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Abstract: Jiangsu Coast (JC), China is a tropical cyclone (TC) highly impact area. However, due to 13 

the lack of available on-site observation data, nearshore sedimentary dynamic processes under the 14 

impact of TCs have been little explored. This study developed a 3D wave-current-sediment numer- 15 

ical model for JC based on the Finite Volume Coastal Ocean Model (FVCOM) to investigate sedi- 16 

ment dynamic response to TCs in various scenarios. The results indicated that typhoons can signif- 17 

icantly impact the hydrodynamics and sediment dynamics of JC. During Typhoon Lekima in 2019, 18 

strong southeasterly winds led to a substantial increase in current velocity, bottom stress, wave 19 

height, and SSC. Three typical landfall-type typhoons, with prevailing southeasterly winds, brought 20 

significant sediment flux from southeast to northwest along the coast, while the typhoon moved 21 

northward in the Yellow Sea bringing a relatively smaller sediment flux from north to south. Ty- 22 

phoons can also induce stripe-like erosion and deposition which is closely related to seafloor topog- 23 

raphy, resulting in seabed thickness variations of up to ±0.3m. Additionally, strengthening typhoon 24 

wind fields can lead to increased sediment flux and seabed morphological changes. Typhoon 9711, 25 

particularly at spring tide, had a greater impact on sediment dynamics compared to other landfall 26 

typhoons. Numerical simulations showed that the typhoon-induced net sediment flux within the 27 

spring tidal cycle could increase by 80% to 100% compared to the neap tidal cycle, indicating the 28 

significant influence of tidal conditions on sediment transport during TC events. 29 
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 32 

1. Introduction 33 

Tropical cyclones (TCs) are disastrous weather systems, often accompanied by gales, 34 

rainstorms, huge waves, and storm surges [1]. The strong interaction between the atmos- 35 

phere and the ocean can significantly affect coastal hydrodynamics, and the seabed mor- 36 

phology may undergo certain changes after a series of processes such as sediment resus- 37 

pension, transport, and sedimentation [2]. In some cases, TC events may contribute nearly 38 

half of the seasonal net sediment transport [3], even two orders of magnitude more than 39 

sediment transport under fair weather conditions [4,5]. Theoretical and modeling results 40 

indicate that future global warming may lead to an increasing potential for tropical cy- 41 

clone destruction, which may threaten the safety of residents’ lives and property in coastal 42 

areas [6]. Therefore, it is essential to enhance our comprehension of sediment dynamics 43 

under TC effects to provide a theoretical basis for coastal management and disaster pre- 44 

vention and mitigation. 45 
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According to on-site observations, both Typhoons No. 8114 and No. 9711 signifi- 46 

cantly increased the water level and wave height along the eastern coast of China, causing 47 

significant changes in the morphology of tidal flats [7,8]. Yang, et al. [1] found that the 48 

strong wave current interaction caused by Typhoon No. 1909 greatly increased bottom 49 

stress which affected sediment transport. Zhang, et al. [9] found that typhoons directly 50 

landing along the coast of Jiangsu can increase storm surge in the radial sand ridge (RSR) 51 

area by up to nearly 3 meters. Based on the study of Cong, et al. [10], the waves induced 52 

by storms dissipate wave energy in shallow waters, which can significantly enhance the 53 

process of sediment resuspension, thereby affecting sedimentation dynamics. Ma, et al. [2] 54 

found that alongshore currents play a crucial role in coastal morphology change during a 55 

storm. Xia, et al. [11] found that typhoons that make landfall on the south side of the Yang- 56 

tze River Estuary experience greater storm surge than those that make landfall on the front 57 

and north sides. When the typhoon storm surge, upstream flood peak, and astronomical 58 

spring tide are combined, the storm surge will be more significant. Similarly, according to 59 

the study by Pan and Liu [8], extreme storm surges may induce coastal inundation in 60 

Yangtze Estuary regions and relative sea level rise could reach 0.7m in the worst-case sce- 61 

nario. 62 

Jiangsu Province is located on the eastern coast of China, which is often affected by 63 

active tropical cyclones in the northwest Pacific. According to Zhang, et al. [9], there are 64 

an average of three typhoons affecting Jiangsu Province annually. Typhoons that threaten 65 

Jiangsu Coast (JC) can be divided into three types: typhoons that move northward after 66 

landfall in Zhejiang or Fujian, typhoons that directly land along the coast of Jiangsu, and 67 

typhoons that operate in the coastal areas. These types of typhoons have a significant im- 68 

pact on the hydrodynamics and sedimentary dynamics of the JC. However, the adverse 69 

weather and oceanic conditions experienced during typhoons have posed significant ob- 70 

stacles to the direct observation efforts [10,12,13]. There is still a lack of in-depth research 71 

on the impact of different TC tracks and intensities with various tidal conditions on the 72 

sedimentary dynamics processes in JC due to the scarcity of observational data collected 73 

during TC events. 74 

In this study, we developed a wave-current-sediment coupled model in JC and ex- 75 

plored the hydrodynamics, sediment transport and morphological change during ty- 76 

phoon events. The main objectives were: (1) to investigate the response of hydrodynamics 77 

and sediment dynamics to TC, (2) to compare the effect that different tracks and intensities 78 

of typhoons have on hydrodynamics and sediment dynamics, and (3) to examine the tidal 79 

effects on sedimentary dynamics during TC events in JC. To achieve these objectives, we 80 

adopted the Finite Volume Community Ocean Model (FVCOM) and SWAN model as the 81 

ocean model and wave model, respectively. Subsequently, a total of eleven sets of experi- 82 

ments were designed based on different typhoon tracks, intensities, and tidal conditions. 83 

2. Regional setting and study domain 84 

Jiangsu Coast (JC) is located on the west coast of the South Yellow Sea and it is an 85 

important eastern coastal area in China. The coastline starts from the Xiuzhen River mouth 86 

at the border of Jiangsu and Shandong in the north and ends at the northern mouth of the 87 

