos et al., 2016). However, most of them were 1-dimensional approaches to focus the cross-shore directional sediment transport based on XBeach-G (McCall et al., 2015; Phillips et al., 2020). Recently, 2-dimensinal version of XBeach was used with three sediment classes and their different spatial distributions based on sediment samplings at multiple locations (Gurov and Fomin, 2021). However, their sediments ranged within sand and the impacts by larger sediment grains such as gavel was not examined.

In this study, we investigated the course of the erosional process in the beachface of Bonggil Beach using 2-dimensional Xbeach surfbeat. The model was elaborately setup with the additional application of an area model, Telemac-2D, to provide the forcing conditions by the storm waves to the XBeach. In particular, the sediments were sampled at 72 locations in the beachface and in the water, and the sediment data were classified into two groups of sand and gravel so that the impact of sediment condition could be carefully considered with different sand-gravel fractions at each grid point. The modeling was then focused to generate the exceptional erosion in Bonggil Beach, and thus to analyze the conditions that caused the unusual erosion event. The model was validated based on observational data obtained from field experiments. Once the analysis of the episodic erosion events was completed, additional simulations were performed to search for appropriate measures to mitigate future damages from the attacks of similar or even greater storm events in the study site.

The final goal of this study was then to develop an effective and economic engineering measure to reduce the potential damages by future storm waves, for supporting decision-making to establish conservation plans for Bonggil Beach. Usually, conservation plans for beaches that are vulnarable to storm attacks are established based on the severity of the storms. For exmple, Klima et al. (2012) calculated surge height and wind speed as functions of return period in the areas of Miami-Dade County, United States, and estimated costs and econimic losses using damage models to set up damage reduction protfolios. The present study was not aimed to provide an adaptation plan from storm attacks considering the intensity of future typhoons. Instead, the study was designed to understand the characteristic patern of storm damage spedified in the study site, then to provide possible measures to prevent the similar damage from future storm attacks. Therefore, its study goal was to develop a site-specific engineering measure in Bongil Beach, and the outcome could be confined in this study area, instead of being widely applied for storm adaptation.

The paper is organized as follows. The information of the study site and the damages made by Typhoon Tapah are described in Sections 2.1 and 2.2, respectively. The field experiments performed after the storm event are introduced in Section 3.1. The setup of XBeach and Telemac-2D models in the site is described in Sections 3.2 and 3.3. Validation of the models is described in Section 4.1, and the model results are analyzed in Sections 4.2 and 4.3. The discussions on model outcomes and the suggestions of measures to protect the beach for future storm attacks are provided in Section 5, and the conclusion of the study is in Section 6.



2 Background


2.1 Study Site

Bonggil Beach is located on the southeast coast of the Korean Peninsula (Figure 1A). It is a 1.8 km long beach whose shoreline is straight in the NNW-SSE direction, facing NEE. Figure 1B shows a map of Bonggil Beach, captured from Google Earth on July 4, 2019. The beach consists of a small coastal cell because its northern end is blocked by a set of breakwaters (P1) around a fishing port, and small-sized rocky islands and underwater rocks (P4) are located at the southern end, making the water depth shallower, which disturbs alongshore sediment movement toward further south. In addition, the sediments that are lost from the southern end can hardly be recovered because the shoreline is bent to SSW due to an artificial bank (P5) that was constructed along the shore using tetrapod in order to protect Wolseong Nuclear Power Plant (WNPP). In between the two ends, there is a source of sediment input to the beach through Daejong Stream (P2). One of the most significant features of Bonggil Beach is the rocky island located in the middle of the beach (P3). The island has a diameter of ~50 m and is located ~150 m away from the shore, where the water depth is ~5 m, which disturbs wave propagation, causing a salient in the coast behind the island. This island is culturally important because, according to a legend, this island has been known to be the tomb of a heroic king in Korean history. The island has a name, ‘MunMu-daewang-neung’ (meaning ‘Tomb of Great King MunMu’). For this reason, Bonggil Beach has been one of the most famous beaches in this region where many tourists visit.




Figure 1 | (A) Location of Bonggil Beach in the Korean Peninsula (red dot). In the magnified view of the study area, the location of A1 is marked (white dot) where the wave data were measured during Exp. 1 and 2. (B) Google map of Bonggil Beach on July 14, 2019. P1 – P5 mark the locations of the breakwater in the northern end of the beach (P1), the mouth of Daejong Stream (P2), island ‘Tomb of Great King MunMu’ (P3), rocky islands and underwater rocks in the southern end of the beach (P4) and artificial bank to protect WNPP (P5). The yellow rectangle marks the southern part of the beach, where the damage by erosion was severe. In the panel located in the upper-left corner of Figure 1B, the locations of A1 where the wave data in Figure 4 were measured, and P6 where the severe road destruction in Figure 3A occurred are marked.



The wind and wave condition is moderate in this region as shown with the wind and wave roses in Figures 2C, D. The wind usually blows from land (WNW) and the wind speed are mostly no greater than 8 m/s. The annual mean significant wave height (Hs) is 0.8 m with the peak wave period of 6.5 s. The most common wave propagation direction is NE and ENE (from the left in Figure 1B) as observed from the wave measurement by an AWAC (Acoustic Wave and Current Profiler) located 6.5 km south of Bonggil Beach at a water depth of ~32 m (A1 in Figure 1A). In addition to NE, waves are also commonly approaching from SE (from the right in Figure 1B). The sediment in Bonggil Beach is characterized as a mixture of sand and pebbles, with their size widely varying from 0.44 mm to 3.22 mm. Figure 2A shows a photograph of the beachface in Bonggil Beach on October 24, 2019. The surface of the foreshore (from swash zone to beach berm) is mainly covered by pebbles, whereas the mixture of sand and pebbles are common in the swash zone. Because the sediment in the study site shows characteristic pattern as two types of sediments with clearly different sizes, the measurement was carefully conducted as sediment samples were captured at 72 locations in the beach and in the water (Figure 2B). Among them, 30 locations were selected in the beachface (outside water) and 42 locations were inside the water where the sediments were sampled by grab sampler. The details of sediment sampling and the input of sediment data into the numerical model will be described in Section 3.1 and 3.3.




Figure 2 | (A) Photograph of the beachface in Bonggil Beach on October 24, 2019, showing the sediment mixture of sand and pebbles. (B) Map of the sediment sampling locations, (C) wind rose measured at Gampo Port located ~8 km north of the study area, (D) wave rose measured at A1 (Figure 7) in the study area, (E) Google Earth image on July 17, 2011, which shows that the stream mouth was open.



Traditionally, Bonggil Beach has been understood as a depositional beach whose shoreline is gradually advancing due to the excessive input of sediments through Daejong Stream (P2). As shown in Figure 1B, the majority part of the stream mouth is blocked by the sediments in the beachface, which has been commonly observed under normal weather conditions. In the rainy season, however, the river mouth is open due to the increased amount of downstream flows that provide sediment to the beach, as shown in Figure 2C. It was also reported by the local government that the shoreline positions in the mouth of Daejong Stream are closely related to the precipitation, which indicates that the sediments are carried downstream to the river mouth in heavy rainfalls and transported to the beach, providing a depositional condition in Bonggil Beach.



