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Typhoons are extreme weather events that cause serious social and economic losses in coastal and estuarine areas worldwide. Understanding the impact of typhoons on sediment dynamics is essential for protecting coastal areas from these marine disasters. Hangzhou Bay is macro-tidal, turbid, and frequently affected by strong typhoons. In this study, we established and validated a three-dimensional model coupling waves, current, and sediment to investigate the sediment dynamics in Hangzhou Bay during Typhoon Chan-hom. The results showed that high suspended sediment concentration (SSC) areas during the typhoon were mainly located at the bay head and near the southern shore near the Andong tidal flat. The maximum bottom SSC was at least twice that near the surface. The peak bottom SSC values at the peak flood (6 g/L) were larger than those at the peak ebb (5 g/L) owing to the stronger current velocity at peak flood. The SSC near the northern shore was larger at the peak flood than at other times, and the SSC was high at the southern shore at peak ebb at the cross-section near the Andong tidal flat. The typhoon impacted SSC by changing the bottom stress. SSC was most influenced by wave action, followed by wind stress action, and was least influenced by air pressure action, which contributed 71.3%, 69.9%, and 1.8% to the bottom stress, respectively. Our findings are scientifically important for research on geomorphological evolution and are practically meaningful for coastal management.
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HIGHLIGHTS

1) We built and validated a numerical model coupling tides, waves, surges, and sediments to study sediment dynamics during Typhoon Chan-hom in Hangzhou Bay.
2) Suspended sediment concentration (SSC) during storm tides was double that during calm weather, and peak SSC and sediment fluxes occurred near the bay head and southern shore.
3) The large bottom stress caused by strong waves and winds, combined with strong advection changed the SSC and sediment fluxes in the bay during the storm tides.
4) Wave, wind stress, and air pressure contributed 71.3%, 69.9%, and 1.8% to the bottom stress, respectively and subsequently changed the SSC in HZB.
1 INTRODUCTION
Typhoons are extreme weather events that cause serious social and economic losses in coastal and estuarine areas worldwide (Peduzzi et al., 2012; Walsh et al., 2016; Cong et al., 2021). Owing to strong sea–air interactions, typhoons have remarkable effects on water level rise (Wang et al., 2020), tidal range changes (Pan et al., 2021; Wang et al., 2021), water circulation structure (Wu et al., 2016), sediment transport (Liu et al., 2011), and sea bed evolution (van Rijn, 2011; Xu, 2019). In particular, the transport, deposition, and burial of sediments on a continental shelf can lead to severe erosion near the track, the offshore movement of sand ridges, and deposition of layers of up to 25 cm during a storm (Allison et al., 2005; Goff et al., 2010; Li et al., 2015; Zang et al., 2018; Li H. et al., 2019).
Coastal and estuarine hydro-sediment dynamics are considerably affected by typhoons. In situ time-series observations in the northern South China Sea confirmed that typhoon events can intermittently block coastal upwelling (Zheng et al., 2018). Coastal topography and hydrological data from the northern coast of Hangzhou Bay before and after Typhoon Metsa revealed the response of the coast to the typhoon, including the advance and retreat of the shoreline and the washout of the topography of the silty coast (Dai et al., 2009). Remote sensing is one of the main methods used to obtain the suspended sediment concentration (SSC) (Li, 1987). Another method used for investigating the impact of typhoons is the rapid inversion and correction of the spatial and temporal SSC distribution in a sea area using remote sensing data (Liu et al., 2013; Wang et al., 2014; Jiang et al., 2015), the availability and quality of satellite data are affected by the thick clouds and water vapor in the air during typhoons (Wang et al., 2018a; Tang et al., 2021). In situ and satellite observations are the most direct methods used to obtain SSCs; however, they provide only local descriptions and cannot synchronously measure SSCs (Green et al., 1995; Williams and Rose, 2001; Aagaard et al., 2012; Wang et al., 2018b). Therefore, numerical models have become an important for analyzing sediment dynamics during typhoons. Numerical models have been combined with empirical data to study sediment transport and tidal flat siltation during typhoons in different regions (van Rijn, 2011; Oberle et al., 2014; Palinkas et al., 2014; Huang, 2017; Xu, 2019), showing that storm surges and wind-generated currents are the main forces driving sediment transport. Wind currents, combined with tidal currents, increase current velocities and accelerate sediment transport, and waves are the dominant factor affecting suspended sediment (Jiang et al., 2014). For example, when the water depth is less than 30 m, 49% of the sediment is mobilized in shelf areas (Oberle et al., 2014). Enhanced wave–current dynamics and increased bed shear stress during typhoons are the main reasons for the sharp increase in SSC; sediment is exchanged between channels and shoals during a typhoon, which affects the SSC distribution for up to 1 month (Tang et al., 2021).