Yangtze River in the south. The mainland coastline of JC is 734.84km long, and the length 88 

of the island coastline is about 84.74km. This study took the entire coastal area of Jiangsu 89 

Province as the study domain, with a latitude and longitude range of 31.5 °~35.1 ° N and 90 

119 °~123 ° E [14]. 91 

The offshore shoals cover a vast area in JC, with a total area of 5000 km2 of unculti- 92 

vated coastal mudflat. According to sediment distribution characteristics, JC can be 93 

roughly divided into four sections from north to south: the northern part is the sandy, 94 

bedrock, and muddy coast of Haizhou Bay, the central part is the eroded coast of the 95 

abandoned Yellow River Delta, the central southern part is the radial sand ridge area, and 96 

the southern part is the coast of the Yangtze River Delta [14]. In general, Except for the 97 

north, the coastline is mainly muddy. Between 1128 and 1855, the ancient Yellow River 98 

gscar
Evidenziato
that determined

gscar
Evidenziato
hereinafter sea-level rise

gscar
Evidenziato
there is

gscar
Evidenziato
three typhoons per year

gscar
Barra

gscar
Evidenziato
Here you have to insert the tide conditions of study areas; if semidiurnal tides are present and what is the tide amplitude?



J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 3 of 21 
 

 

carried a large amount of sediment into the Yellow Sea, causing sedimentation and the 99 

significant eastward expansion of JC. After the Yellow River returned back to the Yellow 100 

Sea in 1855, the coastal dynamic conditions had been changed [15]. After erosion, trans- 101 

portation, and sedimentation of sediment dynamic process, the typical muddy nearshore 102 

area in China was shaped. The RSR system in the South Yellow Sea is a unique landform 103 

that extends from the Yangtze River Delta to the Sheyang River north of Jianggang, span- 104 

ning 200 kilometers and 90 kilometers in length. Over 70 sand ridges extend from Jiang- 105 

gang offshore to the Yellow Sea, which is considered one of the most spectacular coastal 106 

landscapes in the world [1,16,17]. 107 

JC is located in a transitional monsoon climate region between the northern subtrop- 108 

ical and warm temperate zones and is influenced by both oceanic and continental climates. 109 

The climate is distinct in four seasons, cold in winter and hot in summer, with an annual 110 

mean temperature of 13-16℃and an average annual precipitation of 804-1150mm, mainly 111 

concentrated from June to September. The annual mean wind speed in Jiangsu offshore is 112 

relatively high, reaching 6-10m/s. In winter, the prevailing wind direction is northeasterly, 113 

while in summer, it shifts to southeasterly. The frequency of occurrence of significant 114 

wave heights greater than 2m in Jiangsu offshore is relatively small, with the highest sig- 115 

nificant wave heights in Rudong outer sea and Haizhou Bay, while the lowest in the aban- 116 

doned Yellow River estuary. JC is susceptible to tropical cyclones in summer, and the time 117 

affected by typhoons is between May and October, peaking in August and September. 118 

From 2000 to 2008, the southern region of JC experienced an average of 1.86 typhoons per 119 

year, while the northern part was impacted by an average of 0.72 typhoons annually. 120 

Typhoon Lekima was a typical strong TC that affected JC in China. It formed in the 121 

northwest Pacific on August 4, 2019, made landfall in Zhejiang Province on August 10 with 122 

maximum wind speeds (Vmax) reaching 52 m/s, then moved towards Jiangsu Province 123 

with reduced wind speed (Vmax=23m/s). The typhoon eventually dissipated over the Bo- 124 

hai Sea on August 13, 2019. Its passage resulted in significant economic losses exceeding 125 

74 billion dollars in mainland China [1,18,19]. This study takes No.1909 Typhoon Lekima 126 

as an example to investigate the dynamic processes in JC under the impact of TCs. 127 

3. Materials and methods 128 

3.1. Data collection 129 

In order to calibrate the model parameters, we collected validation data during the 130 

passage of No.1909 Typhoon Lekima from July to August 2019. The water level and cur- 131 

rent validation data of this study were obtained from the National Marine Data Center 132 

(https://mds.nmdis.org.cn/). The measured wave validation data and other model wave 133 

validation data were obtained from Yang, Li, Zhong, Pan, Zhao and Dong [1] and the 134 

storm surge-wave analysis dataset [20], respectively. Due to the lack of field sediment ob- 135 

servation data, the model was calibrated using remote sensing (GOCI) data 136 

(https://kosc.kiost.ac.kr/). Besides, hourly sea surface wind forcing data was downloaded 137 

from the fifth generation ECMWF atmospheric reanalysis of the global climate (ERA5) 138 

(https://cds.climate.copernicus.eu) for capturing the dynamic process during typhoons’ 139 

passage. 140 

3.2. Numerical model 141 

FVCOM [21] is a three-dimensional hydrodynamic model that uses an unstructured 142 

mesh and a σ-stretched coordinate system. The model was applied in this study to simu- 143 

late hydrodynamics and sediment dynamics in JC during TCs’ passages. The model was 144 

configured as the modified Mellor and Yamada level 2.5 (MY-2.5) [22] for vertical mixing 145 

and Smagorinsky [23] turbulent closure scheme for horizontal mixing. It is adept for the 146 

complex coastlines of coastal areas[24-27]. The SWAN model, developed by Booij, et al. 147 

[28], was employed to simulate wind-wave generation and propagation processes. In ad- 148 

dition, the sediment module used in this study is FVCOM-SED, which has been 149 

https://kosc.kiost.ac.kr/
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extensively applied in coastal areas [18,29-31]. The wave model SWAN was run separately 150 

and input the wave field into FVCOM, which is called one-way wave-current coupling. 151 

