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Abstract

A wave-current-sediment coupled numerical model is employed to study the responses of suspended sediment
transport in the wet season to changes in shoreline and bathymetry in the Zhujiang (Pearl) River Estuary (ZRE)
from 1971 to 2012. It is shown that, during the wavy period, the large wave-induced bottom stress enhances
sediment resuspension, resulting in an increase in the area of suspended sediment concentration (SSC) greater
than 100 mg/L by 183.4%. On one hand, in spring tide, the change in shoreline reduces the area of SSC greater
than 100 mg/L by 17.8% in the west shoal (WS) but increases the SSC, owing to the closer sediment source to the
offshore and the stronger residual current at the Hengmeng (HEM) and Hongqili (HQL) outlets. The eastward
Eulerian transport is enhanced in the WS and west channel (WC), resulting in a higher SSC there. The reclamation
of Longxue Island (LXI) increases SSC on its east side and east shoal (ES) but decreases the SSC on its west and
south sides. Moreover, in the WC, the estuarine turbidity maximum (ETM) is located near the saltwater wedge
and moves southward, which is caused by the southward movement of the maximum longitudinal Eulerian
transport. In neap tide, the changes are similar but relatively weaker. On the other hand, in spring tide, the change
in bathymetry makes the SSC in the WS increase, and the area of SSC greater than 100 mg/L increases by 11.4%
and expands eastward and southward, which is caused by the increases in wave-induced bottom stress and
eastward Eulerian transport. On the east side of the WC, the eastward Eulerian transport decreases significantly,
resulting in a smaller SSC in the middle shoal (MS). In addition, in the WC, the maximum SSC is reduced, which is
caused by the smaller wave-induced bottom stress and a significant increase of 109.88% in southward Eulerian
transport. The results in neap tide are similar to those in spring tide but with smaller changes, and the sediment
transports northward in the WC owing to the northward Eulerian transport and vertical shear transport. This
study may provide some references for marine ecological environment security and coastal management in the
ZRE and other estuaries worldwide affected by strong human interventions.
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1  Introduction
Estuaries, the transitional zones between rivers and seas,

have long been recognized as efficient traps for fluvial and mar-
ine sediments, leading to estuarine turbidity maxima (ETMs)
with high concentrations of suspended particulate matter (SPM)
(Meade, 1969; Burchard et al., 2018). The maximum suspended
sediment concentration (SSC) in such ETMs typically ranges
between 0.1 kg/m3 and over 10 kg/m3 and may be several times

to orders of magnitude higher than that in the surrounding wa-
ters. Many estuaries worldwide have been modified in recent
decades by human interventions, which include navigational
channel dredging to support larger vessels and land reclamation
to obtain more land resources. Significantly, these human inter-
ventions may greatly change estuarine hydrodynamics, thereby
affecting suspended sediment transport. These changes may sig-
nificantly influence the ecological functioning of the estuary  
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since high SSCs are associated with a drastic reduction in oxygen
levels and primary production (Cloern, 1987; Kerner, 2007; Dijk-
stra et al., 2019).

There are numerous studies on the responses of sediment
transport to changes in the shoreline and bathymetry in many es-
tuaries worldwide. In the North Passage of Changjiang (Yangtze)
River Estuary, the dredging from 1999 to 2011 strengthened the
river discharge (Dai et al., 2013). By deepening the channels in
the Ems Estuary, measurements showed that the SPM in the
lower reaches of the estuary had increased an average of 2- to 3-
fold between 1954 and 2005, with a 10-fold increase in the upper
estuary, and the ETM had moved upstream by up to 25 km (de
Jonge et al., 2014; van Maren et al., 2015). Dijkstra et al. (2019)
used an idealized width-averaged iFlow model to demonstrate
that the increase in SSC was related to the resonance of the M4

tide. Kerner (2007) stated that after channel deepening in 1999 in
Elbe Estuary, an astonishingly small decrease of the low water
level by only between 5.7 cm and 8.5 cm produced a marked in-
crease in the retention of fine grain SPM in the freshwater, which
produced an increase of the <63 mm fraction in the sediments of
the Hamburg harbor by approximately 20% and in the SPM along
the freshwater longitudinal profile up to ~120%. In the Seine Es-
tuary, civil engineering works have reduced the available amount
of space, leading to an increase in the natural downstream shift
of the depocenter of mud brought by winter river floods (Le-
sourd et al., 2001). In the Ribble Estuary, the triggering factor ac-
celerating sedimentation was embanking and reclamation, com-
mencing in 1810, which progressively reduced the intertidal area,
tidal prism and tidal current velocities within the estuary, in turn
further enhancing sedimentation (van der Wal et al., 2002). In the
North Branch of Changjiang River Estuary, the land reclamation
strengthened the currents during flood, enhancing the channel’s
ability to transport sediment landward, and the variations in SSC
and suspended sediment transport were also affected by coup-
lings between fluvial runoff and tidal currents (Dai et al., 2016,
2018).