Hangzhou Bay (Figure 1) is one of the most turbid estuaries in the world, with a multiyear average suspended particle concentration of 1.58 g/L in the tidal flats of the bay (Liu, 2013). It is a typical well mixed estuary. Tidal current is strong. Waves and runoff are relatively weak. The turbulence generated by bottom friction is enough to stir the entire water column (Ji and Lu, 2007). The suspended sediment concentration of Qiantang River discharges is lower than 0.25 g/L (Pan et al., 2013), and the particle sizes of suspended sediment and bed load are about 0.023 and 0.055 mm. The sediment supply is mainly from the Yangtze River (Wang and Esima, 1990). The large amount of sediment brought by the flood current accumulates as sandbar, and there are many obvious scour channels and sand ridges in the estuary (Ji and Lu, 2007). Reclamation and other marine engineering changed the estuarine bathymetry. Researchers have focused on setting parameters of suspended cohesive sediments (Wang et al., 2018a), the effect of waves on the sediment flushing process (Lu et al., 2019), the variation in near-bottom flow velocity for different wind directions, and sediment erosion rate under with wind directions and speeds (Shi et al., 2008). The spring-neap tides control SSC distribution and variation in shallow coastal areas. The increased turbulence energy during the typhoon affects the vertical mixing depth, thereby increasing the SSC on the surface (Li and Li, 2016). Wang et al. (2020) used the finite-volume coastal ocean model (FVCOM) to reappear tidal flooding in the south Yangtze coastal plain during the middle Holocene during sea level rise and storm surges (Huang et al., 2021). Model results showed that typhoons also induce larger tidal bores in Hangzhou Bay (Wang et al., 2021). The East China Sea is affected by an average of four typhoons per year (Lu et al., 2019). Extreme weather results in a large amount of sediment transport in estuaries within a short time, thus changing the topography (Xu, 2019). The effects of typhoon events on sediment in estuaries are related to estuary types (Leonardi et al., 2018). Hangzhou Bay is a macrotidal turbid bay with funnel-shaped geomorphology, which is frequently impacted by typhoons. Therefore, we want to investigate the sediment characteristics and mechanism during typhoons.
[image: Figure 1]FIGURE 1 | (A) Model domain. (B) Information of the Typhoon Chan-hom. (C) and (D) Field stations for model validation. (E) Settings for bottom friction.
In this study, we established and validated a three-dimensional wave-current-sediment coupling model of Hangzhou Bay to simulate the sediment dynamics in Hangzhou Bay during Typhoon Chan-hom in 2015. We studied the effects of typhoon on SSC contribution and sediment transport in Hangzhou Bay, analyzed the influence of wind stress, atmospheric pressure and waves on the distribution of suspended sediment in Hangzhou Bay, and calculated the bottom stress to analyze the influence mechanism of different factors on the SSC distribution.
2 METHODOLOGY
2.1 Model development
2.1.1 Tide-wave model
We used an unstructured grid FVCOM (Chen et al., 2003; Chen et al., 2006) to investigate the impact of typhoons on sediment transport in Hangzhou Bay. We discretized the FVCOM with an unstructured triangular mesh in the horizontal direction and a generalized terrain-following coordinate system in the vertical direction. The finite-volume method ensured the volume and mass conservation of the model. In the model, we adopted the Mellor and Yamada level 2.5 (MY-2.5) turbulence closure scheme to close the equation (Mellor and Yamada, 1982). We used FVCOM-SWAVE to simulate the generation and propagation of the typhoons and waves. This model is based on the third-generation wave model, SWAN, which is based on the Eulerian formulation of the discrete spectral balance of action density (Booij et al., 1999). The equations governing the model are as follows:
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where x, y, and σ are the east, north, and vertical coordinates in the σ coordinate system, respectively; t is the time; u, v, and w are the velocity components in the three directions, respectively; [image: image] is the total water depth; f is the Coriolis force parameter; ρ is the sea water density; Patm is atmospheric pressure; g is the gravitational acceleration; Km is the vertical eddy viscosity coefficient; Kh is the vertical thermal vortex friction coefficient; τx and τy represent the turbulent stress term; Rx and Ry represent the wave radiation stress terms.
2.1.2 Sediment model
The sediment model in FVCOM (Wang, 2002; Ye, 2019) further considers the influence of sediment on water density, the influence of floating mud on bottom friction, and the flocculation and sedimentation processes.
1) The suspended sediment boundary conditions are described as follows:
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where E is the sediment resuspension flux and D is the bottom sediment deposition flux.
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where [image: image] is the bottom SSC and [image: image] is the bottom sediment settling velocity.
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where [image: image] is the sediment erosion rate, [image: image] is the porosity, [image: image] is the bottom shear stress, and [image: image] is the critical shear stress (Van Prooijen and Winterwerp, 2010).
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where [image: image] denotes the bottom velocity, [image: image] denotes the water density, and [image: image] denotes the bottom friction coefficient.
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where [image: image] =0.4 is the von Karman constant, [image: image] is the water depth, and [image: image] is the roughness height (Koutitas, 1988).
2) Water-sediment density coupling. The high SSC affects the vertical distribution of water density in Hangzhou Bay. The influence of SSC on water density reflects the influence of sediments on water stratification.
[image: image]
where [image: image] is the water density without sediment and [image: image] is the sediment density (Winterwerp, 2001).
3) Effect of mud. Mud often occurs in Hangzhou Bay when the water flow velocity is low owing to the high sediment content. The rheological and consolidation characteristics of mud have a substantial effect on the bottom boundary layer. Referring to Wang et al. (2005), we introduced the flux Richardson number in the turbulent closed equation into the friction coefficient equation to reduce [image: image] to reflect the drag reduction effect of mud on the bottom boundary layer.
