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Abstract: Suspended sediment plays a major role in estuary morphological change and shoal erosion
and deposition. The impact of storm waves on sediment transport and resuspension in the Yangtze
River Estuary (YRE) was investigated using a 3D coupling hydrodynamic-wave model with a
sediment transport model during Typhoon Ampil. This model has been validated in field observations
of water level, current, wave, and sediment concentration. The model was run for tide only, tide
+ wind, tide + wind and wave forcing conditions. It was found that: (1) typhoons can increase
the suspended sediment concentration (SSC) by enhancing bed shear stress (BSS), especially in the
offshore area of the YRE, and there is hysteresis between SSC and BSS variation; (2) exponential and
vertical-line types are the main vertical profile of the SSC in the YRE and typhoons can strengthen
vertical mixing and reconstruct the vertical distribution; and (3) waves are the dominating forcing
factor for the SSC in the majority of the YRE through wave-induced BSS which releases sediment from
the seabed. This study comprehensively investigates the spatio-temporal variation in SSC induced by
Typhoon Ampil in the main branch of the YRE, which provides insights into sediment transport and
resuspension during severe storms for estuaries around the world.

Keywords: suspended sediment concentration; sediment transport model; Yangtze River Estuary;
Typhoon Ampil

1. Introduction

Estuaries between land and sea are subject to complex interactions of runoff, tide,
wave and wind, and spatio-temporal variations [1]. In recent years, climate change and
global warming have increasingly been recognized as drivers of the rise in natural disasters.
The frequency and intensity of coastal weather extremes such as heat waves, floods [2], and
typhoons [3–5] have the potential to aggravate disaster risks in coastal cities. Furthermore,
the impacts of climate change on ecosystem functions may exacerbate geological hazards,
leading to changes in material distribution and estuarine geomorphology [4,6]. Currently,
typhoons are one of the most damaging extreme events in coastal areas, characterized by
powerful winds and waves. These events not only cause loss of life and direct economic
losses but also cause the disruption of human activities [7–10]. The impacts of typhoons in
estuarine regions primarily manifest in water environment change, sediment transport, ero-
sion, dynamic responses, and the distribution of suspended material, all of which can have
cascading effects on economic development. Overall, typhoons can trigger heavy precipi-
tation, storm surges [11,12], and large waves [13] and impact wetland ecosystems [11,14].
Most estuaries are exposed to the open sea. The magnitude of storm damage in estuaries
has significantly increased [15,16].
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Suspended sediment concentration (SSC) plays a vital role in changing geometry
and causing deposition/erosion, therefore jeopardizing the safety of ports, wharves, and
dams and threatening lives near the estuary. Previous studies show that sediment ero-
sion/deposition and transport in estuarine areas are controlled by many factors [1,17–22],
i.e., tropical cyclones, strong currents, salinity variation, submarine topography, and river
runoff [23–28]. The bottom shear stress induced by storm waves is one of the main driving
forces for sediment suspension, and the wave period and water depth determine the in-
tensity of bottom shear stress [29]. He et al. (2013) [30] found that typhoons can increase
the SSC for a limited time interval. Xu et al. (2020) [31] proposed the four deposition
mechanisms in the Yangtze River Estuary (YRE), i.e., the flow expansion, residual current,
riverbed thalweg orientation, and local circulation act in different positions. Despite a sig-
nificant number of studies dedicated to this problem, the dynamics of suspended sediment
transport and the mechanism caused by deposition/erosion remain not fully understood.

Typhoons affect estuary morphology through sediment transport and the morphologi-
cal evolution of shoals [32–34]. Time and space variations in hydrodynamics forcing during
the typhoon period drive sediment transport and form erosion or deposition [35–37]. The
large amount of sediment transport and suspension increases the shoal width and causes
channel siltation [34,38,39]. Waves and tidal currents contribute jointly to bottom-deposited
sediment resuspension [40], i.e., waves suspend the sediment and currents transport it.
Schoellhamer (1996) [29] observed that wind and waves are the main forces in suspending
sediment, and the frequency and extent of suspension were decided by the wind direction
in a shallow microtidal estuary. The field observations by Bian et al. (2013) [36] indicate
that during typhoons, a large amount of sediment was resuspended due to wave actions in
the Yellow Sea and the East China Sea. Due to difficulties in collecting field observation
data during severe storms, comprehensive studies on the influences of typhoons on SSC
still remain to be explored.

The YRE is one of the most important estuaries in China and the world due to its
massive water discharge and sediment concentration [41–43]. The construction of projects
in the upstream area has resulted in a significant reduction of approximately 25–30%
in the total sediment flux entering the sea [44], highlighting erosion as a global issue
that attracts considerable attention. Given the challenges associated with expensive and
constrained field observations and the intricate geomorphology of estuaries, numerical
models have emerged as a prevalent method for studying the hydrodynamics, sediment
transport, and morphodynamics of estuarine regions. After the first wave forecast model
was implemented in the 1940s, the application of numerical methods gradually became
widespread for coastal studies. Ma et al. (2009) [45] used the ECOMSED model to simulate
the sediment transport of the macrotidal Mersey estuary in England and revealed the
interplay between hydrodynamics, morphology, and the significant effects of both tidal
level and river discharge on sediment transport. Zhu et al. (2016) [46] used a numerical
model to study erosion in the Yangtze Delta and found that tides were the main driving
force for erosion between 1997 and 2010. Li et al. (2016) [47] combined MODIS remote
sensing and the Delft 3D model to investigate the effects of Super Typhoon Saomai on
sediment erosion, re-suspension, transport, and deposition processes in the YRE.