2.2 Storm Events

On September 22, 2019, Typhoon Tapah passed through the Korean Strait. Tapah was a Category 1 typhoon but caused severe damages, specifically in the southeast coasts of Korea, where the study site is located, due to the proximity of its path. For example, a coastal road in the nearby area (Kyeongju-si Yangnam-myeon) located ~7.0 km south of Bonggil Beach, was destroyed by the storm waves of Typhoon Tapah, as shown in Figure 3A. Damage by Tapah was severe in Bonggil Beach, especially in the southern part (yellow rectangle in Figure 1B). The two pictures in Figures 3B, C compare the beach status before (May 30, 2019) and after (October 9, 2019) the attack of Typhoon Tapah. Before Tapah, a dune was located in the backshore of the beach, and it was covered by grasses. Behind the dune, pine trees were planted protecting the temporary building. After Tapah, however, the dune was severely destroyed, and a steep berm was formed instead. It is also observed that a pine tree was rooted out and laid down in front of the berm. The damage found in Figure 3C was too severe, and the natural recovery of the beach seems difficult or may take a long time. After Typhoon Tapah, another tropical cyclone, Typhoon Mitag, attacked the Korean Peninsula on October 3, 2029. Although Mitag was a Category 2 typhoon (max. wind speed 40 m/s), damages made in the study site and in the vicinity were much smaller because its strength became weaker once it landed on the southwestern coast and passed through the peninsula. The wave data measured during Tapah and Mitag are provided in Section 3.1, and the paths of the two typhoons are marked in Figure 8A.




Figure 3 | (A) Picture of coastal road destroyed by the attack of Typhoon Tapah, captured from Newsis newspaper (https://newsis.com/view/?id=NISX20190923_0000777231&cID=10899&pID=10800). The road was located ~7.0 km south of Bonggil Beach (P6 in Figure 1B) with address of Haebyeongongwon-gil, Yangnam-myeon, Gyeongju-si, Gyeongsangbuk-do, Republic of Korea 38220. (B) Picture of the southern part of Bonggil Beach (yellow rectangle in Figure 1B) before the attack of Typhoon Tapah (May 30, 2019), and (C) picture of the same part of the beach, but after Typhoon Tapah (October 9, 2019).






3 Material and Methods


3. 1 Field Observations

There are sets of observational data available near the study site for comparisons before and after the event of Typhoon Tapah and Mitag. As shown in Figure 4, the AWAC in A1 (Figure 1B) measured the wave data during Tapah and Mitag at a water depth of ~32 m (Figure 4). The maximum significant wave height (Hs) reached ~7 m on September 22, 2019 when Tapah attacked the site. However, it was much reduced (< 4 m) on October 3, 2019 when Mitag attacked. Because the pictures in Figures 3A and C were taken after Mitag, it was unclear that the damages in this area were only done by Tapah or by the two consecutive tropical cyclones. However, considering the significant difference in the measured wave height and the witnesses from the dwellers in this area, the damages were presumed to be mostly caused by Tapah. The period of the two storm attacks in Figure 4 is set as Exp. 1 (September 15 – October 21, 2019), in which the severe coastal erosion in the study site occurred. In addition to the wave measurements, geography data were also available on the site as the profiles, the elevation of beachface, were measured along the perpendicular lines to the coast from October 2019 to October 2020. Figure 5A marks the locations of six profiles (Line 1 – Line 6) on a map measured by a drone on October 20, 2020. The drone was DJI Phantom 4 RTK with takeoff weight of 1.4 kg and diagonal distance of 35 cm, and the three-dimensional meshes were calculated through GCP calibration. The hover accuracy range was ±0.1 m in the vertical and ±0.1 m in the horizontal. The camera resolution was 20 MP, and the GCP RMSE was 4.9 cm and 2.1 cm in the horizontal and 2.5 cm in the vertical. In Figure 5B, the beachface elevation data that was measured four times (2019/05/30, 2019/10/09, 2020/09/10, 2020/10/20) before and after the period of Typhoon Tapah and Mitag are compared along with the nine profile lines. The data show high variability with a maximum range of ~3 m, indicating the elevation fluctuated actively in time. However, it does not confirm the specific pattern of erosion or accretion in the site except for Line 7 that is located in the southern part of the beach. Along Line 5, the shoreline was retreated for ~7 m since November 2018 and could not be recovered until October 2020. The location of Line 5 corresponds to the location of severe erosion shown in Figures 3B, C. Thus the shoreline retreat along Line 5 was likely caused by the storm waves during the attacks of Typhoon Tapah and Mitag.




Figure 4 | Time series of significant wave height (Hs) and peak wave direction (Dp) from September 15 to October 21, 2019, covering the times of Typhoons Tapah and Mitag, measured by the AWAC at A1 (Figure 1B), located 6.5 km south of Bonggil Beach at a water depth of ~32 m. The period of 37 days in Figure 4 is set as Exp. 1 as it included the period of the erosional event in Bonggil Beach, shown in Figure 3. Dp is in degree measured in the clockwise direction from the north (i.e. 45 ° =NE; 90 ° =E; and 135 ° =SE).






Figure 5 | (A) Locations of the six profiles marked on a map measured by a drone survey on October 20, 2015. The profiles were measured four times before and after Typhoon Tapah and Mitag from May 2019 to October 2020. (B) Comparisons of profile measurement along the nine lines for the four times on 2019/05/30 (red solid), 2019/10/09 (red dashed), 2020/09/10 (blue solid), 2020/10/20 (blue dashed).



Because the profile data and the wave measurements from the site were not sufficient to validate the model results, an additional (post-event) field experiment (Exp. 2) was performed from September 15 – October 21, 2020. Exp. 2 was designed to measure geographic and hydrodynamic data such as waves, currents, and suspended sediment concentration using instrument frames that mounted acoustic sensors (Do et al., 2019). During the period of Exp. 2, storm waves also affiliated the southeast coast of, which provided comparable conditions with the times in 2019 when the typhoon Tapah attacked the site. It is noted that the intensity of the storms during Exp. 2 was weaker than that of Tapah in Exp. 1, and the damage by coastal erosion in 2020 was observed to be weaker than that in 2019. The wave condition during Exp. 2 is shown in Figure 6 when comparing with the model results for validation, and it is not plotted in this section to avoid repetition.




Figure 6 | (A) Comparison of significant wave heights (Hs, top panels), peak wave period (Tp, middle), and wave propagation direction (Dp, bottom), between the measured (red dots) and Telemac-2D & Tomawac model (solid blue lines) data at A1 for Exp. 1 (September 15 – October 21, 2019; left panels), and (B) for Exp. 2 (September 15 – October 21, 2020; right panels).



The bathymetry was measured using single-beam (< 3 m) and multi-beam (> 3 m) echosounders, and Figure 7A shows the bathymetry data measured on October 21, 2020. The hydrodynamic data were measured during the period of Exp. 2 as well. In Figure 7A, the location of the instrument frame (B1) is marked, and Figure 7B shows the picture of the frame at B1. The instruments mounted on each frame and their measured data are listed in Table 1. The data measured in Exp. 2 are analyzed in Section 4.1. It is noted that, from the bathymetry data in Figure 7A, the water depth was deeper in the southern part of the beach (the area where B1 is located). The difference in the water depth can be observed by comparing the distance between the contour lines of -5 m and -10 m. The distance was shorter in the southern part, which indicates that the slope of seabed was steeper in this area. Therefore, the water depth was deeper in the nearshore of the southern part when it was compared at the same distance from the shore.




Figure 7 | (A) Map of water depths in Bonggil Beach measured by single-beam and multibeam echosounders on October 21, 2020. The single-beam measured data at shallow areas (< 3 m) where the ship with multibeam could not cover. B1 was the location where the instrument frame (Figure 7B and Table 1) was moored, (B) the map of track lines of the bathymetry measurements by single-beam (red) and multi-beam (yellow) echosounders, and (C) picture of the underwater-mounted instrument frame.




Table 1 | List of the instruments mounted on the frame at B1.