3.3. GOCI satellite remote sensing suspended sediment concentration (SSC) retrieved algorithm 152 

GOCI (Geostationary Ocean Color Imager) is a sensor mounted on the first geosta- 153 

tionary orbit ocean color satellite of the world, COMS (Communication, Ocean and Mete- 154 

orological Satellite), launched by South Korea. The central longitude and latitude of the 155 

GOCI image is 130 ° E and 36 ° N, respectively. The coverage area is 2500 km x 2500 km, 156 

and the spatial resolution is 500 m. GOCI has a time resolution of 8 scenes per day and 1 157 

scene per hour, with imaging times ranging from 00 hours to 07 hours in world time. 158 

Based on its high temporal resolution, GOCI data has been widely used in the study of 159 

SSC distribution and transport in nearshore areas [32]. 160 

We selected cloud-free images of the JC area, captured on July 20 and August 2, 2019, 161 

to verify the modeled surface SSC. The study used the retrieved algorithm for sea surface 162 

SSC by He, et al. [33], which is widely used in high SSC areas such as Hangzhou Bay 163 

[26,32]. It is speculated that this method is also applicable to the JC area. The surface SSC 164 

values retrieved algorithm is as follows: 165 

𝑆𝑆𝐶 = 10
1.0758+1.1230×

𝑟𝑒𝑓(745𝑛𝑚)
𝑟𝑒𝑓(490𝑛𝑚) (1) 166 

where SSC indicate the suspended sediment concentration (unit: mg/L), 𝑟𝑒𝑓(745 𝑛𝑚) 167 

and 𝑟𝑒𝑓(490 𝑛𝑚) are the remote sensing reflectance of the 745 and 490 nm bands of the 168 

GOCI satellite, respectively. 169 

3.4. Model configuration  170 

3.4.1. Model setup and initial conditions 171 

The model domain is depicted in Fig. 1. In this study, we employed the Surface-water 172 

Modelling System (SMS) to create grids based on the 2022 Google Earth coastline data. 173 

The bathymetry data in the JC area were obtained from the 2019 electronic chart, while 174 

bathymetry data for the remaining area in the model domain was obtained from the 175 

ETOPO1 Global Relief Model. The grid resolution within the JC ranges from 100 m to 176 

300m nearshore, while the opening boundary is 10 km. The model employed a uniformed 177 

sigma-stretched coordinate system consisting of six vertical layers. In order to drive the 178 

hydrodynamic model along the open boundary, the NAO.99b short-period Ocean tide 179 

model was utilized, considering 16 major constituents (M2, S2, K1, O1, N2, P1, K2, Q1, 180 

M1, J1, OO1, 2N2, Mu2, Nu2, L2, T2) [34]. Furthermore, identical grids and wind were 181 

applied in the SWAN model to simulate the wave propagation within the model domain. 182 

The wave spectrum was calculated in the 0.031-0.548 Hz range and divided into 40 fre- 183 

quency steps according to the logarithmic distribution. The rest of the parameters were 184 

given the default settings in the SWAN manual. 185 

According to the General Report on Comprehensive Survey and Evaluation of Off- 186 

shore Oceans in Jiangsu Province [14], there are significant differences in the zoning of 187 

sediment in JC. The median particle size distribution of sediment in Haizhou Bay, Aban- 188 

doned Yellow River Estuary, Radial Sand Ridge, and Yangtze River Estuary ranges from 189 

0.01 to 0.08mm. Therefore, the setting of sediment parameters in the model has spatial 190 

heterogeneity. Based on the relationship between suspended sand particle size and sedi- 191 

mentation velocity measured experimentally, the settling velocity was set to 0.3~3.8 mm/s 192 

[35]. According to the empirical formula of particle size and erosion rate, the erosion rate 193 

was set to 2 × 10-5~5 × 10-5 kg/m2/s. The critical erosion stress was set to be 0.6~0.12 N/m2, 194 

while the critical deposition stress was set at a constant value of 0.05 N/m2. 195 
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Figure 1. (a) Typical typhoon tracks and intensity diagram influencing JC. The polygonal area en- 197 
closed by the red line is the scope of Jiangsu Province. The area surrounded by a black dashed rec- 198 
tangle is the scope of JC. (b) The bathymetry of JC and the verification points distributed within the 199 
region. (c) Grids and bathymetry of the model domain. The region represented by the red dashed 200 
box is JC. (d) The grids within the JC region. The numerical number represents the corresponding 201 
place name. 202 

Table 1. Main parameters used in the coupled model. 203 

Model parameters Value 

Number of mesh nodes and elements 92068, 178933 

Model external time step 1.0 s 

Model internal time step 10 s 

Median grain size 0.01-0.08 mm 

Settling velocity 0.3-3.8 mm/s 

Critical erosion stress 0.6-0.12 N/m2 

Critical deposition stress 0.05 N/m2 

Erosion rate 2×10-5-5×10-5 kg/m2/s 

Porosity 0.5 

3.4.2. Numerical experiments setting 204 

A total of 11 experiments were designed to explore different factors, such as typhoon 205 

tracks, intensities, and tidal superposition conditions to the impact of hydrodynamics and 206 
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sedimentary processes in JC. The track of No.1909 Typhoon Lekima represents a typical 207 

example of passing through JC after making landfall in the south of JC; The track of 208 

No.1210 Typhoon Damrey is a representative of landfall along the northern coast of JC; 209 

No. 1810 Typhoon Ampil’s track is a typical path of landfall along the southern JC; 210 

