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Tropical cyclones (TCs) play important roles in the evolution of beaches. The response of beaches to a single tropical cyclone (TC) has been well reported, however, few studies have compared the responses of the same beach to TCs with different characteristics. Taking Haiyang Beach in the northern China Seas as a case study, the beach profiles before and after two TCs, Lekima and Bavi, which passed through the west and east sides of the study area, were investigated. The beach exhibited erosion at the upper foreshore and minor deposition near the mean high water level (MHW) after Lekima with subaqueous sandbars formed in the nearshore zone, whereas all the beach profiles showed little changes after Bavi. A high-resolution FVCOM model was established and eleven sensitive experiments were conducted to simulate hydrodynamic changes induced by TCs with different tracks, intensity and duration. Then the Xbeach model was used to display the beach evolution due to different TCs conditions. It is found that the significant storm surge and strong seaward bottom current induced by landward wind of the TCs passed through the west side of the study area should responsible for the beach profile changes. Negligible storm surge rise and landward bottom current related to the seaward wind of eastern path TCs can only result in little change of the beach. Swell contributes most to the wave height while has less effect on the beach changes. In this study, we conclude that the effects of TCs on beaches are primarily dependent on relative position of a beach and TCs’ tracks.
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Highlights

	1. The relative position of a beach and TC track determines the erosion-accretion intensity of the beach

	2. The mechanism is significant storm surge rise and strong seaward bottom current related to the western path TCs

	3. Swell contributes most to the wave height while has less effect on the beach changes

	4. Schematic map of beach response to TCs with different tracks proposed.





1 Introduction

About 31% of the ice-free shoreline in the world is sandy and more than 24% of the sand beaches are suffering serious erosion at a rate of more than 0.5 m/year (Luijendijk et al., 2018). Tropical cyclones (TCs) have the potential to create, destroy, or substantially modify coastal landforms, especially in sand-dominated systems (Sherman et al., 2013). They can disrupt longshore and cross-shore sediment transport balances within short periods by inducing storm surges and strong waves. Thus, dune and sand bar systems can be rapidly, and even irreversibly, destroyed (Sallenger, 2000; Houser et al., 2008; Arifin and Kennedy, 2011). Compared with the monsoon storms, the wave intensity and storm surge can be significantly enhanced during TCs (Shariful et al., 2020), which could cause drastic erosion in dunes and berm where sediments were transported by strong undertow to form the sandbars (Roelvink et al., 2009; Armaroli et al., 2013).

Many studies have demonstrated the importance of the combination effect of TCs characteristics and beach geomorphology (Morton, 2002; Claudino-Sales et al., 2008; Pardo-Pascual et al., 2014). The erosion on beaches at different locations caused by TCs is very different according to the analysis of 37 beaches by Basco (1996). The geomorphological responses of beaches with different characters to TCs are also different, some beaches react rapidly with significant morphological changes (Otvos, 2004), and the more reflective beaches may make more significant changes after TCs (Qi et al., 2010). Sallenger et al. (2006) evaluated the impacts of four hurricanes on beaches in Florida, and found that these impacts cannot be classified simply according to the Saffir-Simpson hurricane scale, because stronger storm may not necessarily cause severer erosion, as the storm duration and surge level also play important roles. Wang et al. (2020) and Chen et al. (2022) analyzed the influence of Lekima and Bavi on the Chudao beach, respectively, and found that the effects of the beach were induced by Lekima was more serious, passing the left side of the beach. In general, the response of sandy beaches to TCs is a complex and variable process. The characteristics of a TC can be described by its track, intensity, duration, storm surges induced, and so on (Martzikos et al., 2021). Previous studies have focused on the influence process and morphological change on sandy beaches under the action of a single TC or a strong and powerful event (Fritz et al., 2007; Sherman et al., 2013; Ding et al., 2015; Shariful et al., 2020). However, little attention has been paid to the hydrodynamic changes and the response of sandy beach induced by TCs with different characteristics. Furthermore, the increase in the intensities of the strongest TCs and the northward shift of their tracks have been predicted (Walsh et al., 2015), which makes the study of the responses of a beach to TCs with different characteristics more meaningful.