As described in Section 2.1, the sediment in the study site was a mixture of sand and gravel. In order to carefully analyze the sediment characteristics in this site, therefore, the sediment samples were captured at 72 locations in the beach as well as in the water (the sediments in the water were sampled by grab sampler). D50, D10 and D90 were obtained at each sampling locations. In addition, the proportions of sand, gravel, silt and clay have been obtained at each location (for example, the proportion of sand, gravel, silt and clay at location B20 [one location in the beachface] was 86.75%, 13.25%, 0.00% and 0.00%, respectively, so that the sum of each proportion gave 100% at each location). Based on these sediment proportion data, the sediment facies at each location has been classified into two groups. The two groups are S (Sand dominant) and G (Gravel dominant). For example, the sediment facies at B20 was classified as S. Once the sediment samples at each location are classified, two sediment sizes, D50, were obtained representing the two groups (i.e. D50 = 0.44 mm for group S, whereas D50 = 2.34 mm for Group G). The reason to classify the sediment size into the two groups and obtain the two D50s was to input the two D50s in the model, considering their proportions, which will be described in Section 3.3.



3.2 Numerical Models

In this study, two different models were used to simulate the storm impacts. These models are briefly described in this section as they were introduced in detail by the developers. First, the Telemac -2D (Galland et al., 1991) was employed to generate the wave fields using the wind fields obtained from the Japanese Meteorological Agency (JMA) during the experimental periods. Its results were then applied to produce the time-varying boundary conditions for the XBeach surfbeat (Roelvink et al., 2009) model that was to simulate the seabed topography and shoreline changes by the storm attacks. Telemac-2D is 2DH model package with modules for flows, waves, and sediment transport. This model is characterized by the unstructured mesh system in the horizontal, which has been effectively applied in the coastal regions with complicated topography (Do et al., 2020). Because Telemac-2D only simulated the morphology changes on the seabed but was not to directly calculate the morphological changes along the shore and outside the water, its application for the erosion process in the beachface was limited.

The flow module of Telemac-2D is based on the shallow water equation that solves the depth-averaged momentum equations and continuity equation (Asaro and Paris, 2000; Hervouet, 2000; Robins and Davies, 2011) as:

	

	

	

where h is water depth, νt is the diffusion coefficient, η is the free surface elevation, ShSx and Sy are the source/sink. In the Telemac-2D of this study, the forcing was initially given by the wind fields that were used to generate the wave fields. For the wind fields of the selected storm conditions, JMA was used. The wave fields were generated using the wave module, named ‘Tomawac,’ which is internally coupled into the Telemac-2D system to generate the wave-induced currents. Tomawac solves the spectral action balance equation to compute the wave properties such as wave height, period, and wave propagation direction from the wave spectra. Tomawac can also consider the effect of wave diffraction (Holthuijsen et al., 2003) based on the mild slope equation (Berkhoff, 1973). The formulation of the wave action equation is described with the XBeach surfbeat model as it also solves the spectral action balance equation for wave propagation. Once the wave and flow fields are obtained, the sediment transport field can be calculated by solving bedload and suspended load formulas, which then be used to simulate the seabed elevation changes using the morphology module. As already mentioned, the calculation of morphology change is only allowed for the grids inside the water, and the morphological changes outside water are not considered by Telemac-2D. For this reason, Telemac-2D may not be a proper tool for direct evaluation of beachface erosion in the present study, thus used to provide the forcing conditions for the XBeach model in the present study.

The XBeach surfbeat model was able to estimate the rapid changes in the shoreline due to the attacks of storm waves. It is because the model has an additional module, the avalanching module that calculates sand slumping from dune face to foreshore. Thus can be applied to estimate the shoreline evolution. XBeach surfbeat is characterized to resolve the long wave (infragravity) motions, considering that the impacts of long waves are dominant for the shoreline evolution, whereas the shortwaves are often dissipated by breaking and friction when arriving at the shore. Therefore, the surfbeat mode of XBeach does not solve the individual short waves. Instead, it describes the short wave propagation by solving the wave action equation, similar to Telemac-2D, as:

	

where  is the wave action, θ is the angle of wave incidence, Sw(x,y,t,θ) is wave energy density, Dw is wave energy dissipation, σ is wave frequency, CxCy nd Cθ are wave action propagation speed in the x y and θ direction respectively. The root-mean-square wave height is then calculated from the wave energy spectra as  where. Ew. is the short wave energy. Once Eqn. (4) is solved, the forcing that generates the long waves is obtained from the radiation stress, which is based on the wave energy variation as:

	

where SxxSyySxy and Syx are the radiation stresses and Fx and Fy are the forcing in the x and y directions, respectively. In XBeach surfbeat, the x axis is located parallel to the coastline, and y -axis is set perpendicular to the shore. The forces in Eqn. (5) are used to generate the long waves via the shallow water equation as:

	

	

	

where uL is the Lagrangian velocity which is defined as a particle’s distance that travels in one single period of the long wave divided by the corresponding wave period (Wong, 2016). τsx is wind stress, τbx is bottom stress, Fx is the forcing in Eqn. (5), h is water depth, ρ is water density, g is gravitation, νh is viscosity, f is Coriolis coefficient and η is the water surface elevation of the long waves. The sediment module of XBeach surfbeat solves an advection-diffusion equation as:

	

where C is volume concentration of sediment, Ceq is equilibrium concentration, Dx is sediment diffusivity, Ts is the time of adaptation of entrained sediments. Morphological change in the seabed can be calculated as:

	

where zb is seabed level, P is porosity, qx are sediment flux, fmor is morphology change factor. In the avalanching module, the dune face is set to be slumped when the bed slope exceeds a critical value within one-time step as:

	

where mcr is the critical value. If the condition is satisfied, the dune bed level can be calculated as:

	

which is used to evaluate the shoreline evolution.



3.3 Model Setup

The Telemac-2D and XBeach surfbeat models were employed for different purposes, as explained in the previous section. The goal of Telemac-2D was to provide the realistic forcing conditions for the XBeach surfbeat runs, and it was run for two large domains, D1 and D2. Figure 8A shows the computational domain and unstructured grid system of D1, the largest domain that covered the seas around the Korean Peninsula and parts of the East China Sea and the Northwestern Pacific Ocean. The purpose of D1 runs of Telemac-2D was to provide the forcing conditions for the smaller domain, D2 shown in Figure 8B. Telemac-2D in D1 was run to simulate the tide and wave fields so as to compute the tidal elevation, current, wave height, period, and direction along the boundaries of D2.




Figure 8 | (A) Computational domain and the unstructured meshes in the computational domain, D1, for Telemac-2D. The paths of Typhoon Tapah (yellow) and Mitag (white) are added in Figure 10A. (B) Computational domain and the unstructured meshes in the computational domain, D2, for Telemac-2D, (C) computational domain and the multi-size grids in the computational domain, D3, for XBeach surfbeat (D) distribution of sediment for XBeach run over D3 for the erodible area with sand fraction, and (E) erodible area with gravel fraction. The yellow and red solid lines in Figures 8D, E mark the shoreline positions.



The unstructured grid system in D1 used 336,264 nodes and 626,069 elements. The tides were composed of the 16 constituents, including M2 and S2. To generate the waves, JMA wind fields were used over the domain with &xutri;x and &xutri;y of 0.0625 ° and 0.05 °, respectively. In addition to the wind, the air pressure field was applied to increase the model accuracy, specifically during the time of storms. For the air pressure, the data from National Center for Environmental Prediction (NCEP) were applied over the domain with &xutri;x and &xutri;y f 0.25 °. The JMA and NCEP data were input in the simulation every 3 hours. The model time step, &xutri;t was set to 30 s for the tide simulation and 60 s for the wave simulation. In D1, the Telemac-2D model was run for two experimental periods, Exp. 1 and Exp. 2. First, the model was validated based on the observational data available from Exp. 2 as it was run for 37 days September 15 to October 21, 2020. Once the model was validated using the measured data, the model was run from September 15 to October 21, 2019, which was the main run corresponding to Exp. 1 to investigate the impacts of Typhoon Tapah and Mitag on the beach.