In this study, a three-dimensional coupled hydrodynamic and sediment transport
model was used to examine the hydrodynamics and suspended sediment transport in
horizontal and vertical directions in real-world typhoon scenarios in the YRE. Typhoon
Ampil is the third typhoon to land directly in Shanghai since 1949 and has the representative
storm track and landing position. Originating as a severe tropical storm in the Pacific
Ocean, Ampil traveled northwestward, ultimately hitting Chongming Island with a peak
center wind speed of 28 m/s. The storm caused damage to 7200 homes, USD 246 million in
economic losses, and the evacuation of 38,700 individuals (source: http://www.cjw.gov.cn/,
accessed on 1 January 2022). Figure 1 shows the primary study area, study sites, and storm
track of Ampil. The aims of this study are to investigate the characteristics of SSC during the
typhoon period and assess the relative importance of the contribution of waves, wind, and

http://www.cjw.gov.cn/
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currents to suspended sediment transport. The study of variation in SSC in the YRE during
Typhoon Ampil not only provides a better understanding of the water–sediment transport
mechanism but also an important basis for environmental protection, navigational channel
management, and climate change adaptation.
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Figure 1. The study area and the storm track of Typhoon Ampil (2018). (a) Overview of the simulation
area with the field stations of water level indicated by pink triangles, currents denoted by black solid
circles, and the ship measurement point of sediment denoted by the four groups of hollow circles.
(b) The focus study area with its main branches; the nine pink solid circles are the main study point in
the following analysis and the typhoon path of Ampil. (c) The storm track of Typhoon Ampil moving
from the East China Sea in the northwest direction.

2. Numerical Model

In this study, a 3D hydrodynamics model based on MIKE3 was developed by the DHI
Group [48], which utilizes a flexible unstructured mesh to simulate the hydrodynamics
and sediment transport affected by Typhoon Ampil. The hydrodynamics and sediment
transport modules of the MIKE FLOW Model were coupled with the spectral wave module
to investigate the time and spatial variations in water level, current, wave, and suspended
sediment concentration during the occurrence of Typhoon Ampil.
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2.1. Hydrodynamic Model

To improve modeling accuracy and mitigate sensitivity to boundary conditions, the
model domain encompasses Hangzhou Bay (HB) and the YRE to capture the intricate
connections effectively. Encompassing a region spanning 26.9◦ N to 34.4◦ N and 120.2◦ E
to 125.6◦ E, the study area extends 810 km in the north–south direction and 500 km in the
west–east direction, as depicted in Figure 1.

In the horizontal plane, an unstructured triangular mesh, comprising 18,887 nodes
and 33,656 elements, is employed. The mesh resolution gradually decreases from 33,000 m
at the eastern open boundary to 10 m at the YRE channel to strike a balance between
computational accuracy and efficiency, as illustrated in Figure 2. Owing to the complex
geometry of the primary study area, the water column was divided into 10 vertical layers
within the Sigma coordinate system, each with a relative water depth of 0.1. This approach
accommodates the complex coastal bathymetry and bottom roughness effectively.
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Figure 2. The unstructured grid system used in this study.

The bathymetry in the YRE and HB were sourced from the high-resolution charts of the
People’s Liberation Army Navy and remote sensing data provided by the National Oceanic
and Atmospheric Administration (NOAA). Given the broad expanse of this geographical
domain, the open boundaries (north, east, and south) were stimulated using time-varying
tidal level data from the Global Tidal Model by MIKE3 [48]. Daily river discharge data from
the Changjiang Sediment Bulletin (http://www.cjh.com.cn, accessed on 1 January 2022)
were utilized for calculating the annual average discharge of the Jiangyin River as the river
boundary condition and similarly for the average annual discharge of the Qiangtang River
(1000 m3/s) for Cangqian.

The hydrodynamic model was enforced by the ERA5 wind data from the European
Centre for Medium-Range Weather Forecasts (ECMWF) at 6 h intervals with a spatial
resolution of 0.25◦ × 0.25◦. Depth thresholds were set at values of 0.005 m, 0.05 m, and
0.1 m. The bottom roughness height (ks) was calculated using the Manning coefficient. The
input file for the distribution of ks values ranging from 0.00027 m to 0.0016 m within the
domain was derived from successive calibrations conducted by Chen et al. (2016) [49].

2.2. Sediment Transport Module

The sediment transport module describes the process of the erosion, transport, and
deposition of sand/mud mixtures under the interaction of currents and waves, and salt floc-

http://www.cjh.com.cn
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culation can also be included in this module. The three-dimensional sediment convection–
diffusion equation is described by:

∂c
∂t +

1√
Gxx

∂uc
∂x + 1√

Gyy

∂vc
∂y + ∂(ω−ws)c

∂z − 1√
Gxx

∂
∂x (εx

∂c
∂x )

− 1√
Gyy

∂
∂y (εn

∂c
∂y )−

∂
∂z (εz

∂c
∂z ) = 0

(1)

where c is the suspended sediment concentration (kg/m3), u and v are the flow velocity in
the x and y directions, ws is the settling velocity of suspended sediment (m/s), and εx, εy
and εz are the dispersion coefficients of the x, y, and z directions (m/s2).

In this model, the main sediment transport parameters for the sand module were se-
lected following those of Ren (2020) [50], who conducted lots of experiments as summarized
in Table 1.

Table 1. Summary of the main parameters in the sediment transport module.