Thus, a sandy beach located in the northern China sea was taken as a case study with a combination of in situ investigations and numerical simulations. In addition, we captured two TCs, Lekima and Bavi, that affected the study area in the past three years. Lekima was one of the most powerful TCs landed on Shandong Province, which represented the TCs passing from the left side (left-pass) of the study area. Although Bavi weakened after entering the Yellow Sea, it can be used to discuss the effect of TCs passing from the right side (right-pass) of the study area. Hence, they were representative of the historic TCs with different characteristics.



2 Study area

Haiyang Beach is located on the southern Shandong Peninsula, adjacent to the Yellow Sea, with a length of 13 km and flowing an orientation of SW-NE (Figure 1A). The Haiyang Beach is a typical barred beach (Yang et al., 2012), mainly composed of well-sorted medium and fine sand (Zhang et al., 2021). Lianli Island, situated in the middle of the coast, is the first offshore artificial island in the northern China Seas. The Dongcun River estuary divides the beach into two parts, with the eastern part being a popular tourist attraction, while the western one lacks human activities and there was neither any nourishment project nor coastal engineering projects nearby. Therefore, in this study, the western Haiyang beach was focused as the target area, for the comparison of geomorphological responses to TCs with different characteristics (Figure 1C).




Figure 1 | Location of the Haiyang beach indicated by the red pentacle (A). Location of gauging station T, current observed stations C1 to C3 and wave observed station W, and the topography of the study area (B). Layout of the observed profiles P1 to P4 as shown by black solid lines, and the background is a standard false-color Landsat image. The red dashed area represents the XBeach model domain, and the red dot with black cross represents the site of calculated wind conditions at Haiyang beach (C).



Haiyang Beach is dominated by southerly winds in the spring and summer seasons and northerly winds in autumn and winter. According to the wind data from 1963 to 1982 at Rushan Estuary station (Zhang et al., 2012; Gao et al., 2020), the annual average wind velocity in this area is 3.2 m/s, and the maximum wind velocity can reach 4.4 m/s with a direction of SSW (Figure S1A). Based on the ten-year (1984-1994) averaged wave results observed at Nanhuang Island station, waves in this area is dominated by wind-induced waves with 90% of the wave heights less than 1 m (Figure S1B). In addition, the most wave directions are SSE and SSW in summer and autumn, respectively (Figures S1C, D). The area has regular semidiurnal tides, and the tidal currents reciprocate. Compared with the 1985 national elevation benchmarks, the mean low water (MLW) is −1.20 m, the mean high water (MHW) is 1.21 m, the lowest tide level is −2.67 m, and the mean sea level (MSL) at Haiyang is 0 m (Zhang et al., 2021). For the alongshore sediment transport rate, Ren et al. (2016) calculated its value to be 0.16 to 0.19 million m3/a, with a mainly ENE direction.



3 Materials and methodology


3.1 Field investigation

Beach topography was investigated using RTK-GPS (Real Time Kinematic- Global Positioning System) with horizontal and vertical precisions of 2.5 mm and 5 mm, respectively. A total of four repeated topography observations were conducted, as presented in Table S1. At each profile, the observed resolution was less than 3m which would be reduced where the topography changed rapidly.

Three acoustic Doppler current profilers (ADCP) were used to measure the water levels and current profiles at Stations T, C1, and C2 in March 2017, while the wave data were obtained from a buoy at Station W, from August to September 2019 (Figure 1B). The detailed observation periods are presented in Table 1. These hydrodynamic data were used to validate the numerical model.


Table 1 | Survey information.



Additionally, we used the DJI-M300 unmanned aerial vehicles (UAV) to obtain the topographic data of the beach to create the digital elevation model (DEM) in June 2021, and the horizontal and vertical resolution of the UAV was 1 cm and 1.5cm, respectively. In the meanwhile, the bathymetry data were obtained by the HXF-260D signal beam echosounder with a resolution of 1cm. Then, the subaerial and subaqueous data were merged to provide the initial topographic data for the Xbeach model.



3.2 Beach profile analyses

The beach profile slope (tan β) is used to evaluate the impact of a storm, and is defined as the tangential angle of the foreshore between the edge of the berm and the bottom of the beach face, as shown in Figure 2. Furthermore, Qi et al. (2010) proposed the mean profile change (MPC) to quantify TC impact intensity. It is the absolute value of the averaged profile change before and after a TC, expressed by the following equation:






Figure 2 | Definition sketch of mean profile change and beach slope (tanβ). MSL is the mean sea level, modified from Qi et al. (2010).



x0 and x1 are the first and last points where the post-storm profile is different with pre-storm profile, za and zb are the elevations at x before and after a TC, respectively.