Once the model was run over D1, Telemac-2D with Tomawac was run over domain, D2, using the results from the D1 run as the forcing at the boundaries. The computational domain of D2 included the Bonggil Beach and extended to cover a cape in the northern end and the bank of WNPP in the southern end, with the domain size of 2.02 km by 3.58 km in the cross-shore and the longshore direction respectively (Figure 8B). The grid system in D2 used 19,755 nodes and 38,784 elements. The purpose of the run over D2 was to provide the forcing conditions for the final XBeach run over the smallest domain, D3. Therefore, the setup of the model was basically same as that over the domain D1 as it was to produce the tide and wave parameters with finer grids within the domain. One difference was that the time-varying conditions along the D2 boundaries were obtained from the outputs of the run over the domain D1, instead of using the wind and air pressure fields. The model was run for Exp. 1 and Exp. 2 as well, corresponding to the D1 runs. The time step was 2 sec for the tide simulation and 10 sec for the wave simulation using Tomawac.

Once the model data using Telemac-2D were obtained, the XBeach surfbeat was run over the smallest domain, D3, using the results from the D2 run as the forcing conditions along the boundaries. The computational domain just covered the Bonggil Beach with the size of 1.43 km by 2.27 km in the cross-shore and longshore direction, respectively (Figure 8C). The XBeach model used a multi-grid system to employ finer grids in the middle of the beach and along the shore. The sizes of coarse grids were 307 m and 217 m in the cross-shore and longshore direction, respectively. The sizes of the fine grids ranged from 2.5 m and 10 m (Figure 8C). Along the lateral boundaries, the outputs of Telemac-2D run over D2 were applied to provide the forcing conditions. The model was also run for two experimental cases. First, Exp. 2 was run for 37 days from September 15, to October 21, 2020, for model validation. Once it was validated, the model was run to simulate the shoreline changes during Typhoon Tapah and Mitag in Exp. 1. For XBeach surfbeat, semi-empirical parameters were determined for the default settings (Roelvink et al., 2009). The parameters were re-determined based on the laboratory and field measurements from the WTI 2017 (Wettelijk Toets Instrumentarium) project (Van Geer et al., 2015), which were also employed for the two experiments in this study.

In the model, the sediment size could be input differently at each grid point. In addition, two different values of D50s (one for sand and the other for gravel) could be input considering the proportion of each at each grid point. As described earlier, the proportions of the sand (including silt and clay) and gravel were measured at all of the 72 sediment sampling locations, as shown in the new figure (Figure 2B). This proportion data have been interpolated/extrapolated in all model grid points, as shown in Figures 8D, E. Therefore, at each grid point, the fraction of sand and gravel was determined, giving 100% when the two proportions were added. At each grid of the model, the sand (D50 = 0.44 mm) and gravel (D50 = 2.34mm) sizes were input considering the sand and gravel fraction. For example, at the grid point that contained the sampling location B20, there were 4 input parameters for the sediment size as 1) D50_s = 0.44mm; 2) D50_g = 2.34mm; 3) Proportion_Sand = 86.75%; 4) Proportion_Gravel = 13.25%.




4 Results


4.1 Model Validation

The performance of Telemac-2D with Tomawac is examined using the wave measurements at A1. Figure 6 compares the significant wave heights (Hs), peak wave period (Tp) and wave propagation direction (Dp) between the observation and model data for both Exp. 1 in 2019 and Exp. 2 in 2020. The results show that all three wave parameters were well reproduced by the model during most of the time in both Exp. 1 and 2. Specifically, the modeled Hs nicely agreed even during the storm periods when the maximum Hs reached ~7 m at the time of Typhoon Tapah. During Exp.2, the storm waves (maximum Hs > 2 m) were observed two times around September 27 and October 9, 2020. Although the maximum wave heights during the storms in Exp. 2 were lower than those during the storms in Exp. 1 as Hs reached ~2.7 m on September 27 and ~4.0 m on October 9, their periods were longer compared to those in Exp. 1. Considering that the storm impact on sediment transport could increase with storm duration (Almar et al., 2010), it was expected that morphological changes would also be significant during Exp. 2. However, the erosional damage was much weaker for Exp. 2, even though there were two additional typhoons that had greater intensity, Mysak (September 3, 2020; Category 4) and Heishen (September 8, 2020; Category 4), consecutively affiliated the site just before Exp. 2 started, which is discussed in the next section. The modeled wave period, Tp, also nicely matched the observation data except for when Tp abruptly changed. In the case of the wave direction, there were times when the measured data were widely scattered, which was likely due to instrumental error. Except for those times, Dp was also nicely agreed between the two data sets.

Both of the Telemac-2D and XBeach surfbeat model results were also validated through comparison with the hydrodynamic measurements from Exp. 2 (it is noted that the hydrodynamic data were not available for Exp. 1). In Figure 9, the longshore (U) and cross-shore (V) velocity measured at B1 during Exp. 2 are compared between the observation and model data. Usually, the velocity magnitude was small as the fluctuation by tidal currents was dominant with a range of ±0.1 m/s in the cross-shore direction, except for the time when the maximum longshore current speed increased up to ~0.5 m/s on October 9, 2020, during the attack of storm waves with maximum Hs of ~ 4 m. In this time, the model result by Telemac-2D was underestimated with a maximum longshore current speed of ~0.2 m/s, whereas XBeach surfbeat was overestimated as its speed reached ~0.7 m/s. Except for this peak, however, the longshore currents were generally in good agreement with the observation with XBeach surfbeat. In the cross-shore direction, the error by Telemac-2D was greater as the current direction was opposite on October 8 – 9, 2020, compared to that by XBeach surfbeat which showed better agreement with the measured data in this period. The better performance in XBeach surfbeat is confirmed in the bottom panels of Figures 9A, B in which the velocity magnitude was compared between the two models and the observed data, focusing the storm period from October 6, 2020 to October 12, 2020. It shows that the maximum value of current speed of ~0.5 m/s could be modeled by XBeach surfbeat whereas it was underestimated by Telemac-2D. It is also noted that the tidal currents were more accurately simulated by XBeach surfbeat because the Telemac-2D was slightly overestimated in most times when the tide was dominant. Considering the comparison results, it was concluded that the XBeach surfbeat showed better performance in generating the nearshore currents at B1 during Exp. 2. It is noted that the model errors in simulating the flows are likely because these 2-D models provided depth-averaged flow velocities whereas the observation data were measured near the bottom so that the vertical variation of flow structure could not be calculated by the models. The statistics of the model data such as the root mean square error ( ) and BIAS= (〈 xc−xm〉) for the sea surface elevation and the longshore and cross-shore velocities at B1 are listed in Table 2.




Figure 9 | Comparison of measured (red) and model (blue) data between (A) Telemac-2D, and (B) XBeach surfbeat using the velocity measurements in Exp. 2. Top: longshore (U) velocity components (+: north); middle: cross-shore (V) velocity components (+: offshore); bottom: velocity magnitude during the storm period from October 6, 2020 to October 12, 2020.




Table 2 | Validation by statistics at B1.