Since the reform and opening up in the 1970s, China’s Zhuji-
ang (Pearl) River Delta region has witnessed rapid economic de-
velopment and frequent human interventions. Among them,
coastal reclamation activities caused the shoreline of the Zhuji-
ang River Estuary (ZRE) to continuously extend toward the sea,
and the water area decreased by 244.11 km2 from 1978 to 2014, a
decrease of approximately 10%. Meanwhile, anthropogenic activ-
ities, including sand excavation and channel dredging, have
caused rapid shoal siltation and channel deepening, whose ef-
fects are far beyond evolution under natural conditions (Wu et
al., 2016; Yang et al., 2019). Correspondingly, the change in
shoreline and bathymetry adjusted the hydrodynamics in the
ZRE. Zhang et al. (2021b) found that channel deepening and nar-
rowing in recent decades in the ZRE resulted in increasing wave
celerity, amplifying tidal waves and increasing velocity amp-
litude. Lin et al. (2021) used a numerical model to analyze the hy-
drodynamics in the ZRE in 1971 and 2012, showing that the
change in the shoreline increased the exchange flow by 9.5% and
inhibited bottom seawater intrusion in the west channel (WC),
and the change in the water depth enhanced the exchange flow
by 27.5% and increased the intrusion distance of saline water in
the WC by approximately 14 km.

In the ZRE, there have been a great deal of studies on suspen-
ded sediment. The distributions of different riverine sediments in
the ZRE were mostly independent in neap tides but overlapped
more in spring tides (Zhang et al., 2019). Sediment transport is
primarily controlled by tidal currents and river discharge (Chen
and Chen, 2008; Hu et al., 2011). There are different conclusions

on the formation mechanism of the ETM in the ZRE. Wai et al.
(2004) analyzed hydrological data from 1978 to 1979 and found
that gravitational circulation, tidal trapping, and sediment resus-
pension and deposition processes are the primary ETM forma-
tion mechanisms in the ZRE. Shen et al. (2001) indicated that the
source of sediment was fluvial sediment, and the cause of sedi-
ment enrichment was the salinity-induced density gradient. Liu
et al. (2018) proposed that resuspension and gravitational circu-
lation were the main controlling factors for the formation of the
ETM, and the resuspended sediment was transported upstream
to the ETM zone under the action of gravitational circulation. By
using a numerical model, Yan et al. (2020) found that the main
mechanism of ETM formation in the ZRE was the bottom conver-
gence generated by residual current, and the location of the ETM
was determined by horizontal advection. During dry seasons, the
SSC was enhanced, and the ETM was intensified (Liu et al., 2018).
The presence of waves increased the landward current and sedi-
ment transport at the bottom of the channel and the seaward
fluxes of water and sediment at the west shoal (WS) and in-
creased the lateral sediment entrapment in the southwest shoal
(Zhang et al., 2021a).

Unfortunately, there are only a few studies on the mechan-
ism of variation of suspended sediment transport with time in the
ZRE. Based on the measured data of spring tides, Xie et al. (2015)
showed that the orientation of net sediment transport changed
from seaward in 1978 to landward after 2003, since the contribu-
tion of steady advection transport to net sediment transport was
dramatically reduced, whilst Stokes drift, tidal trapping and net
vertical circulation increased. Based on the underwater topo-
graphic data of ZRE since the 1970s, Yang et al. (2021) showed
that the runoff channels in the west moves downward, and the
sedimentation center of the WS tends to moves southward.
Moreover, Zhang et al. (2021a) studied the wave effects on SSC
and suspended sediment transport in the ZRE in the dry season,
whilst in the wet season, few studies have deeply analyzed the
wave effects.