No.2008 Typhoon Bavi passed through the Yellow Sea and affect JC, which is a typical 211 

representative of this type of typhoon. Among them, experiments 1-4 are under the influ- 212 

ence of four typical typhoons, with tides and waves taken into account; Experiments 5-8 213 

show the situations when the wind forcing of four typical typhoons is amplified by 1.3 214 

times; Experiment 9 selected No.9711 Typhoon, which had a significant impact in JC; Ex- 215 

periment 10 excluded the tidal effects and only considered the effects of wind forcing and 216 

waves from Lekima on hydrodynamics and sedimentary dynamics; Experiment 11 as- 217 

sumes that Typhoon Lekima occurred during the astronomical spring tide period. All ex- 218 

periments were preheated for 10 days before starting, without considering the effects of 219 

runoff, temperature, and salinity. The detailed configuration description of the experi- 220 

ment is shown in Table 2. 221 

Table 2. Experiments description. 222 

Experiment Description 

Exp.1 Forced by wind, tidal current, and waves during the No.1909 Typhoon Lekima 

Exp.2 Same with Exp.1, but during the No.2008 Typhoon Bavi 

Exp.3 Same with Exp.1, but during the No.1810 Typhoon Ampil 

Exp.4 Same with Exp.1, but during the No.1210 Typhoon Damrey 

Exp.5 Same with Exp.1, but the wind force was amplified 1.3 times 

Exp.6 Same with Exp.2, but the wind force was amplified 1.3 times 

Exp.7 Same with Exp.3, but the wind force was amplified 1.3 times 

Exp.8 Same with Exp.4, but the wind force was amplified 1.3 times 

Exp.9 Same with Exp.1, but during the No.9711 Typhoon 

Exp.10 Same with Exp.1, but without the tidal effect 

Exp.11 Same with Exp.1, but during the spring tide cycle 

3.4.3. Model validation 223 

As was shown in Fig. 2a-h, the observed and modeled tidal elevation, tidal currents, 224 

and waves were compared to calibrate the model. The water elevation data was collected 225 

from July 25 to August 24 (2019) at LS (Lvsi), SYHK (Sheyang River Estuary) and LYG 226 

(Lianyungang). The tidal currents data were measured at stations DSYC and LYGHX dur- 227 

ing the neap tide from 00:00 on July 26 to 27, 2019, and during the spring tide from 00:00 228 

on August 3 to 4, 2019. The wave data was collected from 22:00 on August 6 to 2:00 on 13 229 

August 2019 at station W. In addition, we obtain a wave reanalysis dataset during storm 230 

events in the Yellow Sea for significant wave height verification. 231 

The sediment module was calibrated using remote sensing (GOCI) data. Eight cloud- 232 

free images captured from 00:00 to 07:00 (UTC) on 2 August 2019 were selected to verify 233 

the magnitudes and trends of the modeled surface SSC at the 8 stations (S1-S8), which was 234 

shown in Fig. 2i-p. Besides, the retrieved surface SSC field in JC at 04:00 on July 20th (UTC) 235 

and 04:00 on August 2nd (UTC) was validated with the modeled SSC (Fig. 3a-d). 236 

To verify the accuracy of the coupled model for hydrodynamic and sediment dynam- 237 

ics, root mean square error (RMSE) and correlation coefficient (CC)[36] for tidal elevation, 238 

tidal currents, waves, and SSC were calculated as shown in Table 3. The formula for sta- 239 

tistics is as follows: 240 



J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 7 of 21 
 

 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑚𝑖 − 𝑜𝑖)

2

𝑛

𝑖=1

(2) 241 

𝐶𝐶 =
1

𝑛
∑

(𝑚𝑖 − 𝑚̅)(𝑜𝑖 − 𝑜̅)

𝑆𝑚𝑆𝑜

𝑛

𝑖=1

(3) 242 

where 𝑚𝑖  and 𝑜𝑖  represent the modeled and observed values at time 𝑡 , which have 243 

mean values 𝑚̅ and 𝑜̅, and standard deviations 𝑆𝑚 and 𝑆𝑜, respectively. The smaller the 244 

RMSE, the smaller the deviation between the modeled and observed values. A value of 245 

CC close to 1 suggests a strong agreement between the observed and model values. 246 

The error statistics of the model results (Table 3) show a strong correlation with the 247 

observed water level and significant wave height values, with CC higher than 0.89. The 248 

CC of current magnitude and direction performance correlation is categorized as moder- 249 

ate (0.4-0.6), with RMSE lower than 0.26m/s. The CC value of SSC near the surface level is 250 

relatively lower, but the RMSE is within an acceptable range (20-165mg/L). In addition, 251 

the modeled surface SSC distribution pattern was consistent with the GOCI data for the 252 

area of JC. As a result, the coupled model demonstrates satisfying performance in accu- 253 

rately simulating regional ocean dynamics and sediment transport. 254 

 255 

Figure 2. From July 25th to August 24th, 2019, hourly water level validation at three tidal stations: 256 
LS (Lvsi) (a), SYHK (Sheyang River Estuary) (b), and LYG (Lianyungang) (c); Verification of current 257 
at DSYC and LYG during spring and neap tides respectively (d-g); At site W, the validation between 258 
the simulated significant wave height (red line) of SWAN, the obtained wave reanalysis dataset 259 
(green line), and the measured values (blue line) (h); Hourly after 0:00 (UTC) on August 2, 2019, at 260 
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the S1-S8 SSC verification point, the comparison (i-p) between the GOCI retrieved and the simulated 261 
SSC. 262 

 263 

Figure 3. Distribution of sea-surface SSC in JC obtained from GOCI retrieved (a-b) and FVCOM 264 
modeled (c-d) at 04:00 (UTC) on July 20 and 04:00 (UTC) on August 2, 2019, respectively. 265 

Table 3. Error statistics of the model results. 266 

Types Items CC RMSE 

Water level 

LS 0.97 0.37m 

SYHK 0.95 0.21m 

LYG 0.97 0.33m 

Current velocity 

DSYC neap tide 0.60 0.13m/s 

DSYP spring tide 0.55 0.10m/s 

LYG neap tide 0.54 0.18m/s 

LYG spring tide 0.39 0.26m/s 

Significant wave height W 0.89 0.33m 

Sea-surface SSC 

S1 -0.23 19.85mg/L 

S2 0.18 85.13mg/L 

S3 0.17 43.34mg/L 

S4 -0.02 77.37mg/L 

S5 -0.21 162.10mg/L 
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S6 -0.52 32.98mg/L 