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where A=5.5 is the empirical parameter; Rf is the Richardson number, which is related to the vertical density gradient.
[image: image]
where Km is the vertical eddy viscosity coefficient.
4) Flocculation sedimentation. Fine sediment is easily flocculated at a high SSC. Sediment settles in the form of flocs, which is different from a single particle. Shi et al. (2008) found that, by comparing various flocculation settlement formulas, the suspended sediment flocculation settlement formula proposed by Cao and Wang (1994) is the most suitable for numerically simulating suspended sediment near the Yangtze River estuary. Therefore, we used the settling velocity formula proposed by Cao and Wang (1994) for the sediment model,
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where [image: image] is the settling velocity of a single particle; U is the current velocity; and c1, c2, m1, m2, and ks are empirical parameters.
5) Thickness of erosion and deposition. We used the following relationship (Harris and Wiberg, 1997) to represent the active-layer thickness of the bottom sediment:
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where [image: image] is the maximum surface friction stress produced by wave–flow interaction, [image: image] is the critical stress, [image: image] is the median grain size of surface sediment, [image: image] is the active layer thickness, and [image: image] = 0.007 and [image: image] = 6.0 are the empirical parameters.
2.1.3 Wind data reconstruction
We used the Fujita–Takahashi formula (Wang et al., 1991) and reanalyzed ECMWF wind field data to reconstruct the pressure and wind fields for the wave–current–sediment coupling model. Fujita-Takahashi pressure field formula:
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where [image: image] is the typhoon peripheral pressure ([image: image] = 1013.2 MPa), [image: image] is the typhoon center pressure, r is the distance from the point to the center of the typhoon, and R is the maximum wind radius.
After we constructed the pressure field, we used the gradient wind formula to calculate the corresponding wind field distribution according to the pressure distribution. The gradient wind formula is:
[image: image]
where f Coriolis force parameter and [image: image] is the air density.
Selecting the maximum wind radius R is key to calculating the typhoon field in a typhoon simulation. We adopted the empirical formula (Li, 1987) in this study for calculation, and verified and adjusted the formula according to the measured wave data:
[image: image]
where [image: image] and [image: image] are the latitude and velocity of the typhoon center, respectively.
Finally, we superimposed the gradient wind field and ECWMF background wind field with a certain weight to construct a new synthetic wind field:
[image: image]
where [image: image] is the synthetic wind field, [image: image] is the ECMWF background wind field, and E is the superimposed weight coefficient.
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where n = 9 is the same as in (Liu et al., 2013).
The velocity components of the synthetic wind field are
[image: image]
where u is the east–west directional velocity component, v is the south–north directional.velocity component, and [image: image] is the angle between the line of the calculation point and.
typhoon center and the direction due east.
We selected the field wind data at five stations (W1 were selected W5) to validate the reconstructed wind fields. The field data period ranged from July 1 to 15, 2015, including July 10 to 12, when Hangzhou Bay was affected by Typhoon Chan-hom (Figure 1B). Few wind field data during typhoons are available, whereas the reconstructed wind field data effectively increased the accuracy of the wind speed prediction during typhoons, the values of which were closer to the field data (Figure 2). The reconstructed wind field data more accurately fit the trajectory and center of the typhoon (Figure 3). The modified wind field data have a higher temporal resolution (1 h) during typhoons than the ECMWF data (6 h).
[image: Figure 2]FIGURE 2 | Synthetic wind field data (purple lines) vs. ECMWF wind field data (blue lines) vs. observational data (gray dots) at the five stations W1 to W5.
[image: Figure 3]FIGURE 3 | Comparison of (A) ECMWF and (B) synthetic wind field distribution (11 July 2015, 12:00:00).
2.2 Model domain and configurations
We used an unstructured triangular mesh for the model domain covering the Yangtze River estuary, Hangzhou Bay, Zhoushan Archipelago, and most of the East China Sea (120°–125.5° E, 27.5°–34° N), with 60,441 nodes and 114,211 cells. We varied the horizontal resolution of the mesh from 100 to 200 m in Hangzhou Bay and the Zhoushan Archipelago to approximately 30 km at the open boundary to consider both calculation efficiency and accuracy. We vertically divided the water column into 11 uniform sigma layers. To refine the study area with notable changes in water and sediment elements, we set the proportion of each layer to the total water depth to 0.0, −0.02, −0.08, −0.18, −0.32, −0.5, −0.68, −0.82, −0.92, −0.98, and −1.0. We obtained eight major astronomical tidal constituents (K1, O1, P1, Q1, M2, S2, N2, and K2) from TPXO8 for tidal forcing (Egbert and Erofeeva, 2002). We set the initial temperature and salinity to 20°C and 30‰, respectively, because of the short-term nature of the simulation. We considered only viscous sand for the sediment. We set the median particle size and critical shear stress for erosion to 0.008 mm and 0.1 Nm2, respectively (Pan et al., 2013). Because of the difference of the particle size of the bottom sediment (Pan et al., 2013; Zhang et al., 2013) and the influence of the floating mud in the simulation area, Hangzhou Bay, we then determined the initial sediment erosion rate (E0) and seabed roughness height (Z0) by region (Ye, 2019) (Figure 1 and Table 1).