In this study, the Regional Morphology Analysis Package (RMAP) in the Coastal Engineering Design and Analysis System (CEDAS) is used to analyze morphologic changes of beach profiles, by calculating the cross-shore sediment discharge per beach profile width. Thus, the eroded or deposited sediment volume induced by TCs could be quantitative.



3.3 Wind data

The TCs data used for analyzing historic TCs’ tracks were obtained from the Tropical Cyclone Data Center of China Meteorological Administration (CMA) (URI: https://tcdata.typhoon.org.cn/). In addition, hourly wind speed and direction data during two TCs of Lekima and Bavi were obtained from the National Center for Environmental Prediction Climate Forecast System Version 2 (NCEP-CFSv2) with a horizontal resolution of  0.2 degrees (URI: https://rda.ucar.edu/datasets/ds094.1/). This data was also used to drive the FVCOM model as the meteorological force.



3.4 Numerical model


3.4.1 FVCOM model

The finite-volume coastal ocean model (FVCOM) (Chen et al., 2003; Chen et al., 2013) was established to simulate the hydrodynamic conditions during the TCs events. This model has been successfully applied to the study of estuaries, coasts, and adjacent shelf seas (Chen et al., 2008; Bao et al., 2015; Mao and Xia, 2018; Zhong et al., 2020). FVCOM is discretized with unstructured triangular grids in the horizontal direction and a generalized terrain-following coordinate system in the vertical direction. The governing equations are closed; with a default configuration of the Mellor and Yamada level 2.5 (MY-2.5) turbulent closure scheme for vertical eddy viscosity (Mellor and Yamada, 1982) and the Smagorinsky eddy parameterization for the horizontal diffusion coefficients (Smagorinsky, 1963). The wave module (FVCOM-SWAVE) was converted from the Simulating Waves Nearshore (SWAN) model, which was developed by (Booij et al., 1999) and then improved by the SWAN Team (2006). The finite-volume approach of FVCOM ensures volume and mass conservation in individual control element and across the entire computational domain.

The governing equations consist of the following momentum, continuity, and density equations in Cartesian coordinates:











where x, y, and z are the east, north, and vertical axes in the Cartesian coordinate system; u, v, and w are the x, y, and z velocity components; ρ is the density; Pa is the air pressure at the sea surface; PH is the hydrostatic pressure; q is the non-hydrostatic pressure that satisfies a Poisson equation that can be derived from the discrete decomposition using the fractional-step method; f is the Coriolis parameter; and g is gravitational acceleration. The total water column depth is D = H + ζ, where H is the bottom depth (relative to z = 0); and ζ is the height of the free surface (relative to z = 0). P = Pa+ PH+ q is the total pressure at which the hydrostatic pressure PH satisfies:




3.4.1.1. Model configuration

The study area, including Haiyang Beach and its adjacent seas, was divided by an unstructured triangular mesh, as described in Figure S2. The mesh contained 17972 nodes and 34596 cells. The horizontal resolution of the grids was 60 m at the Haiyang beach and approximately 3 km at the open boundary. The water column was vertically divided into seven uniform sigma layers. The shoreline in the model was the high-water line in 2019, and the topography data were extracted from the China Marine Chart database. The hydrodynamic conditions at the open boundary, including sea surface height, current, and waves, were derived from Zhong et al. (2020) which were well-calibrated. The startup type was a ‘cold start’. The simulated period was from January 1, 2017, to January 1, 2021, with the time step of 1s, and the initial water level and velocity in the domain were set to zero.



3.4.1.2 Model validation

The model was validated using the observed data (Figure S3). The simulated results were evaluated by the correlation coefficient (R2) and root mean square error (RMSE). Both the observed and modeled water levels and current velocities exhibited significant semidiurnal and spring-neap tidal variations. The simulated water level was in very good agreement with the observations at Station T, with an R2 greater than 0.98 and RMSE less than 0.18 m. The R2 and RMSE of the observed and simulated current velocities at Stations C1 and C3 were more than 0.68 and less than 0.11 m/s, respectively. At Station C2, the R2 of the current velocity decreased to 0.54, probably because this station was closer to the coastline and the current changed rapidly in shallow water. Nevertheless, the directions of the currents at all three stations were in good agreement, with an R2 greater than 0.9. The wave model reproduced the variations in the significant wave height and wave period effectively. The R2 and RMSE between the simulated and observed significant wave height were 0.77 and 0.25 m, respectively; and the values for the peak wave period were 0.74 and 2.74 s, respectively. Therefore, the numerical model provided satisfactory performance in simulating regional ocean dynamic processes.