In summary, previous studies mainly focused on the impacts
of comprehensive changes in shoreline and bathymetry on sus-
pended sediment transport in the ZRE. In fact, either change in
shoreline or change in bathymetry can alter the suspended sedi-
ment transport pattern. Thus, our motivation is to separate the
impacts of shoreline and bathymetry changes, i.e., what are the
respective effects of the changes in shoreline and bathymetry on
SSC and suspended sediment transport in the ZRE? What are the
associated dynamic mechanisms? In particular, how do the wave
effects vary with the changes in shoreline and bathymetry in the
wet season? In this study, the main objectives focus on the above
problems caused by the changes in shoreline and bathymetry of
the ZRE between 1971 and 2012 by numerical simulation. The
structure of the paper is as follows. Section 2 describes the model
setting, validation, and methods. The model results are analyzed
in Section 3, Section 4 is the discussion, and finally, the conclu-
sions are presented in Section 5.

2  Model details
China’s Zhujiang River Delta, including the ZRE, Modaomen

Estuary and Huangmaohai Estuary, connects the South China
Sea via eight major riverine runoff outlets, namely, Yamen, Hu-
tiaomen, Jitimen, Modaomen, Hengmen, Hongqili, Jiaomen, and
Humen (YM, HTM, JTM, MDM, HEM, HQL, JM, and HUM, re-
spectively) (Fig. 1). The ZRE, the largest of the three estuaries, is
funnel-shaped and ranges from 22°12′–22°45′N and 113°33′–
114°09′E with an area of 2 110 km2. The width at the head of the
bay is about 5 km, increasing downstream to about 35 km at the
mouth. The water depth in the WS, middle shoal (MS) and east
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shoal (ES) is shallower than 5 m, whereas it is nearly 5–15 m in
the WC and east channel (EC) (Fig. 1).

2.1   Model settings
In this study, the employed coupled modeling system con-

sists of the regional ocean modeling system (ROMS) for hydro-
dynamics, the community sediment transport modeling system
(CSTMS) for sediment transport, and the simulating waves
nearshore (SWAN) for ocean waves (Shchepetkin and McWilli-
ams, 2005; Haidvogel et al., 2008; Booij et al., 1999). It has been
widely applied in sediment transport studies (Warner et al., 2008;

Zeng et al., 2015; Liu and Cai, 2019).
The model domain covers the ZRE and adjacent continental

shelf waters (Fig. 1) and contains 350×340 grid cells with hori-
zontal resolution of approximately 500 m and 16 vertical terrain-
following s-levels, with high resolution near the surface and bot-
tom to accurately resolve the surface and bottom boundary layer,
with the s-grid parameters being set as θs=5.0 and θb=0.4 (Song
and Haidvogel, 1994). In the ROMS model, the Mellor-Yamada
2.5 turbulence closure scheme was used to represent vertical
mixing (Mellor and Yamada, 1982). The initial salinity and tem-
perature data are extracted from the World Ocean Atlas 2009
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Fig. 1.   Model domain, shorelines and water depth modified from Lin et al. (2021). a. Model domain (zoomed-in dashed line rectangle
box in the top left corner) and bathymetry in the ZRE (shoreline and water depth are drawn from the nautical charts of 2012). WS, WC,
MS, EC, and ES represent the west shoal,  west channel,  middle shoal,  east channel and east shoal,  respectively.  NI represents
Neilingding Island. SBZ, CW, and NLD represent Shanbanzhou, Chiwan, and Neilingding, respectively, which are tidal stations. V1
and V2 are current stations, A1 and M are salinity stations, and W is a wave station. b. Shorelines, c. 5 m isobaths and d. 10 m isobaths
in the ZRE, in which the red and blue lines represent the 2012 and 1971 cases, respectively. e. Water depth difference between 2012
and 1971. Sections A and B in e are used in the following analysis.
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(WOA2009), while the initial sea surface, elevation, current velo-
city, and SSC are set to zero. At the surface, the heat and salt
fluxes are ignored, and the wind stress is calculated by the for-
mula of Large and Pond (1981) using 10 m-high winds from Na-
tional Centers for Environmental Prediction (NCEP) reanalysis
data with a temporal resolution of 6 h and a spatial resolution of
0.3°×0.3° (Kalnay et al., 1996). At the bottom, the bottom-bound-
ary layer was simulated with a formulation suitable to represent
the combined effects of current, waves, and movable sediments
(Styles and Glenn, 2000; Warner et al., 2008).