Parameter Value

Density of sediment (kg/m3) 2650
Density of the bed layer (kg/m3) 800

Settling velocity (m/s) 0.0003
Erosion coefficient (kg/m2/s) 5 × 10−5

Erosion critical shear stress (N/m2) 0.2~0.6
Deposition critical shear stress (N/m2) 0.1

2.3. Wave Module

The dynamics of waves are described by the transport equation of wave action density.
Wave spectrum evolves in time and space and is a function of angular frequency and wave
direction. The wave action is related to the energy density by the equation:

N(σ, θ) =
E(σ, θ)

σ
(2)

In this model, the main parameters were chosen following those of Wang et al.
(2022) [51]. It is worth noting that due to the deviation between the observed and ECWMF-
ERA-Interim wind [52–54], the latter was multiplied by a correcting factor of 1.3 following
the method of Fan (2019) [53]. Table 2 shows the vital parameters of the wave module.

Table 2. Summary of the main parameters in the wave module.

Parameter Value

Wave breaking 0.8
Bottom friction 0.00025

White capping Cds 4.1
δ 0.5

Initial condition JONSWAP wave

2.4. Model Validation

Model performance assessment entails the utilization of root mean square error (RMSE)
and skill [55]. RMSE is a commonly employed statistical measure, which serves to quantify
the magnitude of discrepancies between model outputs and observed data. Skill serves
as an indicator of the level of agreement between the model and data. These metrics are
defined as follows.

RMSE =

√√√√√ n

∑
i
(ηi

measured − ηi
simulated)

2

n
(3)
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where ηi
measured is the ith measured variable; ηi

simulated is the ith simulated variable; and n is
the total number of data points. A low RMSE means better model agreement with the data.
Of note, 0.5 is often taken as the critical value to evaluate the model’s accuracy.

Skill = 1 −

N

∑
i=1

|Mi − Di|2

N

∑
i=1

(
∣∣Mi − D

∣∣+ ∣∣Di − D
∣∣)2

(4)

where Mi and Di are the ith model prediction and measurement data; D is the mean value in
situ measured data; and N is the number of observations. The simulation is more accurate
when the value of skill approaches 1 within 0.65~1.

Validation of this model was carried out by Wang et al. (2024) [56], and the model
parameters were adjusted during the typhoon period to agree with the observations better.
The water level data were collected from the three oceanic stations (Sheshan, Luchaogang,
and Dajishan) operated by the State Oceanic Administration. The historical wave data
were acquired from the 3 m buoy located at Yangkougang Station, which is also operated
by the State Oceanic Administration. The sediment transport module uses the voyage
measurements in the YRE (NORC2014-07) in July 2014 at four series of cruise points.

Figure 3 illustrates the validation of the predicted water level with the measured
data. To ensure model accuracy, the validation period spans the duration of a typhoon
passing through from 17 to 25 July 2018. Comparing the model predictions with the actual
measurements, a slight deviation was observed at the three stations on 22 July. Upon
integrating the assessment metrics with the temporal variations in the time series data, the
RMSE indicates a marginal deviation of 0.3 m, which was in the measurement allowance
of hydrology specification (within ±0.30 m), indicating that the model demonstrates the
ability to accurately predict the real water levels.
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gang, Sheshan, and Dajishan field stations; the skill number and RMSE are shown in the figure.

The wave module uses the time series data from Yangkougang Station. The validated
wave model was executed for the timeframe spanning 15 August to 1 October 2014, with the
outcomes depicted in Figure 4. Analysis of the results revealed that discrepancies primarily
manifest post typhoon landfall, indicating a reduction in wave height that agrees well with
the measured data during the typhoon period. Although the significant wave height fails
to reach the peak values observed in the measurements, the period exhibits concordant
values following typhoon passage. It is acknowledged that acquiring measurements during
a typhoon event faces challenges due to the intense winds and waves; thus, the deviations
are deemed reasonable. The skill and RMSE values of wave height are 0.82 m and 0.43 m,
and the wave periods are 0.92 s and 0.33 s, respectively, indicating the comprehensive
accuracy of wave module performance.
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Given the sporadic characteristics of the collected measurements at various time points
and locations, RMSE was employed as the primary performance metric for this module.
Figure 5 presents the comparison between the model’s results and measured data for
surface and bottom SSC. While the model demonstrates a slight tendency to overpredict
the measured values, the RMSE remains well within an acceptable range, indicating a
satisfactory level of simulated performance.
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The wave and sediment transport module deviated from the observation during
the typhoon period. Specifically, the model exhibited an overestimation of the observed
SSC near the estuarine mouth. This discrepancy may be induced by the inaccuracies in
the conversion equation utilized for turbidity (NTU) to concentration (kg/m3) and the
constant value of critical shear stress (CSS) used in model initialization. Additionally, the
model’s predictions indicated higher wave height and shorter periods compared to the
observations following typhoon landfall, potentially attributed to the intricate and dynamic
nature of typhoon wind fields not adequately captured by the ECMWF-ERA5 wind data.
Considering that real situations entail more involute dynamics that can significantly affect
these factors, the simulated results of the hydrodynamic and sediment transport model
are concordant with the measured data, basically indicating that this 3D model effectively
replicates real conditions.