3.4.2 Xbeach model

Xbeach is an open-source numerical model to simulate hydrodynamic and morphodynamic processes. This model includes the hydrodynamic processes of short-wave transformation, long-wave transformation, wave-induced setup, and unsteady currents, as well as overwash and inundation (Roelvink et al., 2009; Delft, 2018). Over the last decade, it is widely used to simulate the impact of powerful events on a sandy beach, such as sediment transport, shoreline evolution, and seabed evolution, and it has been validated with a series of analytical, laboratory, and field test cases by a standard set of parameter settings (Bugajny et al., 2013; van Verseveld et al., 2015; Harter and Figlus, 2017; McCarroll et al., 2021).

In this study, a 2DH model with gradient grids is established to discuss the beach evolution due to different TCs conditions. The simulated area extends 1000 m and 500 m offshore and alongshore, respectively, which locates in the middle of Haiyang Beach covering profile P2 (Figure 1C). The averaged resolutions are about 3 m and 5 m, respectively. Thus, the response of profile P2 to different wind fields is simulated to discuss the wind effect. The DEM of the model domain is shown in Figure S4. In this model, the type of bed friction was set as “manning”, the value of the friction coefficient (bedfriccoef) was 0.25, the wave model was “surfbeat”, and the morphological acceleration factors (morfac) was 10, all other model coefficients use the default values. At the offshore boundary, it is forced by hourly-averaged tidal levels, wave heights, periods, and directions which are obtained from FVCOM simulation results.



3.4.3 Numerical experiments on different wind conditions

To examine the response of beach profile to different wind conditions, the Cyclone Wind Generation tool of Mike21 toolbox based on the Young and Sobey wind model (Young and Sobey, 1981) was used to generate three TCs with different tracks (L-A, L-B, and R) as shown in Table 2 and Figure S5. The correction coefficient of forwarding motion asymmetry and inflow angle in the wind model used the method of Harper and Holland (1999) and Sobey et al. (1980), respectively. The radius to the maximum wind speed (Rmax) and the central pressure (Pc) of a TC were calculated referred to (Graham and Nunn, 1959) and (Atkinson and Holliday, 1977), respectively. The translation velocity (Vt) and the wind speed (V) of cyclones (L-A, L-B, and R) are estimated from the averaged value of the 1949-2020 historic TCs data.


Table 2 | Setting of numerical experiments.



Therefore, eleven sensitive experiments (Table 2) were conducted to discuss the response of hydrodynamics to different wind conditions. Several factors, including the distance of cyclones to Haiyang (Ds), the translation velocity (Vt), strong wind duration, and the wind speed (V) were discussed. Exp.1 was a benchmark run forced by a left-pass cyclone (L-A, Figure S5A). To examine the influence of the different tracks, Exp.2 was driven by a right-pass cyclone with the same conditions as Exp.1 except for the relative position to the Haiyang beach (Figure S5B). In Exp.3, the Ds was decreased from 500 km to 300 km to analyze the influence of the distance of the cyclone to the beach (Figure S5C). The Exp.4 was designed to study the influence of the duration of strong wind on the beach compared with Exp.1, as the cyclone in Exp.4 moved twice as fast as in Exp.1, and the duration of the strong wind at Haiyang Beach was significantly decreased (Figure S5D). In Exp.5, the intensity of the cyclone was reduced with a significant decrease of Vmax to study the influence of the wind speed (Figure S5E). The wave conditions were considered in Exp.6 to 9. Among them, Exp.6 and Exp.7 were driven by the same wind fields as Exp.1 and Exp.2, respectively. In Exp.8 and Exp.9, the swell conditions were removed to discuss the contribution of the swell, and the results were compared with those from Exp.6 and Exp.7, respectively. Since the wind direction was opposite induced by the TCs passing on the left and right side of the beach, thus, we conducted Exp.10 and Exp.11 using the southeasterly (SE) and northwesterly (NW) wind, respectively, to study the influence of wind direction on the beach.