Once the hydrodynamic data were validated, the next step was to validate the XBeach surfbeat in simulating the morphological change (it is noted that Telemac-2D was used to provide forcing conditions for XBeach surfbeat, and not used to calculate morphology change). In Figures 10A, B, the morphological changes obtained from bathymetry measurements on September 17 and October 21, 2020 are compared with those calculated by XBeach surfbeat during Exp. 2 from September 15 to October 21, 2020. In general, the model reasonably generated the pattern of morphological change during the period, as shown in the green rectangles of the figure. For example, both of the severe erosions in L0, at the outer part of the breakwater, and L2, in the lee area of the island ‘MunMu-daewang-neung’, was nicely simulated by the model. In addition, the seabed erosion in in the southern part of the beach in L4 was also in an agreement between the observation and model data, which confirms the validation of XBeach surfbeat in simulating the morphology in general. However, there are areas where there were discrepancies if compared in detail. For example, the beachface in the northern part (L1) were deposited by the observation but eroded by the model. In addition, the erosion and deposition pattern in L3 and L5 occurred oppositely between the model and observation. In order for the additional validation of the model, the beach profiles calculated by XBeach surfbeat model are compared with the observation along the line marked in Figure 10C on two days in 16 September and 21 October, 2020 (Figures 10D, E). It was observed that there were dramatic changes in the bottom topography in the nearshore during the period, but the model nicely reproduced this rapid change. For example, a pit was observed just seaside of the shoreline with maximum depth of ~8 m in 16 September 2020, which was recovered in 21 October, 2020, which was successfully simulated by the model. The pit was formed in the edge of the salient located in the lee of the island before the attack of the storm (Figure 10C). After the storm, however, the salient moved to the south (yellow line in Figure 10C) and the pit was filled. The profiles in Figures 10D, E show that this process was reasonably simulated by Xbeach surfbeat. The model results also quantitatively agreed with the measured data. However, the model accuracy decreased at the nearshore area outside the pit (x = 543880 – 543950 m) where the modeled seabed topography in October, 2020 was lower than the observation with maximum discrepancy of ~2 m.




Figure 10 | Comparison of the (A) observed and (B) modeled morphological changes for Exp. 2. The observation data were obtained by the bathymetry measurements on September 17 and October 21, 2020. The model data were calculated by running XBeach surfbeat from September 15 to October 21, 2020. The green rectangles, L0 – L5, in the left panel mark the areas where the morphological change was in agreement or in disagreement between the observation and model data, (C) map of the site measured by the drone on September 10, 2020, before the attack of the storm. The yellow line on the map was the shoreline measured after the storm (October 20, 2020), showing that the salient formed behind the island moved to the south. The red line from C1 to C2 is a beach profile line selected for comparison between observational and modeled bottom topography, (D) beach profile measured in 16 September (blue) and 21 October (red), 2020 along the line from C1 to C2 in (C, E) beach profile calculated by XBeach surfbeat in September (blue) and October (red), 2020 along the line (C). The pit formed in the edge of the salient before the storm attack was filled as shown in (C), which was nicely simulated by the model as shown in (E).



The model validation based on the data in Exp. 2 might not correctly reflect the damages in Exp. 1 in 2019 because the severe damages (e.g. dune erosion in the southern part) by Typhoon Tapah in 2019 were not recovered in Exp. 2. As shown in Figure 10A, however, the seabed morphology was also significantly changed during Exp. 2. In addition, the profiles in Figure 5B show that the seabed could be significantly changed after Typhoon Tapah until Exp. 2 started in 2020, which indicates that the seabed was adjusted for ~1 year since Tapah in 2019. Therefore, the seabed changes observed in Exp. 2 was mainly occurred during the period of EXP. 2 once the seabed morphology was considerably adjusted after Tapah, thus the data measured in Exp. 2 was still effective for the model validation.



4.2 Simulation of Shoreline Retreat in 2019

In this section, the results by XBeach surfbeat for Exp. 1 in 2019 are presented. The model was run for two cases during Exp. 1. In the first case, it was run from September 15 to September 24, 2019 so as to identify the impact of Typhoon Tapah only and to exclude the impact of Typhoon Mitag by stopping the model before the event of Mitag. In the second case, the model was run from September 15 to October 3, 2019 so that the impacts of both Tapah and Mitag was considered. Figure 11 compares the results of morphological changes between the two cases. Although minute differences are observed, the two results are basically the same, which indicates that the significant morphological changes captured in Figure 3 were caused by Tapah only, and the impact by Mitag was not significant in this site.




Figure 11 | (A) Geographical set up of XBeach surfbeat for Exp. 1, and (B) the model result of the morphological change that considered the impacts of Typhoon Tapah only by running the model from September 15 to September 24, 2019, and (C) the model result that considered the impacts of both Tapah and Mitag by running the model from September 15 to October 3, 2019.



The similar model results of morphological changes between the two cases supported the witness from the dwellers in the study area, as mentioned in Section 2.2, that the severe damages in the southern part of the beach was observed just after Typhoon Tapah. If that is the case, the reason that Typhoon Mitag did not make significant impacts in the nearshore morphology needs to be explored. One of the direct indications was the discrepancy in the wave height between the two typhoons. As shown in Figure 4, the maximum Hs reached ~7 m during the attack of Tapah whereas it was less than 4 m during Mitag. Therefore, the wave energy that proportional to the square of the wave height would be higher in the study site during Tapah than Mitag. However, it should be also noted that the wave energy during Mitag was likely high enough to cause the erosions. As shown in the wave rose in Figures 2C, D, more than 90% of wave height were less than 2 m in this area. Therefore, the maximum wave height of ~4 m during Mitag could provide sufficient wave energy to cause erosions. For example, the data measured by a video monitoring system confirmed that the shorelines in another beach in the eastern coast of the Korean Peninsula (i.e. the beach with similar wave conditions with Bonggil Beach) significantly changed when the storm waves with maximum Hs lower than 4 m attacked the site (Oh et al., 2021). This unusual phenomenon was likely related with the recovery process. Once severe erosion occurred during Typhoon Tapah, the beach was gradually recovered under milder wave conditions followed by the storm (Hsu and Hanes, 2004), and the time that was required for the recovery could take months or even years (Forbes et al., 2004; Ranasinghe et al., 2012; Vousdoukas et al., 2012; Morales-Márquez et al., 2018). Therefore, it was likely that the severely eroded condition resulted from the attack of Tapah would not be recovered yet when Typhoon Mitag attacked the site again ~10 days later. Therefore, the impact by Typhoon Mitag whose wave energy at Bonngil Beach was relatively lower than that of Typhoon Tapah could not be sufficient to cause additional erosion. This result indicates that, in analyzing the storm impacts and planning the mitigation/adaptation measures, it is important to consider the resilience of the beach recovery in the study site, which will be revisited in the discussion section 5.1.

Although the model result of the morphological change by XBeach surfbeat could not be verified due to the lack of observation data during Exp. 1, the severe erosion in the southern part of the beach (Figure 3) was successfully simulated by the model as shown in the green rectangle, L6, in Figure 11. However, the model result also shows some errors because it was overestimated for the dune erosion. Although the erosion generally occurred along the beachface of the beach, it was less severe when compared with that simulated by the model, especially in the areas marked by rectangles L7 and L8. Therefore, the model results were likely exaggerated even though the general pattern of dune erosion was in agreement with the observations, which is discussed in the next section. The reason for the model’s overestimation was still unclear. However, one of the factors that could affect the model results was the sediment size. As shown in Figures 2A, B, the beachface of Bonggil Beach was covered by a mixture of sand and gravel. Although gravels are more stable than sand in starting the incipient motion due to the gravity, they could be more active in motions once started and the fraction of sand and gravel in Figures 8D, E could be a controlling factor that determined the amount of eroded sediments. However, the model input in Figure 8 was determined by the field survey during Exp. 2, which might be different from the sediment distribution during the time of Typhoon Tapah and Mitag (Exp. 1). Therefore, the insufficient information on the sediment distribution for the sand and gravel mixture possibly contributed to the overestimation of dune erosion along the beachface.