Nine tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1 and MS4)
derived from TPXO 7.0 are incorporated in the modeling at the
east, west, and south open boundaries (Egbert and Erofeeva,
2002). At these open boundaries, the Flather and Chapman
boundary conditions are applied to the barotropic current and
water elevation, respectively (Chapman, 1985; Flather, 1976).
Meanwhile, Orlanski radiation conditions (Orlanski, 1976) are
applied for baroclinic velocities and tracers (temperature, salin-
ity, and salinity) to minimize wave reflection from the boundar-
ies into the inner domain.

The SWAN model has the same computational grids as the
ROMS model has. The wave boundary conditions are specified
by the nonstationary wave parameters from the outputs of the
WAVE-WATCH III global wave model (ftp://polar.ncep.noaa.gov/
pub/history/waves). Using two-way coupling applications, in-
formation (including water level, current velocity, wave elements
and bottom orbital velocity) is exchanged between the ROMS
and SWAN models at an interval of 1 h to introduce the wave-
current interaction.

The CSTMS model is used to simulate sediment transport.
Suspended sediments in the ZRE are composed of fine-grained
silt and clay, with a median particle diameter of approximately
8 μm (Chen and Chen, 2008). Thus, we consider only one class of
river-derived sediment for simplicity in this study, and the sedi-
ment parameter settings are listed in Table 1, following Liu and
Cai (2019). The median particle diameter, settling velocity, and
critical shear stress are set to 8.0 μm, 0.038 7 mm/s, and 0.022 Pa,
respectively. The sediment bed is initialized with 10 vertical
levels with the top 6 layers at 0.01 m thick and the bottom 4 lay-
ers at 0.10 m thick. The river sediment properties are supposed to
be equivalent to the bed sediment class.

For the river discharge boundaries, the river runoff ratios at
the eight outlets are prescribed according to Table 2 as provided
by Yao et al. (2009), and the observed daily total river discharge
flowing into the ZRE is prescribed in Fig. 2b. The volume of dis-
charge is uniformly distributed in the water column with fluvial
SSC set to 0.284 kg/m3 (Luo et al., 2002; Hu et al., 2011; Liu and
Cai, 2019). River temperature and salinity are set to 27.5℃ and 0,
respectively.

The shoreline and bathymetric data are obtained by interpol-
ation of estuarine data from nautical charts (Hong Kong Mari-
time Department and China Maritime Safety Administration)
through ArcGIS, together with the offshore data from General Ba-
thymetric Chart of the Oceans (GEBCO; British Oceanographic
Data Center) in 1971 and 2012, following Lin et al. (2021). In the
model, the minimum water depth is set to 3 m, and the topo-
graphy is slightly smoothed to avoid numerical instabilities in the
computation. Figure 1b shows that the shoreline changes mainly
occurs near HM, HQL, JM, Jiaoyi Bay and Dachan Bay in the two
years. The 5 m isobath advances seaward in the WS and ad-
vances eastward and northward in the MS, and the 10 m isobath
extends northward to Longxue Island (LXI) and westward to EC
in 2012 compared with that in 1971 (Figs 1c and d). Moreover,
WS and MS are obviously silted, ES is somewhat silted, and EC
and WC are deepened significantly (Fig. 1e).

Three model cases, the 1971 case, transition case and 2012
case, are designed in this study (Table 3). The water depth and
shoreline data in the 2012 (1971) case are based on the chart in
2012 (1971), while those in the transition case, the water depth is
based on the chart in 1971 but the shoreline is based on the chart
in 2012. The other conditions, including the initial field, bound-
ary field and forcing conditions, are the same in the models. By
comparing the 1971 case (transition case) with the transition case
(2012 case), the impact of shoreline (bathymetry) change is dis-
cussed. The 2012 case is used to verify the model results and to be
analyzed later. The model is run from May 1 to July 31, 2012. The
first 25-day spin-up run is set to let the model adjust to the initial
conditions and the various changes imposed on the scenarios.

2.2   Model verification
The spatial distributions of the water level, current, salinity

and wave observation stations are shown in Fig. 1a, where the tri-
angles, circles, squares, and star represent the tidal stations (CW,
NLD, and SBZ), current stations (V1 and V2), salinity stations (M
and A1), and wave station (W), respectively. The water elevation
data were from May 1 to July 31, 2012, the current data were ob-
tained by an acoustic Doppler current profiler from July 6 to 7,
2012, the salinity data were obtained by CTD (conductivity, tem-
perature, depth) in June 2012, and the wave data were obtained
by Waverider from June 1 to July 31, 2012.