4 Results


4.1 Tropical cyclones

There were totally 77 TCs that passed across the southern Shandong Peninsula between 1949 and 2020 (Figure 3A). The annual average rate is 1.1 times which is far less than the 12 TCs that occur each year in the southern China Seas (Qi et al., 2010). The tracks can be divided into three pathways: those that attack Haiyang Beach directly, those that pass across the Shandong Peninsula to the west, and those that pass to the east crossing the North Yellow Sea with landing on the Korean Peninsula. Among the 77 TCs, 16 passed the left side of the study area, 50 passed the right side, and 11 passed directly across the study area.




Figure 3 | Tracks of the historic TCs that affected the Shandong Peninsula from 1949 to 2020 (A). Tracks of the Lekima and Bavi considered in this study (B). Hourly time series of wind velocity (red line) and direction (blue arrows) at Haiyang beach (the wind site in Figure 1C) during Lekima (C) and Bavi (D), respectively.



In this study, two TCs, Lekima (No. 1909) and Bavi (No. 2008), that affected the east and west of the study area, respectively, were considered, as presented in Figure 3B. Lekima formed at 16.7°N and 131.5°E in the northwest Pacific on August 4, 2019. It then quickly moved northwestward and intensified. The maximum wind velocity of Lekima was up to 52 m/s when it first landed on the east coast of China. After approximately 18 h, it was downgraded to a tropical storm and then moved to the North Yellow Sea. Lekima landed again on the southern coast of the Shandong Peninsula on August 11, with a maximum wind velocity of 23 m/s. It continued to move north until dissipated in the Bohai Sea on August 13. During Lekima event, the maximum wind velocity was 16.64 m/s (Figure 3C) with a direction that transitioned from easterly to southerly (landward) at Haiyang Beach.

Bavi formed at 21.6°N and 123.5°E to the southeast of Taiwan Island on August 21, 2020, which moved northwardly into the East China Sea. When crossing the Yellow Sea and the Bohai Sea, Bavi weakened to the status of a typhoon on August 27, 2020, and finally landed on the northern part of the Korean Peninsula with a maximum wind velocity of 35 m/s. During the Bavi event, the wind velocity at Haiyang Beach was less than 10 m/s (Figure 3D) with northerly direction (seaward).



4.2 Geomorphological response and sediment budget

After Lekima, all four profiles exhibited minor accretion at the lower part of the beach face in the area near the mean high water level (MHW). However, significant erosion could be found at the upper part of the foreshore zone at all profiles, with a maximum vertical value of 0.3 m at P1 (Figure 4). In addition, obvious accretion around the mean low water level (MLW) with sandbars in the nearshore zone can be found in profiles P2, P3, and P4 which are in the middle and eastern parts of Haiyang Beach.




Figure 4 | Topographic changes in beach profiles (locations can be found in Figure 1C) before and after Lekima (A), MHW indicates the mean high water level, MSL indicates the mean sea level, and MLW indicates the mean low water level. Comparison of sediment budget of each beach profile after Lekima (B).



According to the method mentioned in Section 3.2, the total sediment budget per width at profile P1 reached a maximum of -23.62 m3/m, followed by the erosion of -16.47 m3/m at P2 profile (Figure 4B). The eroded sediment volume in the subaerial area decreased gradually from the western to the eastern part of the beach, and reached a minimum of -2.56 m3/m at P4. The subaqueous area (below the MSL) at the P1 and P2 profiles maintained erosion, whereas accretion on the eastern beach gradually occurred due to the formation of subaqueous sand bars. The accretion per width reached a maximum of 13.30 m3/m at profile P4. In general, bounded by Profile P3, the western part of the beach experienced severe erosion after Lekima, while the eastern part exhibited weak accretion with the formation of subaqueous sand bars.