4.3 Simulation With Coastal Structures

The goal of this study was to develop a plan that can be used to protect the beach from future damages by similar or even more severe storm attacks. To achieve this goal, we tested three cases of model runs to examine the effectiveness of coastal structures as engineering measures. For the engineering structure, submerged breakwater (SB) and submerged groin (SG) were used as they have been commonly used for the hard structures on the east coast of South Korea. The first case (Case 1) was to place an SB in front of the northern part of Bonggil Beach (Figure 12B). This was a direct measure to protect the northern part of the beach. Although the erosion was more severe in the southern part, this plan was considered to protect the facilities that were mostly located in the northern part. The second plan (Case 2) was to place a SB in front of the southern part of the beach (Figure 12C), which was a direct measure to protect the southern part where severe erosion occurred. The third plan (Case 3) was to place a SG at the southern end of the beach (Figure 12D). This was an indirect measure for the beach protection because the SG would be used to capture the sediments that could leave the coastal cell of the beach by erosion instead of directly preventing the erosion. In fact, additional cases might be designed for the model simulation, and the performance of all cases could be compared by calculating the effectiveness in numeric. However, this type of effectiveness could not be verified without observation data to prove it. Therefore, we selected the three cases, instead of increasing test cases, because they represented hard stabilization measures that directly disturbed sediment motions and a soft stabilization measure that could conserve the sediments within the coastal cell.




Figure 12 | Plan view of the test cases for simulation with coastal structures, (A) without structure, (B) with a submerged breakwater (SB) placed in front of the northern part of Bonggil Beach, (C) with a submerged breakwater (SB) placed in front of the southern part of the beach, (D) with a submerged groin (SG) placed in the southern end of the beach, and comparison of model results of morphological changes by XBeach surfbeat for the four different cases, (E) without structure, (B) with a SB placed in front of the northern part of Bonggil Beach, (C) with a SB placed in front of the southern part of the beach, (D) with a SG placed in the southern end of the beach. The model was run for 15 days from September 15 to October 3, 2019 that included the impacts of Typhoon Tapah and Mitag.



In Figure 12, the model results of the morphological changes by XBeach surfbeat are compared between the three cases of coastal structure arrangement. For all cases, the model was set up with the storm wave conditions used for Typhoon Tapah, and was run for 15 days from September 15 to October 3, 2019 to observe the impacts by Tapah and Mitag with the structures, although Mitag could not make a significant impact. The model results are compared to the case without any structures (Figure 12E). For the first case of the run (SB in the northern part, Figure 12F), the beach was protected in the northern part as the sediments in the beachface were less eroded, and sediments were deposited in the lee of the SB, as shown in L9 of Figure 12F. However, side effects were also observed as the seabed was severely eroded in the north end of the SB (L9). In addition, the seabed in the south end of the SB was eroded (L10), which was not observed in the case of the run without the structure. It is also noted that the eroded sediments were cumulated in the southern end of Bonggil Beach as found in L11.

The side effects of SB were also observed in the second case of the simulation (SB in the southern part, Figure 12G). Although the beachface was less eroded, and sediments were cumulated in the lee of the SB as shown in L12, there could be a serious seabed erosion in the southern end of the SB (L13). In addition, the beachface in L13 was more severely eroded than the case without any structure (Figure 12E). These eroded sediments were cumulated in the southern end of the beach (L14). In the third case (SG in the southern end of the beach, Figure 12H), the side effect was minimal, although the protection of the beachface was also minimal. The erosion pattern in the beachface was similar to the case without structure, which indicates that the beach could not be protected in the future attacks of similar storm waves as Typhoon Tapah. However, the eroded sediments might not be lost from the coastal cell but cumulated in the area around the SG (L15). It is also noted that the sediments were eroded in L16, which was opposite to the findings of other cases because the sediments were cumulated in this area as observed in L14 of Figure 12G. This opposite pattern of sediment deposition/erosion is important because this area L16 is located in front of the WNPP and thus outside of the coastal cell. Therefore, the sediments cumulated in this area indicate that they would not return to Bonggil Beach but lost for good. This possibility of sediment loss from the coastal cell might be reduced by constructing the SG as in Figure 12H.

The simulation results indicated that the protection of the beach from the loss of sediments in the northern and southern parts could be more effective by constructing the SBs (Case 1 and 2). However, these cases might cause significant side effects of additional erosions at the unexpected seabed locations in the nearshore. Considering that these rapid seabed erosions were caused in a short-term period (days) during an attack of the harsh storm such as Typhoon Tapah, they could lead to longer-term (months) erosions in other parts of the nearshore areas when the post-storm process occurred to reach an equilibrium status. In contrast, the use of SG (Case 3) might have results with lower performance in directly preventing the severe erosion in the southern part of the beach. However, the side effect of unexpected seabed erosion would be much reduced. In addition, the loss of total sediments within the littoral cell could be reduced by preventing the outgoing sand movement through P4, by using the SG to save the transported sediments around it. Therefore, we suggest that Case 3 as a favorable measure out of the three cases. Considering the goal of this study to protect the beach from future storm attacks, the possibility of additional erosions due to SBs would make it hesitant to choose the plans by Case 1 and 2 because it would be no remedy because the SBs would only switch the locations of erosion if the additional erosions were to occur at other unexpected nearshore locations. Although recommended, it is noted that Case 3 is still not be a perfect protection plan for the beach as it could still cause dune erosion in the southern part of the beach. Considering previous studies, hard structures might increase coastal variability and could worsen erosion (van Rijn, 2011; Do et al., 2021a). Therefore, measures that could conserve the equilibrium condition should be more desirable in preventing unexpected side effects.




5 Discussion

The primary goal of the present study was to find out a measure to protect the beach by mitigating the erosional damage from future attacks of storm waves. For this, it was important to carefully analyze the causes of the erosional damages by the storm waves. One of the most significant observations in terms of the erosion during Typhoon Tapah and Mitag in 2019 was the discrepancy in the damage between the southern and northern parts of the beach as it was more severe in the southern part. As observed in the previous sections, the direct reason for this discrepancy was the difference in the water depths between both sides as the seabed was steeper in the nearshore area of the southern part. Due to the shoaling of the propagating waves, the wave energy dissipation was greater in the northern part, whereas more energy could be focused in the southern part, causing the severer damage. The reason for this difference in the bathymetry can be found in the characteristic pattern of geography in Bonggil Beach. The mouth of Daejong Stream was located in the northern part, and thus the sediment input through the stream was focused in this area (P2 in Figure 1B). In addition, the island, ‘MunMu-daewang-neung’, located in the middle of the beach (P3) and the salient in the lee area of P3 likely disturbed the movement of the input sediment to the southern part, which has resulted in the discrepancy in the bathymetry between the two parts. Besides the natural cause, there might be an anthropogenic factor as well that contributed to the bathymetry difference. As shown in Figure 1B, the artificial bank (P5) was built to protect the WNPP, which has deepened in the front area of P5 as shown in Figure 7A. Therefore, the sediments in the southern part would not return to this area if they were transported to the P5 area through P4, which was confirmed by the XBeach surfbeat simulations shown in L14, L15, and L16 of Figure 13. L14 shows that the sediments were transported to P5 through P4 during the storm attack which might not be recordable, and L15 and L16 indicates that the sediments were protected within the coastal cell with construction of the submerged groin.