The model validation is quantified using a skill assessment
parameter (SK) (Willmott, 1981), which represents the agree-
ment between the model and the observations, with a SK equal to
one indicating perfect simulations and a value equal to zero in-
dicating complete disagreement. The SK is defined as follows:

SK = −

n∑
i=

(Xmo − Xob)


n∑
i=

(∣∣Xmo − Xob

∣∣+ ∣∣Xob − Xob

∣∣) , (1)

Xmo Xob Xobwhere ,  and  represent the model results, the ob-
served data, and the time-mean observed data, respectively. The
Willmott skill score is widely used in the coastal ocean models
(Liu et al., 2009; Liu and Cai, 2019; Zhang et al., 2021a).

Comparisons between the modeling results and in situ obser-

Table 1.   Sediment parameter settings
Parameter Value

Diameter/μm 8.0

Settling velocity/(mm·s−1) 0.038 7

Critical shear stress/Pa 0.022

Density/(kg·m−3) 2 650

Surface erosion rate/(kg·m−2·s−1) 0.000 002
Porosity 0.672

Table 2.   River runoff ratios at the eight outlets
River outlet HUM JM HQL HEM MDM JTM HTM YM Total

Ratio/% 12.1 14.0 13.2 16.2 29.6 3.7 4.9 6.3 100
      Note: The eight outlets are labeled by HUM, JM, HQL, HEM, MDM, JTM, HTM, and YM, representing Humen, Jiaomen, Hongqili, Hengmen,
Modaomen, Jitimen, Hutiaomen, and Yamen, respectively.
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vations of the water level, current, and salinity can be found in
Lin et al. (2021). Here, we only verify the significant wave height
and SSC. Figure 3 shows that the simulated significant wave
height coincides with the observations at the wave station with a

SK value of 0.82 (Table 4), which suggests that our model repro-
duces the observed wave variability reasonably well. Figure 4
shows the validation of the surface and bottom SSC time series at
Stas V1 and V2. The simulated SSC at Sta. V2 agrees better with
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Fig. 2.   Time series of wind speed at NLD (a), daily river discharge rate in the ZRE (b), water elevation at NLD (c), and significant wave
height at NLD (d) from May 1, 2012, and the significant wave heights in neap (e) and spring (f) periods derived from d. The dark and
light gray shadows in c are chosen as neap tide and spring tide periods, respectively, in this paper. The red and blue shadows in e and f
are chosen as wavy and calm periods, respectively.
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the observed value than that at Sta. V1, and their SK values are
0.77 and 0.56 (Table 4), respectively.

The SSC data in the ZRE (Zhan et al., 2019) derived from the
moderate resolution imaging spectroradiometer MODIS Level-
1B data at 1 km resolution are used here to validate the simula-
ted spatial distribution of surface SSC in the ZRE. The comparison
results generally illustrate a fairly consistent spatial distribution
of suspended sediments in the surface layer of the ZRE (Fig. 5).

In conclusion, the validations of the temporal and spatial dis-
tributions of SSC indicated that the model is reliable for the ana-
lysis of sediment dynamics in the ZRE.

2.3   Methods
In this paper, the north (south) of the NI is defined as the up-

stream (downstream) of the ZRE (Fig. 1e), and the neap tide and
spring tide periods are defined by dark and light gray shadows in
Fig. 2c, respectively. The residual current is defined as the tidally
averaged velocity in neap or spring tide periods, and the surface
(bottom) layer represents the top-most (bottom-most) layer.

Referring to the method of mass transport flux suggested by
Dyer (1974), velocity u and sediment concentration c at any
depth can be written as



u = u+ uv

c = c+ cv

u =

h

∫ h


u · dz

c =

h

∫ h


c · dz

, (2)

u c
where uv and cv are the deviations at any depth from the mean
values  and , h is the water depth and z is the vertical coordin-
ate. u and c will vary over tidal cycles due to tidal fluctuations.
Thus, u and c can be expressed by the sum of the tidally averaged
value and its deviation,

Table 3.     Coastlines and bathymetries of the ZRE in the three
model scenarios

Scenario Coastline Bathymetry

1971 case 1971 1971

Transition case 2012 1971

2012 case 2012 2012
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Fig. 3.   Observed and simulated significant wave heights at Sta. W. The red and blue lines represent the observed and simulated
results, respectively.
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Fig. 4.   Observed and simulated SSC at Sta. V1 surface (a) and bottom (b) and at Sta. V2 surface (c) and bottom (d). The red hollow
circles and the blue lines represent the observed and simulated results, respectively.
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

u = u + ut

c = c + ct

u =

T

∫ T


u · dt

c =

T

∫ T


c · dt

, (3)

u c

ut ct

where T is the tidal period and  and  are the mean values of
the vertically averaged velocity and sediment concentration over
the tidal cycle, respectively.  and  are the corresponding devi-
ations of vertically averaged values from the means.