3. Results

The model simulations were conducted over the period of 1 to 31 July 2018, following
equilibrium by the coupled wave–current model before Typhoon Ampil landed. In this
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section, an analysis of the horizontal distribution and vertical mixing of SSC is performed
to elucidate the common mechanism during typhoon passage. Figure 6 illustrates the wind
velocity, water level, significant wave height, and period data obtained from Yangkougang
Station during Typhoon Ampil. As Typhoon Ampil approached the YRE, a noticeable
increase in wind speed, wave height, and period was observed, accompanied by heightened
complexity in the wind field. The maximum wind speed at Yangkougang Station peaked at
approximately 25 m/s, while the typhoon intensity was officially identified as grade 10
with a central speed of 28 m/s.
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Figure 6. The measured wind velocity, water level, significant wave height, and period collected
at Yangkougang Station as marked in Figure 1 during Typhoon Ampil (the time begins at 00:00,
17 July 2018).

3.1. Changes in SSC in the Main Study Area

In order to investigate the spatial variability of SSC in the primary branches of the
YRE, nine specific study sites in the inner channel and offshore regions (as depicted in
Figure 1) were selected during the typhoon event. In addition to the points representing the
upstream area, the North Branch, North Channel, and South Channel, a point positioned
between the YRE and HB along the coastline was also included to better capture the water
exchange between the two estuaries. Among these points, UP represents the upstream
position, NBM, SBM, NCM, and SCM represent mid-stream points in the North Branch,
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South Branch, North Channel, and South Channel, respectively, and NBD, NCD, and SCD
correspond to points situated beyond the estuary mouth.

Figure 7 presents the temporal evolution of SSC at all selected study sites, with a
blue arrow marking the approximate time of typhoon landfall (around 12:00, 22 July 2018).
Analysis of the results shown in Figure 7 indicates minimal changes in SSC at UP, SBM,
and SCM during the typhoon event, attributed to the relative insensitivity of these points
to wind and wave influences. However, significant variations in SSC were observed at
other study sites, deviating from the conventional expectation of a uniform increase. It
is worth noting the substantial decrease in SSC at SCD following the arrival of Typhoon
Ampil, a pattern similar to observations in the Modaomen estuary during typhoon Higos
as documented by Liang et al. (2023) [57]. This decline can be explained by the interaction
between flow patterns and wind forces. Highly concentrated sediment migrated over
considerable distances in the predominant direction, leading to a rapid decrease at this site.
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Figure 7. The time series from 20 to 25 July of surface suspended sediment concentration (SSC) at the
nine selected study sites (as indicated in the top right corner).

SSC at the NBD initially decreased before rising to a peak value of 3 3.8 kg/m3,
representing a 52% increase from the normal value. In contrast, SSC at the HB experienced
an initial increase followed by a 20% reduction. NCD exhibited a pronounced 90% rise in
SSC relative to normal values, peaking at 3.3 kg/m3. The SSC at the inner channel points,
NBM and NCM, also experienced the impact of the typhoon event, with SSC escalating
by 33.3% to reach a maximum value of 1.6 kg/m3 at NCM upon typhoon landfall. The
SSC at the NBM fluctuated slightly at a relatively high value, suggesting that the typhoon
inhibited the tidal stress of the narrow channel.

To further assess what caused different SSC variations across the six points (NBM,
NBD, NCM, NCD, SCD, and HB), we calculated four days of 24 h time-averaged SSC
and constructed histograms illustrating the SSC trends alongside time-series data for bed
shear stress (BSS) (refer to Figure 8). The BSS peaked concurrently with the typhoon
peak intensity, with the rapid response to the strong winds and large waves. At NBD,
NCD, and SCD, there was a discernible time lag of 6 to 24 h between the peaks of SSC
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and BSS, attributed to the time required for sediment to be resuspended from the seabed
into the upper water columns. High SSC at SCD occurred earlier than at other points,
implying that the typhoon path affects the SSC variation both temporally and spatially.
Conversely, at the inner locations (NBM and NCM), the impact of the typhoon on BSS was
minimal, exhibiting values lower than the CSS as depicted in Figure 7. This observation
aligns with the shallowness and narrowness of the midstream area in the NB, resulting in
weaker wind and wave actions, thus maintaining a BSS lower than the CSS required for
sediment suspension. Consequently, SSC variations at these locations primarily correlate
with tidal movements.
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3.2. The Characteristics of SSC Horizontal Distribution

As previously mentioned, the variation in SSC is different among the study sites
during Typhoon Ampil. The distribution of surface SSC along with the current vector
field is depicted in Figure 9. When comparing the four branches and the main stream,
as shown in Figure 9, minimal changes in surface SSC are observed in the inner channel.
This phenomenon can be attributed to two primary factors. Firstly, SSC in the channels
is predominantly influenced by sediment inflow from the upstream region, which has
decreased following the construction of the Three Gorges Reservoir, leading to reduced
SSC variability. Secondly, runoff serves as the primary driver of SSC in the inner channel,
while the impact of winds and waves is negligible in this particular area of the YRE.
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Figure 9. Time evolution of horizontal variation in suspended sediment concentration (SSC) during
the typhoon with the current vectors indicated by the arrows.

At the outer estuarine mouth, a high SSC zone, known as the turbidity maximum
zone, is present due to the vertical mixing of salt and fresh water, resulting in elevated SSC
values. When the typhoon approached the YRE, the SSC increased along the typhoon path,
leading to significantly higher concentrations than those observed in the inner channels.
Areas exposed to the open sea were more susceptible to the influence of strong winds
and large waves compared to sheltered regions. Additionally, at the HB site, the high
surface SSC was transported by strong currents toward the mouth of the South Passage
(SP), subsequently reaching the North Channel (NC) along the typhoon path. The high
surface SSC was a result of the interactions among wind, waves, and tides, involving
various dynamic processes, notably the tidal currents (critical for sediment transport) and
waves (the primary driver of sediment resuspension). This occurrence highlights how
massive typhoon-induced waves disturb the water column, causing bottom sediment to
resuspend into the sea surface. Furthermore, the complex movement of sediment during
typhoon passage, combined with the influence of currents, can lead to sediment from shoals
being dispersed into the surrounding waters, thereby enhancing the SSC values [58].