S7 -0.75 165.31mg/L 

S8 0.03 104.84mg/L 

4. Results 267 

4.1. The response of hydrodynamics and sedimentary dynamics to Typhoon Lekima 268 

Fig. 4 shows the differences between hydrodynamics and sedimentary dynamics un- 269 

der fair weather conditions and Typhoon Lekima. The right column graph represents the 270 

time when Typhoon Lekima significantly impacted JC (2019-08-10 23:00 UTC). To elimi- 271 

nate the tidal effects on currents and SSC, the similar tidal period that occurred 14 days 272 

ago when the wind speed was relatively low (2019-07-26 22:00 UTC) was selected as the 273 

fair weather conditions. 274 

Under fair weather conditions, the sea surface wind speed was relatively small, gen- 275 

erally within 5m/s, with the significant wave height (Hs) around 0.5m. At the moment 276 

significantly affected by the typhoon, the center of the TC was located on the land of 277 

Jiangsu Province, with the direction of the wind field rotated counterclockwise. The lower 278 

friction force on the sea surface allowed for higher southeasterly wind speeds, reaching 279 

over 20m/s. Correspondingly, the Hs also significantly increased compared to fair weather 280 

conditions, reaching over 5m in the outer sea area of JC. The Hs gradually decreased to- 281 

wards the nearshore, with smaller waves in the RSRs, but they can still reach about 1m 282 

(Fig. 4a1-a2). 283 

At this moment under fair weather conditions, the direction of the surface and bottom 284 

currents was basically the same, with the tidal currents converging centripetally in the 285 

RSRs. Here, the SSC was slightly higher, but generally less than 0.25g/L. However, during 286 

the typhoon, the flow field was very different compared to fair weather conditions at a 287 

similar tidal period. The strong southerly wind caused by the typhoon enhanced the 288 

southeast direction currents on the south side of the RSRs, with a current velocity of over 289 

1m/s. In areas with higher wind speeds in JC, the effect on the surface currents was more 290 

significant. Correspondingly, there was a significant increase in surface SSC compared to 291 

fair weather conditions, and there was a high-value area of SSC in the entire Jiangsu 292 

coastal area, which could reach 1.5-2g/L on the southern side of the RSRs. On the north 293 

side of the RSRs, the bottom layer flow velocity differed significantly from fair weather 294 

conditions, shifting from northwest to southeast direction. The SSC in the bottom layer 295 

was higher than that in the surface layer, generally between 1-2g/L, and could reach over 296 

3g/L in the area from the abandoned Yellow River Estuary to the Sheyang River Estuary 297 

where the wave height decreased rapidly. The strong wave energy dissipation in shallow 298 

water greatly increases the shear stress on the seabed, enhances the process of sediment 299 

resuspension, and thus significantly increases the SSC (Fig. 4b1-b2 and c1-c2). 300 
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Figure 4. The significant wave height and wind field (a1-a2), surface currents with SSC (b1-b2), and 302 
bottom currents with SSC (c1-c2) at the similar tidal period during the passage of Typhoon Lekima 303 
(23:00 10 August) and under fair weather conditions (22:00 26 July). 304 

Fig. 5 shows a tidal cycle before and after the passage of Typhoon Lekima, the wind, 305 

current, significant wave height, bottom stress, water level, SSC, and their vertical time 306 

series distribution located at point W near the RSR area. During the typhoon period, the 307 

wind speed significantly increased, reaching about 20m/s, with a southeast wind direc- 308 

tion. The prevailing wind direction before the typhoon passed was mainly southerly, and 309 

it shifted to northerly after the passage. During the period of typhoon impact, the sea cur- 310 

rents, originally dominated by tidal effects, underwent significant changes, with a notice- 311 

able increase in current velocity. At the peak flow velocity, the currents flowed from south- 312 

west to northeast. During the passage of the typhoon, the significant wave height reached 313 

4 meters, whereas, under fair weather conditions, it generally did not exceed 1 meter. Cor- 314 

respondingly, during the typhoon's passage, both bottom stress and SSC exhibited notice- 315 

able increases. Originally, SSC and bed shear stress were significantly correlated with tidal 316 

cycles. However, Typhoon Lekima occurred during a period of neap tides, during which 317 

the relatively small bottom stress increased significantly. The sustained high bottom stress 318 

resulted in a significant increase in SSC, with the SSC in the bottom layer being greater 319 

than that in the surface layer. The depth-averaged SSC could reach 1 g/L during the ty- 320 

phoon's passage, nearly a hundredfold increase compared to SSC levels during neap tides 321 
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under fair weather conditions. The peak SSC occurred during the flood tide, which was 322 

related to the combined effect of a large wave current combined bottom stress at that mo- 323 

ment. Following the passage of the typhoon, both SSC bottom shear stress rapidly re- 324 

turned to normal levels. Furthermore, during the impact of Lekima, there was a sequence 325 

of stormwater level decrease then followed by an increase, with the water level rise 326 

slightly exceeding the decrease, reaching around 0.5 meters. In situations of low wind 327 

speeds, the influence of wind forcing on water levels could be almost negligible. 328 

 329 

Figure 5. During a tidal cycle before and after the passage of Typhoon Lekima, (a) wind speed in 330 
the direction of v, (b) current velocity in the direction of v, (c) significant wave height, (d) bottom 331 



J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 12 of 21 
 

 

stress, (e) SSC, (f) comparisons of water level under no-wind conditions and Typhoon Lekima, (g) 332 
SSC vertical profile time series. The gray area and the red dashed box represent the period of ty- 333 
phoon transit impact. 334 