TABLE 1 | Main parameters of the sediment and wave models.
[image: Table 1]2.3 Model validation
We divided the validation of the model into two parts: validation of tidal currents and SSC during calm weather (March 1 to 31, 2013) and validation of tidal currents and wave heights during a typhoon (June 28 to 15 July 2015). We validated the model using multiple observational datasets, including the tidal elevation at seven stations (YG, ZP, and LCG, March 1 to 31, 2013; Z1, Z2, Z3, Z4, and Z5, June 28 to 15 July 2015); currents and SSC at two stations (N1 and N2) from March 1 to 31, 2013; substantial wave heights at five stations (H1, H2, H3, H4, and H5) and wind velocities at five stations (W1, W2, W3, W4, and W5) during Typhoon Chan-hom. The measured data were provided by Shanghai Typhoon Research Institute. The measured data used in this paper were provided by the Shanghai Meteorological Service, the Center for Numerical Prediction and Innovation, and the Zhejiang Marine Monitoring and Forecasting Center (He et al., 2020).
We used the correlation coefficients (CC) and model evaluation coefficient (Skill) (Murphy, 1992) to evaluate the credibility and accuracy of the model.
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where mi and Oi are the simulated and observed data, respectively; [image: image] and [image: image] are the average values of the simulated and observed data, respectively; and Sm and So are the standard deviations of the simulated and observed data, respectively. A model has high credibility when Skill > 0.5 (Murphy, 1992; Allen et al., 2007).
2.3.1 Tides and currents
The simulated tidal elevation was in good agreement with observational data. The Skill and CC of LCG and ZP were above 0.96. Station YG is vulnerable to tidal surges because it is located upstream of the Qiantang River estuary. Therefore, the Skill and CC at this station were relatively low, 0.84 and 0.70, respectively (Ye, 2019).
We used observational tidal elevation data at five stations (Z1, Z2, Z3, Z4, and Z5, which are the blue points in Figure 1E) to validate the tide elevation during Typhoon Chan-hom. The values of Skill and CC in Table 2 and Figure 4 show that the simulated values and observational data of tidal elevation fit well at all five stations.
TABLE 2 | Model validation.
[image: Table 2][image: Figure 4]FIGURE 4 | Model validation for (A) sea surface level, (B) significant wave height, (C) current magnitude and direction, and (D) suspended sediment concentration.
We obtained the current velocity data from two stations (N1 and N2, which are red points in Figure 1E). We obtained high quality validation results for current velocity and direction for each layer at N1 and N2 stations. The CC and Skill of each layer of current velocity during the neap tide (12:00 on March 6 to 16:00 7 March 2013) were above 0.9. The minimum CC of each layer in the current direction was 0.78 and Skill was greater than 0.84. The simulation results were relatively poor during spring tide (8:00 March 12 to 9:00 13 March 2013), and the minimum Skill and CC were 0.82 and 0.66, respectively (Ye, 2019).
We obtained current data on typhoon weather from station H4. The Skill and CC of the current velocity were 0.88 and 0.81, respectively; those of the current direction were 0.82 and 0.67, respectively. In general, the results of the current validation were good.
2.3.2 Waves and SSC
The Skill of the substantial wave heights was higher than 0.95, and the CC was higher than 0.93. Overall, the simulated wave height values matched the observational data well, so we found that the model was able to accurately simulate the process of wave generation and extinction during typhoons, laying a suitable foundation for analyzing the effect and influence of waves.
The SSC validation results at stations N1 and N2 were consistent with the vertical distribution of the actual SSC. The model accurately reflected the trend in the variation in SSC over time. The Skill of SSC in the surface layer were lower than those in the other two layers. When the SSC was large, the simulated surface SSC at N1 (Figure 4) was smaller than the measured data. The N1 station is nearshore. The instantaneous SSC at station N1 is subject to various factors, which would impact the model validation. Moreover, we ignore wave-current interaction and wind during calm weather, which may result in low surface SSC. In general, the quality of the results of SSC validation were not as high as those of hydrodynamic validation. The simulation results met the reliability requirement that the Skill value be greater than 0.5. Therefore, based on the model results, we studied the sediment dynamic characteristics during a typhoon in Hangzhou Bay. More information about the model validation was provided by Yu (2020) and He et al. (2020).
2.4 Sediment flux
Sediment flux is one of the main parameters used to study sediment transport. We believe that sediment is mainly transported by current. So, we use the current velocity and SSC of each layer to calculate sediment flux at different locations in the paper, and then we integrate it over time to get the net flux.
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where [image: image] and [image: image] are the current velocity of each layer; T is the integral time.
3 RESULTS
We analyzed the surge characteristics and SSC in Hangzhou Bay before and after the typhoon based on the results of the model. To facilitate the analysis, we selected six characteristic points (S1–S6) and three cross-sections (C1–C3) in Hangzhou Bay, and divided the bay into three parts: the top (TB), center (CB), and mouth (MB) of the bay.