To be in agreement with the information mentioned in Section 3.1 about BSS, the
corresponding horizontal variation in BSS is shown in Figure 10. The highest BSS levels
were observed at the outer mouth of the estuary, coinciding with the turbidity maximum
zone during the time of typhoon landfall. The findings suggest that the elevated SSC
primarily originated from sediment resuspension from the seabed. Furthermore, they also
indicate that the typhoon accelerates the exchange rate between deposition and suspended
sediment, facilitating the uplift of the bottom sediment to the surface. The BSS at the inner
channel varied only slightly and recovered to the normal value earlier than that further
offshore, suggesting that SSC changes are dominated by current action.
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Figure 10. Time evolution of horizontal variation in bed shear stress (BSS) during Typhoon Ampil.

A comparison between the distribution of BSS and SSC in Figures 9 and 10 reveals that
the time series (Figures 9d–f and 10d–f) corresponds to the period during which the typhoon
passed and gradually moved away from the YRE with decreasing intensity. Despite this,
SSC remained elevated compared to normal, whereas BSS began a rapid recovery toward
normal values. It is widely accepted that winds and waves contribute to enhancing
BSS. Consequently, the time lag between BSS and SSC is associated with hysteresis in
the exchange of surface and bottom sediment. Due to weakened hydrodynamics after
typhoons, the deposition of suspended sediment requires more time to settle back to
the seabed before being resuspended. This phenomenon was also observed and called
sedimentation hysteresis by Fan (2019) [59].

3.3. Vertical Distribution of SSC

Five types of vertical SSC profiles were summarized by Van Rijn (1993) [60], including
exponential, oblique, vertical-line type, stepped, and two-layer structures. To further
examine the mechanisms of suspended sediment transport, four sections indicated in
Figure 11 along the main branches were selected to analyze the vertical distribution of
suspended sediment during Typhoon Ampil and are depicted in Figures 12–15.

Figure 12 shows the spatial variation in SSC across NBL from 21 to 24 July with a time
interval of 12 h. In most instances, the profile in this branch appeared as a vertical line,
suggesting minimal concentration variations from the bottom to the surface. However,
before the typhoon landed, the mouth area exhibited a slight exponential shape, with the
bottom concentration slightly higher than that at the surface. During typhoon passage,
sediment resuspension in the water column increased the exchange between surface and
bottom components, leading to a gradual shift toward a vertical-line pattern. An additional
phenomenon existing at the mouth area was the decrease in SSC by 1 to 1.5 kg/m3 upon
typhoon landfall at 12:00 on 22 July. This decrease was primarily attributed to the intense
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currents generated by the typhoon, which caused lower SSC water to flow into the channel
along the typhoon’s path. As the typhoon moved further away from the YRE, the SSC
rapidly recovered to normal, with high SSC concentrations being carried out of the mouth
by the ebb tide current, proving the transport function of the current. An obvious increase
occurs at the range from 35,000 to 50,000 m of the relative distance, which was mainly
caused by the increase in BSS that corresponded with the high SSC zone.
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Figure 11. Four sections of NBL, NCL, CPL, and SPL along the main branches of the YRE for the
analysis of the vertical distribution of suspended sediment during Typhoon Ampil.
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Figure 13. The spatial variation in suspended sediment concentration (SSC) across the section NCL
indicated in Figure 12 from 21 to 24 July during Typhoon Ampil with a time interval of 612 h.

Figure 13 shows the spatial distribution of SSC across NCL at the same time as NBL.
The SSC at NCL was lower overall than that at NBL. The SSC at NCL was generally
lower compared to that at NBL. The vertical profile at NCL exhibited a transition from
an exponential pattern to a more pronounced vertical-line pattern over a broader range,
particularly in the relative distance of 10,000 to 60,000 m, indicating that the typhoon had
the potential to enhance the vertical mixing process. Similarly, there was a notable rapid
increase in SSC in the vertical direction at the mouth area. Within the distance range
of 0 to 60,000 m, the primary influence came from tidal currents originating upstream,
evident through the prompt recovery of SSC when the tide changed direction. However,
the remaining driving force came from the interaction between current and storm waves
that promoted seabed deposition resuspension, as indicated by the high SSC being slowly
moved seaward, causing the fine isoline in the distance over 60,000 m.

Figure 14 exhibits the spatial variation in SSC across NPL, within the Deep-Water
Channel project, an area influenced by intricate topography and complex current conditions.
The vertical profiles between distances of 12,000 to 32,000 m appeared irregular, resembling
the two-layer concept proposed by Van Rijn (1993) [60], characterized by distinct vertical
current velocities. Furthermore, at the time of the typhoon making landfall (12:00 on
22 July 2018), the SSC remained nearly constant in the vertical direction, suggesting that
strong winds and waves can reshape the vertical SSC structure through intense mixing and
exchange between surface and bottom sediments.