4.2. The impact of TCs with different tracks and intensities on sedimentary dynamics 335 

To explore the impact of TCs with different tracks and intensities on sedimentary 336 

dynamics in JC, we selected four representative tracks of typhoons that affect JC. During 337 

the passage of four typical typhoons, except for Typhoon Bavi, the sediment flux induced 338 

by the other three typhoons in JC was directed northwestward from the southeast along 339 

the coastline. This pattern was attributed to the prevailing easterly or southeasterly wind 340 

anomalies during these typhoon passages. However, as Bavi moved northward out of the 341 

Yellow Sea, with the JC nearshore located to its left, the prevailing wind anomalies were 342 

mainly northwesterly, and the magnitude of the wind anomalies was relatively small. 343 

Consequently, the sediment flux induced by Bavi was relatively minor, reaching a maxi- 344 

mum of only 0.2 kg/m/s (Fig. 6d and Fig. 7d1). 345 

The magnitudes and patterns of sediment flux induced by Typhoon Lekima and Ty- 346 

phoon Damrey were quite similar. Near LS and the RSRs exhibited high sediment flux 347 

values, reaching over 0.8 kg/m/s. However, compared to Damrey, the wind anomalies as- 348 

sociated with Lekima were larger in the offshore areas, reaching a maximum of 7 m/s, and 349 

relatively smaller nearshore, generally less than 3 m/s, with a prevailing southeasterly di- 350 

rection. In contrast, the wind anomalies associated with Damrey ranged between 4-6 m/s, 351 

with easterly winds prevailing in the southern part of the nearshore area of JC and south- 352 

easterly winds prevailing in the northern part. The wind anomaly pattern of Damrey was 353 

similar to that of Ampil, but the magnitude was slightly smaller, ranging between 3-5 m/s. 354 

Correspondingly, the sediment flux induced by Ampil was of a smaller magnitude com- 355 

pared to that induced by Damrey and Lekima. Additionally, during the passage of Ampil, 356 

the high sediment flux values were distributed in the offshore areas of the RSR, with no 357 

high-value area near LS, and the overall magnitude of the sediment flux ranged between 358 

0.1-0.5 kg/m/s (Fig. 6a-c and Fig. 7a1-c1). 359 

 360 

Figure 6. Typhoons (a) Lekima, (b) Damrey, (c) Ampil, and (d) Bavi induced wind anomalies in 5- 361 
day and the 30-year average (1991-2020) wind field in JC. The arrow represents the direction of the 362 
wind vector that deviates from the average wind field during the typhoon, and the color chart illus- 363 
trates the wind anomaly. 364 
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After the passage of these four typhoons, model results indicated that there had been 365 

certain changes in the thickness of the seabed in JC. The most prominent feature was that 366 

the seabed exhibited a striped pattern with strong erosion/deposition closely related to 367 

the seafloor topography. Particularly in the RSRs, seabed erosion often occurred over the 368 

sand ridges where water depth is relatively shallow, while sediment accretion occurred in 369 

deep channels. This is due to the barrier effect of the sand ridges, where suspended sedi- 370 

ment particles in the ocean water column in the RSRs are captured and accumulate in the 371 

deep channels; whereas within the sand ridges, the strong shear stress from the combined 372 

action of waves and tidal currents enhanced the sediment resuspension process, leading 373 

to seabed erosion. The morphological changes induced by Bavi were minimal, with vari- 374 

ations generally within 0.1m, which is closely related to the magnitude of sediment flux. 375 

On the other hand, the bed thickness changes caused by Damrey were most significant, 376 

with erosion/deposition in sand ridges and deep channels exceeding ±0.3m. The distribu- 377 

tion pattern of seabed erosion/siltation caused by Ampil and Lekima was similar, but 378 

Ampil was slightly larger, with a maximum of around ±0.2m, while Lekima was within 379 

±0.15m (Fig. 7a2-d2). 380 

After the typhoon wind field was amplified by 1.3 times, the sediment flux in JC sig- 381 

nificantly increased, especially with Damrey and Ampil, large areas of high sediment flux 382 

exceeding 1kg/m/s appeared throughout the nearshore waters of JC. The direction of sed- 383 

iment flux remained largely unchanged. Compared to the original conditions, the increase 384 

in sediment flux caused by the strengthened wind field of Lekima was not significant, 385 

with only high-value areas of around 1kg/m/s appearing near LS. The impact of the 386 

strengthened wind field of Bavi on the sediment flux near the north side of the Yangtze 387 

River Estuary was significant, inducing sediment flux towards the south exceeding 388 

0.75kg/m/s. Under the influence of the strengthened wind fields of Damrey and Ampil, a 389 

certain degree of sediment accretion occurred in the seabed of the Yellow Sea north of 390 

33°N, while significant seabed erosion occurred in the south of 33°N. The distribution pat- 391 

tern of erosion and deposition in the RSRs remained largely unchanged, but there was a 392 

noticeable increase in seabed thickness changes, especially with Damrey where there were 393 

large areas of ±0.3m variation near sand ridges and deep channels. Ampil was slightly 394 

weaker but still had a significant impact on the seabed morphology. The strengthening of 395 

the wind fields by Lekima and Bavi also increased the change in seabed thickness, with 396 

the rate of change increasing by about 50% (Fig. 7e1-h1 and 7e2-h2). 397 

The above results indicate that typhoons landing in or passing through Jiangsu often 398 

bring sediment flux from southeast to northwest along the coast in JC, and the sediment 399 

flux increases with the typhoon wind speed. Conversely, typhoons passing northward in 400 

the Yellow Sea offshore can cause sediment flux from north to south, with a weaker impact 401 

on sediment dynamics if the typhoon center is relatively far from land. In terms of changes 402 

in bed morphology, typhoons induce strong stripe erosion/deposition at sand ridges and 403 

deep channels, with the intensity of erosion and deposition closely related to typhoon 404 

intensity. 405 
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 406 

Figure 7. (a1-d1) represents the sediment flux in JC during a tidal cycle under the influence of Ty- 407 
phoon Lekima, Damrey, Ampil, and Bavi. The first-row k=1 represents the actual typhoon wind 408 
field, And the wind field in the second row (e1-h1) with k=1.3 corresponds to the wind field of the 409 
typhoon by 1.3 times. (a2-h2) represent the bed thickness changes under the influence of the corre- 410 
sponding typhoon and enhanced wind field, where the red dots and black lines represent the track 411 
of the corresponding typhoon, and the dashed lines represent the water depth. 412 