Figure 13 | Time series of significant wave height (Hs), peak wave period (Tp), and peak wave direction (Dp) for two months from September 1 to October 31, 2020, covering the times of Typhoons Maysak and Haishen, measured by the AWAC at A1. It is noted that Exp. 2 started on September 15, 2020, after these typhoon events.



As for the numerical model results, XBeach surfbeat simulated the pattern of erosion with reasonable agreement. In terms of the quantity, however, the model overestimated the degree of erosion in both experiments of Exp. 1 in 2019 and Exp. 2 in 2020. The reason for this has not been clearly understood yet. As described previously, the sediment input data might be correctly obtained as they were elaborately sampled at 72 locations inside/outside the water, which turned out that gravels were mixed with sand. XBeach model possibly had lower accuracy when the bottom was covered by the gravel of much larger size than sand (D50 = 0.44 mm sand and 2.34 mm for gravel). There have been numerous studies to run the XBeach model in the sandy beds so that the model could have been correctly tuned for sand. However, the studies for gravel beds was relatively rare as described in the introduction. Therefore, the model setup for gravel beds could show less accuracy. One of the ways to check this was to use 1-D XBeach-G model to apply in the gravel beach, similar to the previous researches by Jamal et al. (2014) & McCall et al. (2015), and to compare the results with observation data. In case the model performance becomes lower for the gravel beach, then the model setup could be tuned to increase the accuracy. Then, the new setup can be applied in Bongil Beach using the 2-D Xbeach surfbeat model, which is planned for a future study.

In addition to the understanding of the erosional process during the storm events, it is also necessary to compare the impacts of storm waves between different typhoon events so as to develop an effective measure considering the diversity of various storm conditions. For example, there was a discrepancy in the storm damages done by the typhoons in 2019 and 2020. As described in the previous sections, the damage in the study site was greater by the attacks of Tapah (and additionally by Mitag) in Exp. 1 of 2019 than that by the storm waves in Exp. 2 of 2020. Although the wave heights of the storm waves in Exp. 2 were lower than those in Exp.1, their durations were longer (Figure 6), which might be an important factor for nearshore morphological changes as well (Almar et al., 2010; Coco et al., 2014; Do et al., 2021b). For example, Almar et al. (2010) analyzed the data of a double-sandbar system in Truc Vert Beach, France. During their two-month observational period, four storms attacked the site. The pre-existing crescentic sandbar system was straightened and migrated offshore ~100 m by the severest second storm with maximum Hs of ~8 m. However, significant changes in the bar system also occurred during the longest fourth storm of ~10 day duration and Hs of 2 – 4 m as the bar developed crescentic pattern and migrated ~200 m southward. Similarly, Coco et al. (2014) suggested that the duration of consistently large waves and their effect on beach morphodynamics made the event comparable to an extreme storm. In addition, Do et al. (2021b) observed that a crescent sandbar system was fully developed from a straight sandbar system, during the longer second storm of ~6 day duration and maximum Hs of ~4 m, rather than during the stronger first storm of ~2 day duration and maximum Hs of ~5 m, which indicates that the duration of storm waves might play role in changing nearshore seabed morphology. Although direct comparison was not possible, the longer storm durations in Exp.2 than Exp. 1 could provide a favorable condition for additional erosion in Bonggil Beach but it did not occur, which will be further discussed later in this section.

It is also noted that two typhoons (Typhoon Mysak and Heishen) consecutively attacked the site just before the period of Exp. 2 (Mysak on September 3, 2020; Heishen on September 8, 2020). Considering that both Mysak and Heishen were Category 4 storms (Tapah and Mitag were Category 1 and 2 storms, respectively), the impacts by Mysak and Heishen would have been significant as their Hs measured in A1 was greater than that by Tapah (Figure 13). In addition, a favorable condition to morphological change was also observed under a series of storm events (Vousdoukas et al., 2012; Morales-Márquez et al, 2018; Rutten et al, 2018), which corresponds to the case of Mysak and Heishen. However, the erosional damage during Exp. 2 was much less than that during Exp. 1, and the significant discrepancy in the erosional damage between Exp. 1 and Exp. 2 was still unexpected, and additional investigation might be necessary.

One of the other factors to consider was the wave propagation direction. Although the amount of total sediment transport depends on the wave power that is contributed by the wave height and period (Oh et al., 2021), the ratio between the cross-shore and longshore transport may be related to the wave direction, and it can result in the locality of erosional process, especially in the beaches with complex geography such as Bonggil Beach. The results in Figure 4 show that the waves were approaching the shore in E direction (~82°) consistently for ~3 days during Tapah. In contrast, the wave propagation direction rapidly changed from ENE (60°) to SE (140°) during the course of both Mysak and Heishen. Therefore, the consistency of the wave direction during the storm event might be important in causing the coastal erosion, which requires further analysis in future studies.

Another factor that may contribute to the discrepancy between 2019 and 2020 events is the resilience of the beach for recovery. As described in the introduction, it is a natural process that beaches would be recovered after erosion due to onshore sediment motions under mild wave conditions (Hsu and Hanes, 2004). This recovery process usually took a longer time than the erosional process that occurred within a short-time scale in days during the attack of storm waves, as observed in this study. Previous studies suggested that the temporal scale of the recovery process was various from days to years or even to decades. The factors that affected the recovery process could be coastal morphology, wave energy, shoreline orientation, nearshore circulation, and local sediment supply. For example, individual large storms could cause local rapid erosion from which recovery might take years or even decades if the impacts were large but sand supply after that was not sufficient (Forbes et al., 2004). As for other cases, the recovery process could take months with slower paces of the recovery than the erosion. Vousdoukas et al. (2012) observed that sub-aerial beach volume reduction was up to 30 m3/mon in steep-sloping beaches whereas the following recovery of the intertidal area was reaching ~10 m3/mon. Morales-Márquez et al. (2018) found out that a group of storm waves generated significant erosion in three days but only half of the sediment was recovered during the next two months. In contrast, Ranasinghe et al. (2012) analyzed video monitoring data and wave measurements to quantify the nearshore morphological recovery time scale, Tmr and observed that Tmr could be as short as 5 days in Duck in North Carolina, United States. This result showed that the wave conditions and longshore current developed after the storms could be important indicators for Tmr In addition to the hydrodynamic conditions, the antecedent morphological condition could be a crucial factor for the recovery process as the beach might respond quite differently to the same hydrodynamic input conditions, depending on the morphodynamic status. For example, storm attack on susceptible beach could lead to catastrophic breakdown that might not be reversible or require long time for recovery (Forbes et al., 1995). Morales-Márquez et al. (2018) observed that, when a sequence of storms affiliated the beach, the storms developed later could hardly affect the morphology although their intensity was similar to the former ones that caused damages, confirming that the antecedent morphological condition might be crucial for the response of the beach. The antecedent condition could be also applied in the Bonggil Beach when Typhoon Mysak and Heishen attacked the site in 2020. The severe damage by Typhoon Tapah in 2019 might not be recovered and the morphological condition in the beach was not favored for additional erosion when the two severe typhoons affiliated the site again in ~1 year later. The temporal scale of the recovery process has not been estimated in Bonggil Beach yet. However, a similar observation was made in Yeongildae Beach that is located ~35 km north of Bonggil Beach (Oh et al., 2021), in which it took ~1.5 yrs for the shoreline of the beach to be recovered back to the level before the time of Typhoon Tapah’s attack. Considering that Yeongildae Beach is located inside a bay, and thus the damage by Tapah was smaller than that in Bonggil Beach, it is likely that Bonggil Beach was still in the recovery process when Typhoon Mysak and Heishen affiliated the site in 2020, which was also clear from the profile measurement in Figure 5B. Therefore, the less erosional damage during the attack of Mysak and Heishen was likely because the beach was still in the recovery process, and the antecedent morphological condition was not favorable for additional erosions at the time of 2020 typhoons.