The results in Figure 15 are the spatial variation in SSC across SPL. The vertical
profile of SSC followed an exponential pattern with slight irregularities. The impact of the
typhoon on SSC is less pronounced due to the typhoon’s path passing through SP first.
This observation highlights the significance of the typhoon’s path relative to the study sites
as a crucial factor influencing the storm’s impact on suspended sediments. A similar trend
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was observed in NPL, where the typhoon track intersected later than in SPL. The lower SSC
in NPL mitigates the typhoon’s impact on vertical mixing compared to the other sections.
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By comparing the four lines selected in the main branches, the vertical distribution
of SSC can be succinctly summarized. The typical vertical profiles of SSC in the YRE are
exponential type and vertical-line type, which are subject to modification by the influence
of typhoons. Within the inner channels, SSC levels are primarily influenced by runoff
and tidal currents, leading to SSC movement driven by these dynamics. The end of
the section is within the high SSC zone, where the typhoon-enhanced BSS becomes the
primary factor. The areas close to the estuarine mouth show complex vertical variation,
due to the strong mass exchange and multiple dynamics. This result is consistent with the
findings of Liu et al. (2010) [61], who studied the exchange rate between near-bottom and
sea-bottom sediments.

4. Discussion

As we all know, wind plays a vital role in generating waves and strengthening ocean
circulation. Therefore, wave impacts can also be attributed to wind function action. In
a study by Li et al. (2019) [62], the researchers examined the effects of wave action on
sediment resuspension both landward and seaward of the estuary. Accordingly, the model
was set up for another two scenarios of the typhoon process with hydrodynamics forcing
summarized in Table 3.

Table 3. Three scenarios of hydrodynamic forcing conditions.

Condition Module Dynamics Scenario Name

1 Hydrodynamic Tide only Astronomic tide (AT)
2 Hydrodynamic Tide + wind Non-wave (NW)
3 Hydrodynamic + wave Tide + wind + wave Wave–current interaction (WCI)

4.1. Wave Impacts on SSC Distribution

Waves can increase the SSC in the short term by entraining sediments from the seabed,
causing them to be suspended in the water, temporarily increasing the concentration of
suspended sediments. During typhoon periods, large waves can drive intensive sediment
transport and erosion, leading to a significantly high and temporally variable SSC in the
water body [63], promoting accumulation and increasing SSC [64]. The influence of waves
on the near-bottom suspended sediment concentration is most significant, with wave height
or period determining the magnitude of suspended sediment concentration. Strong waves
have a pronounced impact on the BSS on the seabed and, therefore, near-bed turbulence
energy [65]. The WCI function is recognized for its potential contribution to sediment
transport. Hence, this section explores the impact of waves on horizontal transport and the
vertical exchange of sediment through different simulated scenarios of NW and WCI.

Figure 16 shows the horizontal SSC isolines changing with the typhoon path by
comparing these two forcing conditions. For the NW condition, in general, the SSC is
higher in the shoal areas than in the inner channels, with values close to 1.0 kg/m3 in
the eastern shoals of Chongming and 0.5 kg/m3 in the SC and NC channels. When the
wave force was added to the simulation, the concentration increased significantly with the
isoline changing by 2.0 kg/m3. The inner region has a lower SSC value of about 1.0 kg/m3,
which is twice as much as the NW condition, while SSC is increased by almost 20 times to
almost 4.0 kg/m3 in the shoal region. This phenomenon was the same as that observed
by Lu et al. (2018) [66], who investigated the SSC variation in the East China Sea during
Typhoon Chan-hom.

In addition to the concentration variation mentioned above, the duration required
for the values to return to normal also showed variability based on the prevailing forcing
conditions. Under the NW conditions, the recovery time was close to the typhoon path,
indicating a prevalence of current-driven sediment transport. Incorporating wave effects
into the model, the sediment movement exhibited hysteresis as discussed in Section 3.1. This
phenomenon was attributed to the storm-induced BSS surpassing the CSS, leading to the



Water 2024, 16, 1783 18 of 24

resuspension of sediment from the seabed. Commonly, enhanced wave–current dynamics
and BSS during typhoons are the main reasons for the sharp increase in SSC. It was found
that sediment is exchanged between channels and shoals during typhoon events, thereby
influencing SSC distribution for up to 1 month, as indicated by satellite imagery [67].

Water 2024, 16, x FOR PEER REVIEW 19 of 26 
 

 

4.1. Wave Impacts on SSC Distribution 
Waves can increase the SSC in the short term by entraining sediments from the sea-

bed, causing them to be suspended in the water, temporarily increasing the concentration 
of suspended sediments. During typhoon periods, large waves can drive intensive sedi-
ment transport and erosion, leading to a significantly high and temporally variable SSC 
in the water body [63], promoting accumulation and increasing SSC [64]. The influence of 
waves on the near-bottom suspended sediment concentration is most significant, with 
wave height or period determining the magnitude of suspended sediment concentration. 
Strong waves have a pronounced impact on the BSS on the seabed and, therefore, near-
bed turbulence energy [65]. The WCI function is recognized for its potential contribution 
to sediment transport. Hence, this section explores the impact of waves on horizontal 
transport and the vertical exchange of sediment through different simulated scenarios of 
NW and WCI. 

Figure 16 shows the horizontal SSC isolines changing with the typhoon path by com-
paring these two forcing conditions. For the NW condition, in general, the SSC is higher 
in the shoal areas than in the inner channels, with values close to 1.0 kg/m3 in the eastern 
shoals of Chongming and 0.5 kg/m3 in the SC and NC channels. When the wave force was 
added to the simulation, the concentration increased significantly with the isoline chang-
ing by 2.0 kg/m3. The inner region has a lower SSC value of about 1.0 kg/m3, which is twice 
as much as the NW condition, while SSC is increased by almost 20 times to almost 4.0 
kg/m3 in the shoal region. This phenomenon was the same as that observed by Lu et al. 
(2018) [66], who investigated the SSC variation in the East China Sea during Typhoon 
Chan-hom.  