5 Discussion


5.1 Compared Bavi with Lekima

We captured the beach profile change induced by typhoon Bavi in 2020 (Table S1). Though Bavi caused smaller wind velocity at Haiyang Beach than Lekima (Figure 3D), it could be a representative of the cyclone passing on the right of the study area. Compared to the profile changes after Lekima, the erosion and deposition areas were relatively weak after Bavi (Figure 5A). Furthermore, no more sandbar was formed. The absolute changes in the slope of all profiles induced by Lekima were greater than 0.01, and the MPCs were larger than 0.1m (Figure 5B). However, Bavi had little effect on the beach, with the slope changing slightly and MPC less than 0.1m. Based on observations after the two TCs, the MPC value increased as the beach slope variation increased.




Figure 5 | Changes in beach profiles before and after Bavi (A). Relationship between beach slope and mean profile change (MPC) induced by two TCs (B), the dashed purple line is the fitted curve.



Both the surface residual current and bottom shear stress in the study area induced by Lekima (Figure 6A) were much stronger than that resulted from Bavi (Figure 6B). This indicated a larger suspended sediment transport during Lekima. Since the beach profile change was mostly related to offshore sediment transport. The stronger seaward residual currents at the bottom layer induced by Lekima (Figure 6C) were more likely to result in sandbars (Figure 4A), but the residual currents induced by Bavi were relatively weak (Figure 6D). Moreover, in the northern hemisphere, the left-pass cyclones induced landward wind and right-pass cyclones induced seaward wind in the study area, thus the storm surge and duration of strong-effect period induced by landward wind were much larger than that caused by seaward wind. Though these two TCs occurred during neap tides (Figures 6E, F), the maximum surge reached 0.72m induced by Lekima, which was significantly larger than 0.34 m that of Bavi. All of the above comparisons indicated a stronger beach profile change resulting from Lekima than Bavi. However, not only the difference in tracks but also the differences in wind speed and duration between these two TCs. It’s hard to attribute changes in the beach profiles to any one factor of wind. Furthermore, despite the significant difference in wind speed between these two TCs (Figures 3C, D), the simulated wave heights were all about 2m. Thus, more sensitive numerical experiments are needed.




Figure 6 | 13h averaged surface residual currents (arrows) and bottom shear stress (colored) induced by Lekima (A) and Bavi (B), respectively, and vertical distributions of residual currents at profile P2 with red arrows indicated onshore and blue arrows indicated offshore during these two events (C, D). Time series of simulated water elevation (black line), significant wave height (red line) and storm surge (blue line) at Station C2 during Lekima (E) and Bavi (F), respectively. The gray areas represent the periods when storm surge were higher than 0.3 m and 0.1 m, respectively, which we refer to as the ‘strong-effect period’ of the two TCs.





5.2 Hydrodynamic changes response to different wind conditions


5.2.1 Influence of cyclones with different tracks

It is well known that the wind speed of the TCs in the northern hemisphere intensifies on the right side of the track. Although the maximum wind speed of the right-pass cyclones is the same as that of the left-pass, the wind speed at Haiyang is reduced from 13.47m/s to 8.48m/s (Figure S5). Furthermore, the duration of wind speed greater than 8m/s decreased from 52 hours in Exp.1 to 10 hours in Exp.2 (Table 2).

Surface residual currents of Exp.1 with left-pass cyclones (Figure 7A) were much larger than that of Exp.2 driven by right-pass cyclones (Figure 7B). This indicated more active sediment resuspension and much stronger coastal sediment transport in Exp.1. Moreover, the seaward bottom currents as shown in P2 profile (Figure 7F) in Exp.1 would transport sediments offshore and induce to a formation of a sandbar. However, the geomorphological change may be much weaker in Exp.2, because of landward bottom currents at profile P2 (Figure 7G) and less coastal sediment transport. These results agreed with the comparison of Lekima and Bavi with different tracks. Though the maximum wind speed of cyclones was set to be the same in the sensitive experiments, the hydrodynamics were closely related to the tracks.




Figure 7 | 25h-averaged surface residual currents and vertical distribution of residual currents at P2 profile with red arrows indicated onshore and blue arrows indicated offshore in Exp.1 (A, F), Exp.2 (B, G), Exp.3 (C, H), Exp.4 (D, I) and Exp.5 (E, J), respectively.