5. Discussion 413 

5.1. Example of TC affecting JC during the astronomical tidal period 414 

No.9711 Typhoon Winnie, with strong winds and heavy rainfall, landed on the east- 415 

ern coast of China on August 18, 1997. Coupled with astronomically high tides, a severe 416 

storm surge disaster occurred in the offshore areas of JC. Both Nantong Port and Lianyun- 417 

gang Port experienced record-breaking water levels. Significant coastal erosion and sedi- 418 

mentation, with extensive seawall damage, resulted in substantial economic losses [8,37]. 419 

The results shown in Fig. 8(I) indicate that in JC, the sediment flux caused by Ty- 420 

phoon 9711 was significantly higher than that of the four typical typhoons mentioned 421 

above. There existed a high-value area of sediment flux in the RSRs, reaching up to over 422 

1.6 kg/m/s, with the direction along the coastline from southeast to northwest (Fig. 8(I)a). 423 

The distribution of sediment flux was closely related to the distribution of wind anoma- 424 

lies. The wind anomalies are also southeastward, decreasing in magnitude from southeast 425 

to northwest, ranging between 2m/s and 5m/s (Fig. 8(I)b). However, compared with other 426 

typhoons, the difference in wind anomalies was not significant, indicating that the large 427 

sediment flux was not solely caused by the intensity of the typhoon. 428 

Regarding the morphological changes of the seabed, strong striped erosion and dep- 429 

osition patterns were exhibited at sand ridges and deep channels, with a maximum mag- 430 

nitude of approximately ±0.3m (Fig. 8(I)c). This finding closely aligns with the results of 431 
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Ya-zhen, et al. [38], who reported an average sediment deposition thickness of about 20cm 432 

in the southern port and northern passage of the Yangtze River estuary during Typhoon 433 

9711. Furthermore, the geomorphological changes induced by Typhoon 9711 were signif- 434 

icantly greater than those caused by the four typical typhoons, approaching the results of 435 

Typhoon Lekima with a 1.3-fold increase in wind field strength, and only slightly weaker 436 

than the results after Typhoon Damrey with a 1.3-fold increase in wind field strength. 437 

5.2. Tidal conditions during different Typhoon impact periods 438 

Fig. 8(II) illustrates the tidal conditions during different typhoon impact periods. The 439 

passage of Typhoons Lekima and Ampil were in the neap tide cycle, and the diurnal tidal 440 

range was relatively small. However, some fluctuations in tidal periodicity occurred, man- 441 

ifesting as storm surges and recessions. Typhoons Bavi and Damrey corresponded to pe- 442 

riods between neap tide to spring tide and spring tide to neap tide, respectively, with tidal 443 

periodicity showing more regular and uniform changes. During the impact period of Ty- 444 

phoon 9711, it coincided with astronomical high tides, resulting in extreme storm surges 445 

and recessions. The maximum tidal ranges could exceed 5m (Fig. 8(II)a-e). Larger tidal 446 

ranges often lead to increased tidal current velocity, thereby increasing bed shear stress 447 

and promoting sediment resuspension processes, leading to a significant increase in SSC. 448 

The increased current velocity and SSC further intensified the sediment transport induced 449 

by the typhoon. This was a significant factor that the sedimentary dynamic process was 450 

affected by Typhoon 9711 more severely compared to other typhoons in JC. 451 

 452 
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Figure 8. (I) During the tidal cycle of No.9711 Typhoon impact period, (a) sediment flux, (b) bed 453 
thickness change, and (c) sea surface wind anomalies over the 5 days affected by the typhoon. 454 
(II)Time series of Relative water levels during typical typhoons (a) Lekima, (b) Damrey, (c) Ampil, 455 
(d) Bavi, and (e) 9711 affected JC at point W. 456 

5.3. The impact of different tidal conditions on sedimentary dynamics during typhoons 457 

Fig. 9 indicates that if Typhoon Lekima occurs during spring tides, the sediment flux 458 

towards the northwest direction along the coast would significantly increase. In the RSRs, 459 

a high-value zone of sediment flux exceeding 1 kg/m/s was exhibited, approximately 80% 460 

to 100% higher than that during neap tides. If it was solely driven by wind forcing without 461 

tidal effects, the sediment flux was minimal, with a maximum of around 0.3 kg/m/s, pre- 462 

dominantly directed towards the north, but significantly lower compared to neap tide 463 

conditions (Fig. 9a1-c1). Correspondingly, bed thickness changes in nearshore were 464 

closely associated with the magnitude of sediment flux. If there was no tidal forcing, the 465 

variations in bed thickness were minimal, with the maximum change around ±0.15m. In 466 

Exp.1 (during the neap tide), the extent of geomorphological changes was larger than in 467 

Exp.10 (without tidal influence), although the bed thickness changes were relatively 468 

smaller. However, in Exp.11 (during the spring tide), the bed thickness changes signifi- 469 

cantly increased, with the maximum change reaching up to ±0.3m, closely resembling the 470 

sediment flux and geomorphological changes induced by Typhoon 9711 (Fig. 9a2-c2). 471 

 472 

Figure 9. (a) During the neap tide period, (b) during the spring tide period, and (c) without tidal 473 
open boundary conditions, the sediment flux (row 1) and bed thickness changes (row 2) during the 474 
tidal cycle of Typhoon Lekima affecting JC. 475 

Fig. 10 illustrates that at LS, LYG, and W points during both the spring and neap tide, 476 