 
Figure 16. Comparison of predicted suspended sediment concentration (SSC) isoline for WCI (tide 
+ wind + wave) and NW (tide + wind) forcing conditions as described in Table 3. 

In addition to the concentration variation mentioned above, the duration required for 
the values to return to normal also showed variability based on the prevailing forcing 
conditions. Under the NW conditions, the recovery time was close to the typhoon path, 
indicating a prevalence of current-driven sediment transport. Incorporating wave effects 

1

1

23

1
120.5 121 121.5 122 122.5 123 123.5

Longitude(E)

30.5

31

31.5

32

32.5

La
tit

ud
e(

N
)

1

1

1

1

23

3

120.5 121 121.5 122 122.5 123 123.5
Longitude(E)

30.5

31

31.5

32

32.5

La
tit

ud
e(

N
)

1

1

2
3

1

1

120.5 121 121.5 122 122.5 123 123.5
Longitude(E)

30.5

31

31.5

32

32.5

La
tit

ud
e(

N
)

1

1

2
2

3

3

1

1

120.5 121 121.5 122 122.5 123 123.5
Longitude(E)

30.5

31

31.5

32

32.5

La
tit

ud
e(

N
)

SSC (kg/m3)

1

1

23

1

120.5 121 121.5 122 122.5 123 123.5
Longitude(E)

30.5

31

31.5

32

32.5

La
tit

ud
e(

N
)

1

1

23

3

4

1

1

120.5 121 121.5 122 122.5 123 123.5
Longitude(E)

30.5

31

31.5

32

32.5

La
tit

ud
e(

N
)

NW (tide+wind)
WCI (tide+wind+wave)

(a)July 21, 12：00 (b) July 22.00:00 (c) July 22, 12：00

(d) July 23, 00：00 (e) July23, 12:00 (f) July 24, 00:00

Figure 16. Comparison of predicted suspended sediment concentration (SSC) isoline for WCI (tide +
wind + wave) and NW (tide + wind) forcing conditions as described in Table 3.

Besides the horizontal distribution of SSC, it is imperative to quantify the impact
of wave action on the vertical mixing of sediment. It is widely recognized that waves
influence suspended sediment transport and resuspension by changing the flow velocity
and direction. A previous study showed that during rising tides, the vertical gradient of
SSC was small, with an L-shaped distribution, which is closely related to wave action [68].
Furthermore, waves can significantly alter the upper ocean structure and thus affect the
vertical distribution of SSC through mechanisms of breaking and non-breaking-induced
mixing [69]. The vertical SSC profiles at all study sites at the time when the typhoon landed
at 12:00 on 22 July are depicted in Figure 17. These profiles primarily exhibited vertical-line
patterns as proposed by Van Rijn (1993), with the remainder following an exponential
trend (NBD and SCD), signifying effective water mixing under the influence of strong
winds and waves. Compared to the two conditions, after adding the wave stress, the SSC
increased significantly at all points, which provided evidence that the current did not cause
strong resuspension, while waves play a crucial role in sediment resuspension. Despite the
relatively lesser impact of strong winds and large waves in the inner channels compared to
offshore regions, these areas still experienced the effects of the typhoon. At NBD and SCD,
characterized by shallow water geometries, the bottom SSC significantly surpassed the
surface SSC, implying that the BSS exceeded the CSS and that sediment would be released
from the bottom into the water column.
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In summary, the role of currents in sediment transport primarily involves them serving
as a dynamic carrier to propel sediment movement. Waves are the primary factor in
altering the sediment concentration by enhancing water column turbulence near the bed
and strengthening the BSS to facilitate the resuspension of bottom sediment.

4.2. Storm Wave-Induced SSC Variation

Given that tide is another important contributing factor to sediment transport, we
conducted the simulation (Table 2, condition 1) without consideration of wind and waves.
Figure 18 illustrates a comparison of SSC for tide only (AT) and tide + wind + wave (WCI)
by calculating the difference. The impact of storm waves on SSC transport was noteworthy,
showcasing both positive and negative influences attributed to the rapid fluctuations in
wind strength during the typhoon period. The effects of typhoons on SSC difference
distributions were significant in the offshore shallow water. Furthermore, the decrease
in SSC post typhoon passage occurred at a slower rate compared to the increase in SSC
prior to the typhoon’s arrival. However, the alteration in SSC difference resulting from
wind and wave action in the inner channels remained almost zero, suggesting that tides
significantly dominate SSC dynamics. This phenomenon demonstrates the pivotal role of
storm waves in triggering the resuspension of sediment during typhoon events in the most
studied areas.

Considering the importance of BSS in sediment resuspension, the comparison between
the predicted BSS for the WCI and AT scenarios in the three groups of study sites is shown
in Figure 19.