5.2.2 Effect from the wind speed

For the left-pass TCs, whether the distance between the cyclones and the beach decreased (Exp.3) or the translation velocity of the cyclones increased (Exp. 4) which shortened the impact time (Table 2), the distribution of coastal currents and sectional currents at profile P2 (Figures 7C, D, H, I) are similar as Exp.1 with increased current velocity. For the results of Exp.5 with weakened TCs, the current pattern didn’t change except the magnitude of the residual currents decreased (Figures 7E, J). This indicated that the contribution of the cyclones’ track was much more important than the cyclones’ intensity on the pattern of coastal currents and sectional currents.



5.2.3 The contribution of the swell

As shown in Figure 8, similar significant wave height (Hs) can be found during Lekima and Bavi, though the wind speeds were very different. Thus two additional simulations for these two cyclones were conducted without swell to examine the contribution of swell. The Hs didn’t change a lot with or without swell during Lekima, however, the Hs was very different during Bavi (Figure 8A). A set of sensitive experiments with or without swell (Exp.6 to Exp.9 in Table 2) were also designed. Similar results can be concluded that swell contributes most to the waves induced by right-pass cyclones (Exp.7 and Exp.9 in Figure 8B). This indicated that though the wind wave height was small during offshore wind, the swell from out seas was comparatively large. This can also be demonstrated in the simulation of Hs during Lekima and Bavi. Without the effect of swell, Hs during Bavi which the wind direction is seaward is relatively small.




Figure 8 | Comparisons of the simulated significant wave heights with/without swell at Station C2 during Lekima and Bavi (A) and driven by ideal wind in Exp.6 to Exp.9 (B), respectively. Comparisons between the observed and simulated significant wave heights with/without swell at Station W, and the time serious of wind directions (black arrows) were obtained from CFSv2 (C). The purple dotted rectangular box represents the period of Lekima, and the orange one represents the period of Bavi in panel (A).



The conclusion of swell contributes most to the seaward wind waves can also be supported by the observations in the general weather. During northerly wind, a large bias can be found between the observed and simulated Hs without swell (Figure 8C). While it showed a great agreement between the observed and simulated Hs during southerly wind, despite wind wave only.



5.2.4 Similar results from the steady wind

Although Lekima and Bavi showed anticlockwise rotating wind fields, wind affecting Haiyang Beach just exhibited southerly and northerly winds (Figures 3C, D), respectively. Thus, two experiments driven by steady southeasterly (Exp.10) and northwesterly wind (Exp.11) were set to compare with the effect of cyclones (Table 2).

The distribution of surface residual current and vertical current field of the P2 profile induced by the southeasterly wind field (Figure 9A) had the same trend as that of the left-pass cyclone (Figure 5F). Similarly, the results caused by the northwesterly wind field (Figure 9B) were the same as that of the right-pass cyclone (Figure 5G). This indicated that wind direction was an important factor that dominated the hydrodynamics in the study area.




Figure 9 | 25h-averaged vertical distribution of residual currents at P2 profile with red arrows indicated onshore and blue arrows indicated offshore in Exp.10 (A), Exp.11 (B), respectively.






5.3 Response of beach profile to different wind conditions

Considering the limited computing capacity, the P2 profile was selected as a typical simulation based on the Xbeach model. The simulated elevation changes of the P2 profile in the experiments (Exp.6, Exp.7, Exp.10, and Exp.11) were compared with the initial seabed (Figure 10). Due to the landward wind induced by a left-pass cyclone, the P2 profile was eroded on beach face and deposited on the bottom of the beach, with the net sediment volume changes of about -4 m3/m. This sediment budget indicated a similar sediment loss but the value was less than the -16.47 m3/m that resulted from Lekima. However, when the cyclone passed on the right side of the beach, the profile exhibited a slight change at the bottom of the beach surface, which was similar to the changes of the P2 profile after Bavi. Similar trends to Lekima and Bavi suggest that XBeach can be used to compare the relative changes of different experiments, although not enough topography data pre-Lekima or Bavi induced a lack of direct comparison with these two cyclones. Moreover, to verify the effect of wind direction, the southeasterly (landward) and northwesterly (seaward) winds were used to force the study area. The results showed that the morphology of the P2 profile was eroded greatly with net sediment volume changes of about -10 m3/m under the southeasterly wind, while the profile was almost unchanged with the effect of the northwesterly wind (Figure 10).




Figure 10 | The elevation of P2 profile changed under different wind conditions compared with initial seabed.



Therefore, the relative position of a beach and TC track can lead to the opposite patterns of wind direction, which determined the different erosion-accretion results of a beach profile.