3.1 Surge
The maximum water levels (4.03, 3.98, 2.93, 2.96, 2.44, 2.33 m at S1 to S6, respectively) all occurred during high slack water. We found that the difference in water levels between the northern and southern shores in the same section was small. Similarly, the maximum surge values at S1 to S6 were 2.04, 1.95, 1.55, 1.42, 1.50, and 1.10 m, respectively. The surges on the southern shore were larger than those on the northern shore. The surges in the MB were smaller than those in the CB and TB. From the MB to TB, the maximum surge occurred approximately 2 h later. As the typhoon approached, the peak surge advanced from the MB to the TB (Figure 5).
[image: Figure 5]FIGURE 5 | Comparison between surge and water level from July 9 to 14 July 2015 at stations (A–F) stations S1 to S6, respectively. Surge is the water level difference between Case0 and Case4.
With the gradual approach of the typhoon, the water level at MB was the first to increase. Subsequently, the surge propagated to the CB and TB. The maximum sea surface levels at the MB and CB were 2.5 and 3.5 m, respectively. At 1:00 on 11 July 2015, the sea surface level at the TB was 4.0 m at C1. Similarly, the maximum surge advanced from the MB to the TB, with the maximum surge of approximately 1.2 m at C3 in the MB and up to 1.5 m at C2 in the CB, and finally reached a maximum of 3.0 m in the TB at 00:00 on 11 July 2015. The typhoon affected the surge to a lesser extent, which was always smaller in the MB because the MB is wide and deep, so the geomorphology had a lesser effect here than at the TB. The bay is sheltered from the impact of typhoons by the Zhoushan Islands. The maximum surge was mainly related to the distance between typhoon and Hangzhou Bay. The maximum water level was predominantly influenced by the tidal level. The time of the maximum tidal level at each point was later than the time of the maximum surge. So, the surge increased before the water level and the maximum surge occurred earlier than the maximum water level. More information about the sea surface level, surge, currents, and waves was provided by Yu (2020) and Li et al. (2022).
3.2 SSC
As the typhoon approached, the SSC increased in most areas of the bay (Figures 6A,B). In the southern part of the MB, the SSC at the surface and bottom layers was always approximately 1 g/L. The high-SSC area in the middle of the MB gradually expanded northward. Finally, the surface and bottom SSC in the northern part of the MB reached 5 and 10 g/L, respectively. Similar to the MB, the SSC in the CB extended from the southern shore to the north. The surface and bottom SSC increased from 2.5 to 4.5 and 5–12 g/L, respectively. The cross-section of the TB was narrow, so the SSC substantially changed under the influence of the typhoon. During the typhoon, the SSC throughout the water column in the TB increased, with the surface and bottom SSC reaching 5.5 and 14 g/L, respectively.
[image: Figure 6]FIGURE 6 | Time-series of SSC distribution in the surface and bottom layer (20:00 on 10 July 2015 to 03:00 11 July 2015): (A) surface and (B) bottom layers. SSC distribution in the (C) surface and (D) bottom layers at 23:00 on 10 July 2015. The vector indicates wind.
Comparing the surface and the bottom SSC distribution on 10 July 2015 at 23:00, when the typhoon had the strongest impact on the SSC in Hangzhou Bay, we found that the temporal and spatial SSC distributions in the surface water layer were basically the same as in the bottom layer, but the SSC in the surface layer was only approximately 30% of that in the bottom layer (Figures 6C,D). The high SSC in Hangzhou Bay was mainly distributed in the shoal and northern-central parts of the MB. The SSC in Hangzhou Bay was relatively low before and after typhoon, and typhoon increased it. Before the typhoon, the area with high SSC was distributed in the TB and northern shore of the bay. After typhoon, the area with high SSC in the bay moved to the southern shore (Figure 7).
[image: Figure 7]FIGURE 7 | Bottom SSC condition in the calm period before typhoon (A–D) and after typhoon (E–H).
In the ebb and flood periods, the difference in the vertical SSC in each section was large, and the bottom SSC was more than 10 times larger than at the surface (Figure 8), which may cause turbidity currents near bottom. The minimum SSC occurred owing to the low water velocity during high and low water. The water in section C1 was shallow and narrow. Therefore, the peak SSC in section C1 was larger than that in sections C2 and C3. The SSC near the southern shore was larger than that near the northern shore in section C2 at peak ebb and peak flood. The SSC of C3 section was higher near the northern shore than near the southern shore at the peak flood tide, and reversed at the peak ebb tides because the northern and southern shores were the main flood and ebb tidal channels, respectively.
[image: Figure 8]FIGURE 8 | Vertical SSC distribution at C1, C2, and C3 cross-sections: (A) low water, (B) peak flood, (C) high water, and (D) peak ebb.