In comparing the impact of storm wave action on BBS, the difference between these
two scenarios is evident. Under the influence of tide alone (Condition 1), the BSS exhibits
minimal change throughout the typhoon period. However, upon incorporating wind and
wave forces (Condition 3), the BSS exhibits a continuous increase as the typhoon approaches
the study area prior to and during typhoon landfall, followed by a gradual decline post
landfall. Particularly at the NBD site, the maximum BSS recorded under Condition 3 (tide +
wind + wave) significantly surpasses that of Condition 1 (tide only). This indicates that
storm waves play a pivotal role in driving the BSS to exceed the CSS, thereby facilitating
the resuspension of sediment in the estuary.
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In comparing the SSC at all points, the SSC displayed distinct patterns in the inner
channels and the offshore area. Differences in SSC with and without waves at the study
sites in the channel occurred predominantly during the period of typhoon landfall, with
them being maintained for roughly 24 h. Apart from this time interval, minimal differences
were observed in SSC between the conditions with and without wave effects. However,
the SSC in offshore regions exhibited a more pronounced and longer-lasting duration.
The maximum values can reach 5.67 N/m2, 2.98 N/m2, and 3.12 N/m2 at the three
offshore points, representing a substantial increase of approximately 845%, 397%, and
420% respectively, compared to the tide-only condition. This demonstrates that offshore
areas directly exposed to the open sea are more sensitive to the effects of storm waves. A
previous study by Lu et al. (2019) [64] also compared wave and non-wave conditions and
found that the entire area of Zhoushan had higher BSS during Typhoon Fungwong, which
presented a similar mechanism to that in the present study.

5. Conclusions

This study focuses on the horizontal and vertical variation in SSC during Typhoon
Ampil by coupling a wave and hydrodynamic model with a sediment transport module
based on MIKE 3. The model was verified by the measured water level, current speed and
direction, wave height and period, and SSC in the study area. To investigate the mechanism
and relative importance of the major driving forces of the SSC, simulations were conducted
for tide only, tide + wind, and tide + wind + wave forcing conditions during the typhoon
period. The main conclusions are summarized below:

During Typhoon Ampil, heightened turbulence and SSC in the upper water column
were observed across the majority of the study area. Among the selected six study sites,
NBD experienced a significant peak SSC of 3.8 kg/m3 during the typhoon event, marking a
52% increase from normal levels. Similarly, NCD exhibited a notable 90% increase, reaching
a peak SSC of 3.3 kg/m3, while NCM recorded a 33.3% elevation to 1.6 kg/m3. The impact
on SSC at the remaining study sites was changed slightly by the typhoon, attributed to
their relative positioning with respect to the typhoon’s path. Meanwhile, the peak BSS
coincided with typhoon landfall but displayed a quicker rate of change compared to SSC,
particularly evident at the outer mouth of the estuary. This suggests that the typhoon not
only elevated BSS to initiate sediment release from the seabed but also enhanced sediment
exchange between the seabed and the water column. The time lag between BSS and SSC
can be attributed to hysteresis behavior in sediment exchange, where sediment in the water
column requires additional time to settle back down to the seabed before resuspension
occurs. The wind and wave effects are weak in the inner study sites due to the shallow
water depth and narrow channel width so that BSS remains below the CSS, with SSC
primarily influenced by tidal currents rather than wind and wave forces.

Typhoon Ampil enhanced the turbidity maximum zone in the coastal shoal area out
of the estuarine mouth of YRE. Analysis of the horizontal distribution of SSC revealed that
elevated SSC at HB moved with the current to the mouth of the South Passage, subsequently
progressing to the North Passage and North Channel. Typhoon-induced increases in BBS
surpassed the CSS, leading to the resuspension of bottom sediment into the water column.
Meanwhile, strong wind and waves also enhanced the turbulence near the bed and vertical
mixing, therefore accelerating the exchange frequency and intensity between deposition and
suspended sediment. The peak BBS occurred outside the estuarine mouth, corresponding
with the turbidity maximum zone, proving that the increased SSC in this area primarily
came from sediment resuspension. The vertical profiles of SSC exhibited exponential
and vertical-line characteristics during the typhoon period, indicating minimal disparity
between surface and bottom sediment concentrations except within the estuarine mouth
area, where the storm could alter the vertical SSC structure. The NPL area experienced
significant sediment exchange between deposition and suspended sediment, attributed to
the complex hydrodynamics resulting from the construction of the Deep-Water Channel
Project, characterized by strong currents and greater water depths.
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Three scenarios were conducted for tide only (AT), tide + wind (NW), and tide + wind
+ wave (WCI) forcing conditions during the typhoon period in this study. Comparisons of
model results for NW and WCI revealed a notable increase in SSC by 2 kg/m3 upon the
addition of wave forcing, with the offshore area experiencing an approximately 20 times
rise. In addition, the recovery time for NW was found to be similar to the typhoon
period, while WCI exhibited hysteresis behavior. The comparisons between WCI and
AT highlighted the negligible impact of storm wave-induced SSC in the channels but
emphasized its significance in the offshore regions. Storm waves are the major contributing
factor of BSS in the offshore area where the peak BSS can achieve 5.67 N/m2, 2.98 N/m2,
and 3.12 N/m2 at NBD, NCD, and SCD, respectively, under the condition of WCI.

Although this study presents a comprehensive analysis of the key dynamics affecting
SSC under typhoon influence across different scenarios using numerical modeling, several
important questions remain unresolved and should be paid more attention in the future.
The YRE is one of the most representative mesotidal estuaries in the world, whose mat-
ter exchange and dominating dynamics are highly complicated due to its multi-branch
geometry. As the area is vulnerable to typhoon attacks, the morphological change in the
YRE is an important consideration which is not included herein but will be the focus of
our future study. In addition, the turbidity current caused by salinity and high sediment
concentrations is also an important future subject that we will investigate further.
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