In designing the long-term mitigation/adaptation plans from extreme storm impacts in the study area, it is important to carefully consider the post-event recovery processes in order to reduce unexpected/unwanted side effects that might be caused by the implementation of the plan. The decision from the simulation results in Section 4.3 were based on such consideration. Out of the three cases, Case 3 that planed the SG to conserve the sediments within the coastal cell was suggested for a preferred measure whereas Case 1 and 2 that planned SBs were not suggested due to the predicted additional erosions in the unexpected nearshore locations. Because the hard stabilization structures of SBs would not only reduce the wave energy but they also directly block the cross-shore sediment motions, they could also disturb the post-event recovery process by blocking the onshore sediment movement under milder wave conditions. In addition, such plans can be designed more economically if both destructive (erosion by storms) and constructive (post-event recovery) processes are considered, than those that only consider the destructive process. For example, the plan by Case 3 could also be economical when comparing the initial costs that were required in constructing the coastal structures. For example, the cost to construct the SG by Case 3 would be cheaper than those to construct the SBs by Case 1 and 2 because the SG would not need to be built high above the seabed, whereas the SBs should be high and wide to effectively reduce the wave energy. The plan by Case 3 could be also economical because the sediments were conserved in the nearshore area without losing them from the littoral cell and they could be replenished back to the eroded area. However, the outcome of this study suggests that the considerations on the mitigation/adaptation from storm impacts should be confined in the study area. One of its reasons is that the resilience of post-storm recovery could be site-specific, as previously discussed, even under similar hydrodynamic and wave conditions, thus studies are required to be carefully conducted for specific site in developing mitigation/adaptation plans from storms.

One of the examples of such studies was done for Miami-Dade County, United States (Klima et al., 2012). In this research paper, hurricane adaptation plans to reduce damages from the attack of tropical cyclones were developed by calculating surge height and wind speed as a function of return period and by estimating costs and economic losses using a damage model, for five areas along the county’s coastline. In particular, the study noted that the five areas would have different susceptibilities even to same hurricane due to different bathymetry/topography and infrastructure. Therefore, the plans were developed site-specifically for each area by suggesting, for example, a surge barrier as the best method to reduce storm surge damage in one area but suggesting the best method to be varied with return period in another area. This result corresponded to the suggestion in the present study that such adaptation plan should be considered specifically for different site. In Bonggil Beach, a coastal management project was planned by the local government before the severe erosion damages by Typhoon Tapah occurred in 2019. According to this plan, a SB was designed to be placed in the northern part of the beach’s nearshore, similar to the second plan (Case 2) shown in Figure 12B, to protect the commercial places located behind the northern part. Once Tapah affiliated the beach, however, the plan might require modification to consider beach conservation/adaptation from storm attacks. The results of the present study were then provided to suggest a design of engineering structure for future conservation specified in Bonggil Beach, considering the beach’s characteristic pattern.



6 Conclusion

In the present study, field observations and numerical model experiments were carried out to analyse the severe erosion in the beachface of Bonggil Beach during the attack of Typhoon Tapah in September 2019. The models were validated with a reasonable agreement with observational data. Telemac-2D showed good performance in generating the wave conditions during both of the 2019 (Exp. 1) and 2020 (Exp. 2) experimental period. When comparing the Telemac-2D and XBeach surfbeat, XBeach showed better performance because the measured current data were more accurately generated by Xbeach surfbeat than Telemac-2D. The morphological changes simulated by the XBeach surfbeat for Exp. 2 were also agreed with the bathymetry measurements in general. However, the model overestimated the degree of erosion because the amount of modeled sediments that were eroded from the beachface was greater than that measured from field observation. The reason was likely due to the complicated sediment characteristics as the sediment in Bonggil Beach was a mixture of sand and gravel. To implement the impact of this sediment mixture in the model, the sand and model fraction of the erodible sediment part was elabolately determined based on the sediment samples obtained at 72 locations along the beachface and inside the water in the nearshore. However, the existence of gravel whose size (1.34 mm) was much larger than that of sand (0.44 mm), which might increase the simulation error. Considering that the gravels would be more stable in starting initial motion but more active once started the bedload motions, the errors in the sand/gravel fraction in the model setup might lead to the wrong estimation of the amount of eroded/deposited sediments, although the pattern their distribution was successfully simulated by the model.

The application of the XBeach surfbeat for the Typhoon Tapah event for Exp. 1 also resulted in general agreement of the sediment transport pattern even though the model also overestimated the degree of erosion along the beachface. In particular, the locality of the erosional pattern, the severe dune erosion in the southern part, was successfully simulated by the model. The locality was caused because the slope of the water depth was steeper in the southern part, which likely kept the propagating wave energy higher when reaching the shore during the attack of Typhoon Tapah. In Bonggil Beach, the sediments were input to the coastal cell from a stream connected to the northern end of the beach. However, the input sediments could have hardly reached the southern part due to the blocking of the island, ‘MunMu-daewang-neung’, located in the middle of the beach. In addition, the sediments in the southern part could not return to the coastal cell once they crossed the southern boundary of the beach. It was because the water depth outside the boundary was deepened due to the construction of the bank in front of a nuclear power plant. Due to the combined effect of natural and anthropogenic causes, the nearshore of the southern part of the beach has been kept deeper than that in the northern part, causing the locality in the erosional damage.

Additional simulations with three cases of engineering measures were performed in order to find out an effective measure in protecting/conserving the beach from future attacks of similar storm waves – construction of a submerged breakwater (SB) in front of the northern part of the beach; construction of a SB in the southern part; and construction of a submerged groin (SG) at the southern end of the beach to prevent the loss of sediments from the coastal cell. It turned out that, out of the three measures, the use of SG was most effective in conserving the beach because the two measures with SB might cause the side effect of additional erosions at unexpected seabed locations even though they were useful for directly protecting the shore in the lee side of the SBs. Although the direct impact of dune erosion could not be avoided, the SG would be an environmentally friendly measure with reduced side effects, and by keeping the sediments within the coastal cell around the SG that could be used for future replenishment, even though sediments could be conserved by the SG on specific situations, mainly depending on the wave directions that caused longshore sediment drift. In addition, the construction of SG might require less initial construction cost than SBs because the SG did not necessarily high above the seabed by only capturing the bedload sediments. Considering that the SBs could prevent the long-term recovery process of the onshore sediment motions under milder wave conditions, the measure with the SG was also recommended as it allowed the natural recovery although it was still not a perfect measure in protecting the beach from dune erosion.

One of the restrictions of this study was that its outcomes were site-specific and might not be applied in other areas. However, this study focused the importance of the locality in establishing storm adaptation plans, in even within the same area of the littoral cell. Due to the climate change and the subsequent sea-level rise or the possiblility of increasing storm intensity, it is essential to prepare for long-term adaptaion plans in many coatal regions globally. The result of this study noted that these plans should consider the characteristic patterns of the site that might include the bathymetry, topography, wave climae, and the resilience of the site for post-storm recovery process. For this, preliminary researches are required to be carefully conducted for the sites of interest, considering their values.
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129°29'10.80" ~6m VECTOR Nortek AS 600 sec 3600 sec 8 Hz 6 MHZ Wave parameters and near-bed flow velocities
E (0.4 m above seabed)
35° 44’ 08.41" N WBL RBR Ltd. 128 sec 1800 sec 4 Hz 0.2 MHz Seabed elevation change(0.9 m above seabed)
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