3.3 Sediment flux
We calculated the net sediment fluxes during the foreruner, main shock, and aftershock periods, and the results are shown in Figure 9. In the foreruner period, suspended sediment was transported into the bay mainly through the middle and northern parts of the MB from the open sea, and the SSC was generally small. The SSC of the southern shore of the CB was relatively large. During the mainshock of the typhoon, large amounts of suspended sediment were transported from the middle and northern parts of the MB to the bay, most of which was transported to the southern shore of Hangzhou Bay and the Zhoushan Islands. A small portion was transported to the bay, reaching the CB and even the TB. The SSC on the southern shore of the CB was large (80–100 kg/m3). During the aftershock period, the SSC net flux differed from that in the previous two periods. Overall, suspended sediment was transported from within the bay to the open sea. The sediment flux on the southern shore of the MB was large. Hence, during the typhoon, the transport of suspended sediment in Hangzhou Bay was similar to that during the main shock period. Suspended sediment was transported through the middle and northern parts of the MB from the open sea to the bay. Most of the sediment was transported to the southern shore of the MB and the Zhoushan Islands, and a small portion was transported upstream. The sediment flux on the southern shore of the CB was large. Therefore, the typhoon led to a substantial increase in the SSC on the southern shore of the CB and MB and the Zhoushan Islands.
[image: Figure 9]FIGURE 9 | Net sediment flux during Typhoon Chan-hom: (A) forerunner, (B) main shock, (C) aftershock, and (D) whole typhoon periods.
4 DISCUSSION
During typhoons, SSC is affected by many factors such as wind stress, atmospheric pressure, and waves. To examine the impact of various factors on the change in SSC, we conducted various numerical tests in this study, as shown in Table 3. We analyzed the effects of various factors on the SSC during a typhoon by comparing the test results under different driving forces. Case 0 was the control group. In the Case 1, we turned off all the wind field input. During the typhoon, atmospheric pressure changes greatly over the sea, so we turned off the atmospheric pressure field input in the Case 2 to study its influence on the SSC. In the Case 3, we turned off the wave model. For the Case 1–3, the tidal forcing still existed (the water level on the open boundary). In the Case 4, we only considered the effect of tide on the SSC, that is, we only gave the tidal forcing to the model. In the Case 5, we canceled the tidal forcing on the open boundary (there were no water level change on the open boundary). In all cases, we didn’t consider the current input on the open boundary.
TABLE 3 | Forcings considered in the numeric tests.
[image: Table 3]4.1 Correlation of bottom stress and SSC
Before Typhoon Chan-hom, current-induced bottom stress was dominant, and the wave-induced bottom stress was close to zero during calm weather (Figure 10). The difference between surface SSC and bottom SSC was significantly smaller than that during typhoon. However, the bottom SSC substantially increased during the typhoon, and the maximum bottom SSC was 10 g/L among the six stations. The surface SSC simultaneously increased by less than 5 g/L. Therefore, the difference between the surface and bottom SSC increased because waves had a considerable impact on the bottom SSC during the typhoon. During the typhoon, wave-induced bottom stress remarkably increased from 5 to 10 Pa. The current velocity and current-induced bottom stress simultaneously slightly increased. We found modest difference between the current-induced bottom stress during calm (0–1 Pa) and typhoon weather (2 Pa). Therefore, the increase in the bottom stress under the combined action of waves and current substantially increased the bottom SSC. The surface SSC was impacted by the suspension of sediment, so the surface SSC also increased with bottom SSC.
[image: Figure 10]FIGURE 10 | Comparison between SSC and bottom stress from July 9 to 14 July 2015 at stations (A–F) stations S1 to S6, respectively. SSC-S, surface SSC; SSC-B, bottom SSC; τ-C, current-induced bottom stress; τ-W, wave-induced bottom stress; τ-CW, combined wave- and current-induced bottom stress.
When the typhoon center was located southeast of Hangzhou Bay (11 July 2015 at 01:00), the SSC reached its maximum and an ebb current was present in Hangzhou Bay (Figure 11). The current velocity on the southern shore was higher than that on the northern shore, and the current velocity at MB was higher than that at TB. Therefore, the current-induced bottom stresses on the south and north shores were 2 and 0.5 Pa, respectively. The current-induced bottom stresses at MB were 0.5–2 Pa, and no more than 0.5 Pa at TB. In the Qiantang River, the current-induced bottom stress was 4 Pa because the waterway was narrow.
[image: Figure 11]FIGURE 11 | Bottom stress induced by (A,B) currents (arrow indicates bottom current velocity), (C,D) waves (arrow indicates wind velocity), and (E,F) combined action of currents and waves (arrow indicates wind velocity) at 01:00 on 11 July 2015 (the red and orange gradient line indicates typhoon path, the red six-pointed star indicates typhoon center).
The wave-induced bottom stress during the typhoon was similar to that under the combined effect of waves and currents; therefore, waves had the dominant influence on bottom stress during the typhoon (Figures 11C,E). The magnitude of wave-induced bottom stress is mainly determined by the bottom roughness, wave height, and water depth. In this study, the wave-induced bottom stress was low in the open sea, and the maximum was less than 5 Pa because of the high waves and water depth. The wave-induced bottom stress in Hangzhou Bay was restricted by three factors. High bottom stress was mainly distributed in the middle of the MB owing to the large wave height, the Andong shoal (the southern shore of the CB), and the Qiantang River above the TB because of the shallow water. The stress at the Andong Shoal was 10 Pa.