SSC and bottom shear stress exhibited regular cyclic variations under tidal effect. At the 477 

moments of peak flood and peak ebb, both bottom stress and SSC were relatively high, 478 

while they were lower during high water and low water moments. Throughout the spring 479 

tide period, SSC and bottom stress at these points were notably higher compared to the 480 

neap tide period. A significant increase was exhibited at these points during the typhoon 481 

passage. Specifically, LS and LYG exhibited maximum bottom layer SSC ranging between 482 

1.4-1.7 g/L and maximum bottom stress ranging between 1.5-2 N/m2 during spring tide, 483 

while the SSC and bottom stress at point W, located in the RSR area, reached up to 4.5 g/L 484 

and 3 N/m2, respectively. During neap tide, LS and W experienced maximum SSC at 485 

around 1 g/L and 2 g/L, approximately 40-60% of the levels exhibited during spring tide, 486 
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while the bottom stress was about 50-70% of that during spring tide. At LYG, the incre- 487 

mental changes in SSC and bottom stress between spring tide and neap tide were not sig- 488 

nificant, with SSC peaking at around 1.3 g/L and maximum bottom stress at approxi- 489 

mately 1.2 N/m2. Conversely, in the absence of tidal effects, the bottom shear stress was 490 

generally below 0.5 N/m2, and post-typhoon passage, the bottom stress was negligible. 491 

Even during the typhoon passage, SSC levels were below 0.1 g/L, less than 10% of that 492 

during neap tide (Fig. 10a-f). 493 

 494 

Figure 10. During the impact period of Typhoon Lekima, the time series of (a-c) bottom SSC and (d- 495 
f) bottom stress at LS, LYG, and W point under the conditions of Exp.1 (neap tide period), Exp.10 496 
(without tide), and Exp.11 (spring tide period). 497 

In summary, tidal effects play a fundamental and crucial role in the sediment net flux 498 

and geomorphological changes during typhoon passage. Under the combined influence 499 

of the typhoon and tidal effects, the increase in bottom shear stress leads to elevated SSC, 500 

resulting in a larger sediment flux. Particularly during spring tides, the net sediment flux 501 

induced by the typhoon can increase by 80%-100% compared to neap tides, accompanied 502 

by a significant rise in bed thickness changes. The findings are consistent with the conclu- 503 

sion of Fan, et al. [39], who found that coastal erosion is more severe during spring tides 504 

caused by a weak storm compared to neap tides caused by a strong storm. 505 

6. Conclusion 506 

Based on the FVCOM hydrodynamic model, SWAN wave model, and FVCOM-SED 507 

sediment module, this study constructed a 3D wave-current-sediment coupled numerical 508 

model for Jiangsu Coast (JC) to investigate the response of sediment dynamics to TCs 509 

under different scenarios. The main conclusions of the study are as follows: 510 

(1) Typhoons significantly and profoundly impact the hydrodynamics and sediment 511 

dynamics of JC. During the passage of Typhoon Lekima (2019), under the influence of 512 

southeasterly winds exceeding 20m/s, current velocity, bottom stress, and significant 513 

wave height all increased significantly, with SSC reaching nearly a hundred times that of 514 

fair weather conditions. 515 

(2) Comparative analysis of four different typical track typhoons showed that under 516 

the influence of typhoons following three typical tracks landing on the eastern coast of 517 

China, prevailing southeasterly winds brought a significant sediment flux from southeast 518 
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to northwest along the JC, with a large magnitude. The typhoon which did not land and 519 

moved northward in the Yellow Sea brought a relatively smaller sediment flux from north 520 

to south. Additionally, typhoons caused intense stripe-like erosion and deposition in the 521 

sand ridges and deep channels, with maximum seabed thickness variations of up to ±0.3m. 522 

The strengthening of typhoon wind fields led to more significant sediment flux and mor- 523 

phological changes in the seabed. 524 

(3) During the impact of Typhoon 9711 within the spring tide cycle, its influence on 525 

sediment dynamics in JC is greater than that of other landfall typhoons. Through numer- 526 

ical simulation experiments, it was found that if Typhoon Lekima affects JC during spring 527 

tides, the net sediment flux within the tidal cycle can increase by 80% to 100% compared 528 

to the neap tide scenario, while in the absence of tidal effects, the net sediment flux caused 529 

by the typhoon is only 30-50% of that in the neap tide scenario. Furthermore, in the spring 530 

tide scenario, the impact of the typhoon on coastal geomorphological changes is signifi- 531 

cantly greater than under neap tide or no tide conditions. 532 

This study demonstrates that not only the track and intensity of typhoons affect 533 

coastal sediment dynamics, but tidal effects play a fundamental and crucial role in this 534 

process, especially under spring tide conditions where tidal effects significantly amplify 535 

the impact of typhoons on sediment dynamics. While these findings are site-specific, the 536 

results of this study contribute to a better understanding of the tidal effects and differences 537 

of TCs under different scenarios, providing a theoretical basis for coastal management 538 

and disaster prevention and mitigation. 539 
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Appendix A 550 

To strengthen the robustness of the model prediction performance, we collected field 551 

observation data in 2012 during Typhoon Damrey for model calibration. The results show 552 

that the simulation results are highly consistent with the observation results, which indi- 553 

cates that the coupled model has high credibility in predicting dynamic processes during 554 

TCs. 555 
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 556 

Figure A1. Comparisons between observed and simulated (a) wind speed and (b) significant wave 557 
height during Typhoon Damrey (2012) at Xuwei Ocean Station. Comparisons between observed and 558 
simulated (c1-d1) surface and bottom current velocity, (c2-d2) direction, (e-f) surface, and bottom 559 
SSC, and (g) water level at C1 point during August 2012. (h) Validation of deposition thickness at 560 
S2-S4 section in Xuwei approach channel after the passage of Typhoon Damrey. (i) Bathymetry map 561 
and the location of field stations. 562 
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