5.4 Modelled response of the beaches to TCs with different tracks

Consequently, the TCs with different tracks had significantly different effects on the same sandy beach. The strong landward winds induced by left-pass TCs could generate higher storm surges toward the shoreline, causing seawater to converge and further raise the high water level. Under the conditions of higher storm surge at the shoreline, the beach face would be subjected to more intense erosion and might undergo changes via the following mechanisms: deposition on the inner backshore (from berm to landside), erosion at the outer backshore (seaside) and foreshore. Furthermore, sandbars may be formed in the inshore area, reducing the slope of the entire beach and the response to the energy from strong wind and wave action (Figure 11A). In contrast, under the seaward wind induced by right-pass TCs generated the hydrodynamic intensity for the longshore and cross-shore transportation of sediments would be weak, and thus, the beach profiles did not change significantly (Figure 11B). The response pattern we proposed provided reasonable interpretations of the beach profiles changes induced by TCs with different tracks in the South China and the northern Gulf of Mexico, respectively (Cai et al., 2004; Otvos, 2004).




Figure 11 | Schematic map for the morphologic response of the beach to left-pass (A) and right-pass (B) TCs, respectively.






6 Conclusion

TCs are strong synoptic events that can intensively impact sandy beaches. Beach profile observations of Haiyang Beach, China, were conducted before and after the TCs Lekima in August 2019 and Bavi in August 2020, respectively, which passed the study area with different tracks. To further examine the effect of TCs with different characteristics, eleven sensitive experiments based on FVCOM and four numerical simulations of beach profile change based on XBeach were carried out.

Resulted of Lekima which passed the left side of the study area, the main morphological responses of the beach exhibited erosion at the upper foreshore and minor deposition at the middle beach face. Subaqueous sandbars were formed in the nearshore zone. The overall sediment budget per width reached a maximum of −23.62 m3/m. However, the beach showed little change after Bavi, passed the right side of the beach. Moreover, the impact intensity of tropical cyclones was positively correlated with changes in the beach slope.

The significantly different and even opposite changes in beach profiles induced by the generated TCs with different characteristics caused by the storm surge change and the corresponding bottom cross-shore current. The landward wind direction induced by TCs in the northern hemisphere passing to the west of the study area can push seawater to a higher position of the beach and further induce a seaward bottom current. They can lead to strong erosion at the upper foreshore and deposition in subaqueous sandbars. In contrast, the seaward wind induced by the TCs that passed to the east of the study area can lead to minor erosion at the upper foreshore and accretion on the bottom of beach face, because of the negligible storm surge rise and landward bottom current. The geomorphological response of a sandy beach to TC is primarily dependent on the relative position of the beach and TC’s track. The increased intensity and translation velocity can only enhance the wind speed but not change the hydrodynamic pattern. In addition, the contribution of swell to the wave height was first proposed, which has less effect on the beach changes.
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Supplementary Figure 1 | Frequencies of wind direction and wind speed in Haiyang (A). Frequencies of wave direction averaged in ten years (1984-1994) (B), in summer (C) and autumn (D), respectively, at the Nanhuang Island station (location indicated in Figure 1B).

Supplementary Figure 2 | Model domain and mesh of the FVCOM model.

Supplementary Figure 3 | Comparisons between the observed and simulated water levels at Station T (A), significant wave heights (D) and peak wave periods (G) at Station W, respectively (red and black lines indicate the observed and simulated results, respectively). The middle (B, E, H) and right (C, F, I) columns show the comparisons of surface current velocities and directions at Stations C1, C2 and C3, respectively (observed results are shown in red dots and simulated results are indicated by black lines).

Supplementary Figure 4 | The DEM of study area in China Geodetic Coordinate System 2000 (CGCS 2000) and Gauss-Kruger projection, and the black line represents the P2 profile.

Supplementary Figure 5 | The generated different wind fields at Haiyang Beach when the wind velocity was at its maximum.
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OEBPS/Images/table1.jpg
Site Date

Water level T 12 March, 2017 08:00 to 13 March, 2017 10:00
(spring tide)
Current Cl1 12 March, 2017 08:00 to 13 March, 2017 10:00

C2and C3  (spring tide)
Wave w 29 August, 2020 18:00 to 21 September, 2020 08:00
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