4.2 Influence of wind on SSC
The stress produced by the action of the wind enhanced the lifting of the bottom sediment, mainly by intensifying wave action (Figure 12I-I’). The surface SSC synchronized the variation of bottom SSC with approximately half of the magnitude. In calm weather, the wind is weak and has less influence on the SSC. The surface SSC caused by wind stress (dark blue line) was close to zero, and the bottom SSC (light blue line) was less undulating. During the typhoon, the SSC changed significantly owing to the increase in wind velocity.
[image: Figure 12]FIGURE 12 | (I-I′) Comparison of SSC and bottom stress curves of Cases 0 and 1 (July 9–13, 2015). (II-II′, III-III′) The same as (I-I′), but for Cases 0 and 2, and 0 and 3, respectively.
The surface SSC and bottom SSC caused by wind stress both increased, with the latter increasing more. This is because the increase in wind force acted directly on the waves and currents, increasing the bottom stress and, thus, the bottom SSC.
Because S3 was located on the Andong Shoal, the SSC at this station was the highest, with a surface and bottom SSC of 4.3 and 10.5 g/L, respectively. The surface and bottom SSC caused by wind stress was 2.9 and 8.78 g/L, respectively. Both Cases 0 and 1 showed that the maximum SSC occurred approximately 00:00 on 11 July 2015. The maximum surface SSC caused by wind stress at stations S1–S6 were 53.8%, 46.3%, 66.9%, 60.4%, 79.5%, and 58.8% of the maximum total surface SSC value, respectively, with a mean value of 60.93%. The ratios of the bottom layer were 69.5%, 48.4%, 83.3%, 66.9%, 79.5%, 72.2%, respectively, with a mean value of 69.9% (Table 4), indicating that the wind stress had a slightly stronger effect on SSC in the bottom layer that in the surface layer.
TABLE 4 | Characteristic SSC caused by wind stress.
[image: Table 4]The bottom stress caused by wind was close to 0 Pa during calm weather. The wind-induced bottom stress was consistent with the increase in the wind-speed curve. The bottom stress at S1–S6 reached a maximum at approximately 00:00 on July 11, which were 3.8, 1.7, 9.7, 2.7, 6.9, and 4.6 Pa, respectively. The maximum wind-induced bottom stresses at S1–S6 were 89.8%, 63.9%, 99.7%, 85%, 98.6%, and 75.2% of the maximum bottom stress in Case 0, respectively, with a mean value of 85.4%. This indicated that wind had a strong effect on bottom stress through wave action and, thus, on the resuspension of sediment.
4.3 Influence of air pressure on SSC
The effect of air pressure on the SSC was explored by comparing the results of Cases 0 and 2 (Figure 12II-II’). Compared with the effect of wind stress on SSC, the effect of air pressure on SSC was small. The SSC values in the surface and bottom layers owing to air pressure were close to 0. During the typhoon, with the fluctuation in air pressure, the value of the bottom SSC increased slightly, with a small amplitude, within 0.1 g/L.
At stations S1-S6, the ratios of the surface maximum SSC caused by air pressure to the total surface maximum SSC were 0.7%, 1.6%, 2.6%, 2.2%, 1.5%, and 1.8%, respectively, and the mean value was 1.7%. In the bottom layer, the ratios were 1.4%, 1.2%, 2%, 1.8%, 2.4%, 2%, and the mean value was 1.8%, respectively (Table 4). The maximum SSC caused by air pressure variation occurred at station S3. The value was 0.1 g/L in the surface layer and 0.2 g/L in the bottom layer.
During the typhoon, the air pressure decreased significantly, but the bottom stress caused by the air pressure variation was always close to 0, indicating that the influence of air pressure on the bottom stress was far less than that of the wind stress.
4.4 Influence of wave on SSC
Waves have a strong sand-lifting effect, and the presence of waves significantly changes the bottom stress, thus affecting the SSC distribution. The results of SSC in cases 0 and 3 were compared and analyzed to determine the effect of the wave effect on SSC (Figure 12III-III’).
In calm weather, the SSC in the surface and bottom layers caused by wave action was similar at different stations, all below 0.5 g/L. During the typhoon, the wave action increased and the SSC increased significantly. The surface SSC increased to 4 g/L and the bottom SSC increased to approximately 3 g/L and 8 g/L, respectively, at different stations. The latter is larger than the former.
The SSC caused by wave action at S3 and S5 reached the maximum at 23:00 on 10 July 2015; the increase in the bottom SSC was 8.6 and 6.2 g/L, respectively. The maximum wave-induced SSC was reached at 00:00 on July 11 at S1, S2, S4, and S6, where the increase in surface SSC was 2, 2, 2, and 2.1 g/L and the increase in bottom SSC was 4.4, 3.1, 4.8, and 5.2 g/L, respectively. The peak surface SSC caused by wave action at S1–S6 was 62.8%, 59.3%, 90%, 80.4%, 86.6%, and 72.6% of the maximum surface SSC of Case 0, respectively, with a mean value of 75.3%. The maximum bottom SSC caused by wave action was 62.5%, 52.6%, 81.9%, 81.3%, 74%, and 75.7% of that in Case 0 at S1–S6, respectively, and the mean value was 71.32% (Table 4).
The change in the bottom stress curve positively correlated with the change in large wave height. The larger the wave height, the higher the bottom stress. The magnitude of the bottom stress was also influenced by the water depth when the wave heights were similar. So, the bottom stress at S3, where the water was shallowest, was 8.8 Pa, whereas the maximum value of bottom stress at S2, where the water was deepest, was only 2.6 Pa. The bottom stress at S1 to S6 under wave action was 3.8, 2.6, 8.78, 3, 5.8, and 4.3 Pa, respectively; the maximum bottom stresses, under full driving action, were 90.4%, 94.9%, 90.4%, 93.1%, 82.6%, and 71%, respectively, and the mean value was 87.1%.
4.5 Influence of the tide-wave-wind interactions on SSC
The bottom stress increased under the combined action of waves and currents, which led to an increase in sediment resuspension. The surface SSC increased under the action of the suspension and diffusion of sediment.
Comparing Cases 0 and 1, we determined the influence of the wind waves and velocity increase on SSC. The surface and bottom SSC accounted for 60.9% and 69.9% (average value of six stations) of the SSC in Case 0, respectively. Comparing Cases 0 and 3, we determined the effects of wind waves and swells on the SSC. The surface and bottom SSC accounted for 75.3% and 71.3% (average value of six stations) of the SSC in Case 0, respectively. We found that the influence of wind waves on SSC overlapped when we compared the two groups.
So, we wanted to consider the contribution of wind waves and swells to SSC. By using PM (Pierson-Moskowitz) method (Li Y. et al., 2019), the calculated separation frequency separated the one-dimensional wave spectra of the station S1-S6. The proportion of wind waves and swells of these stations in Hangzhou Bay during the typhoon Chan-hom was obtained (Figure 13). During the typhoon, wind waves played a dominated role (∼100%) because the terrain blocked the propagation of swells into the bay. However, the wave spectrum of the station S6 showed obvious double peaks in the forerunner and aftershock period of typhoon, indicating that swells also occupied a certain proportion at these time (∼10%), because it is closer to the open sea. Hence, we believed that the influence of wave on SSC in Hangzhou Bay was almost all influenced by wind waves (75.3% and 71.3%) and accordingly, swells had almost no influence on SSC. Then, compared the contribution of waves and winds, the wind-induced velocity reduced the SSC at these six stations. This phenomenon was obvious in the surface layer (14.4%) and slight in the bottom layer (1.4%).
[image: Figure 13]FIGURE 13 | Separation of wind-wave and swell of S1-S6 of Hangzhou Bay at different time [(A): 07/10 00:00; (B) 07/11 00:00; (C) 07/12 00:00; red dotted box: S1-S6 separation frequency range].
Comparing Case 0 and 4, we determined the influence of the tidal level and tidal current on SSC. The surface and bottom SSC accounted for 37.0% and 20.3% (average value of six stations) of the SSC in Case 0, respectively. The total influence of tide, wave (almost wind wave), wind-induced current and air pressure were 99.6% (surface) and 92.0% (bottom), respectively. Hence the contribution of the interaction of tide, wave and wind-induced current on SSC were less than 10%.
5 CONCLUSION
Based on the three-dimensional numerical model of ocean dynamics (FVCOM) and considering the extreme weather conditions produced by Typhoon Chan-hom, we established and validated a three-dimensional wave–current–sediment coupled numerical model in Hangzhou Bay. We investigated the characteristics of suspended sediments, and examined the dynamic changes in the characteristics of sediment in Hangzhou Bay. Our main conclusions are as follows:
1) The sediment content in Hangzhou Bay was high during the typhoon, and SSC was substantially affected by waves. The high-SSC area in Hangzhou Bay was mainly concentrated at the MB and south shore of the CB. As the typhoon gradually approached, the surface and bottom SSC in the northern part of the MB reached 5 and 10 g/L, respectively. It increased from 2.5 to 4.5 g/L and 5–12 g/L at the CB, respectively, and reached 5.5 and 14 g/L at the TB, respectively. The maximum bottom SSC was at least twice the maximum surface SSC. A larger increase in bottom stress and SSC occurred at the southern shore of the CB and Qiantang River.
2) The typhoon affected the current velocity and SSC in the bay. The flow velocity at peak flood was higher than that at peak ebb; therefore, the maximum bottom SSC at peak flood (6 g/L) was higher than that at the peak ebb (5 g/L). The SSC at low and high water levels was the lowest. The maximum SSC at C1 was larger than those in C2 and C3. The SSC on the northern shore was substantially higher at peak flood and that on the south shore at peak ebb at C3. The SSC on the south shore was considerably larger than that in the north at these two times at C3 because of the shallow water.
3) During the typhoon, suspended sediment was transported through the middle and north of the MB from the sea to the bay, most of which was transported to the south shore of the MB and the Zhoushan Islands, the rest of which was transported upstream. Areas with a high SSC net flux included the southern shore of the MB and the CB, where siltation occurred.
4) SSC and bottom stress were most influenced by wave action, followed by wind stress action, and least influenced by air pressure action. The maximum SSC contributed by the waves to the peak SSC in Case 0 was 75.3% in the surface layer and 71.3% in the bottom layer; the contribution under the wind stress action was 60.9% in the surface layer and 69.9% in the bottom layer; the contribution of air pressure action was 1.7% and 1.8% in the surface and bottom layers, respectively.
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