The instantaneous sediment transport flux through a unit
width of a section can be written as

F =

∫ h


u · c · dz =

∫ 


h · u · c · dσ, (4)

where σ=z/h and σ is the relative depth from the seabed (σ=0) to
the water surface (σ=1). The net sediment flux over a tidal cycle
can be derived as

⟨F⟩ = 
T

∫ T



∫ 


(h + ht) (u + ut + uv) (c + ct + cv)dσdt =

huc + c ⟨htut⟩+ u ⟨htct⟩+ h ⟨utct⟩+ ⟨htutct⟩+

h ⟨uvcv⟩+ ⟨htuvcv⟩ = T + T + T + T + T + T + T,
(5)

h = h + ht

where the brackets < > indicate tidally averaged values of vertical
integrated variables, over bars denote the vertical averaged val-
ues, , h0 and ht are tidally averaged water depth and

its deviation, respectively. T1 and T2 are the fluxes due to non-
tidal drift (Eulerian velocity) and Stokes drift, respectively. T3, T4,
and T5 are the tidal pumping terms that are produced by tidal
phase differences (Dyer, 1974). T6 represents the gravitational
circulation term, arising from the correlation between the bot-
tom landward mean flow with high SSC and the surface seaward
mean flow with lower SSC. T7 arises from the changing forms of
the vertical profiles of velocity and concentration within tidal
period, and its magnitude is generally small. In this study, T1, T2,
T3+T4+T5, and T6 are named Eularian, Stokes, tidal pumping, and
vertical shear transport, respectively.

3  Results

3.1  Effects of shoreline and bathymetry changes on SSC and sedi-
ment transport
Figure 6 shows the distributions of tidally and vertically aver-

aged bottom stress in spring tide in the 1971, transition, and 2012
cases, and Fig. 7 shows the distributions of vertically averaged
SSC and depth-integrated sediment transport rate (STR) during
this period. In the 1971 case, generally speaking, the current-in-
duced bottom stress is similar to the wave-induced bottom stress.
Near the outlets, due to the strong current, the current-induced
bottom stress is greater than 1 Pa and greater than the wave-in-
duced bottom stress. It is also significantly greater than the wave-
induced bottom stress in the EC, WC, and MS, however, it is less
than the wave-induced bottom stress in the WS downstream and
MS (Figs 6d and g).

Compared with the 1971 case in spring tide, the current-in-
duced bottom stress near the outlets increases in the transition
case whose shoreline is changed, which is due to the increase in
residual current owing to the narrow outlets (Figs 6d, e, 7a and
b). Meanwhile, it decreases in the WS downstream and the MS,
whilst the wave-induced bottom stress changes little, except that
it decreases in the MS (Figs 6g and h). In general, except near the
outlets, the wave-current combined bottom stress decreases in
the WS, MS, ES, and EC of the ZRE (Figs 6a and b). In the WS, the
area of SSC greater than 100 mg/L decreases by approximately
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Fig. 5.   Surface SSC distributions obtained from the model results (a) and moderate resolution imaging spectroradiometer (MODIS)
data (b) on June 28, 2012. Thin/thick gray lines denote 6 m/8 m isobaths.

Table 4.     Skill  scores by comparison of  modeled results  with
observations

Station Parameter SK

V1 SSC (surface and bottom) 0.56

V2 SSC (surface and bottom) 0.77

W significant wave height 0.82
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55.5 km2, accounting for 17.8%, and moves eastward and south-
ward 1–6 km (Figs 7a, b, and d). However, the SSC increases by
5–30 mg/L from downstream to upstream, and the seaward sedi-
ment transport is enhanced, owing to the closer sediment source
to the offshore and the stronger residual current at the HEM and
HQL outlets (Figs 7f, g, and i). The reclamation of LXI transports
more sediment from the JM outlet eastward, which increases SSC
and sediment transport on its east side and ES but decreases the
SSC and sediment transport on its west and south sides. The SSC
in the MS and EC changes little, whilst the seaward sediment
transport in the EC decreases (Figs 7a, b, d, g, h, and i).

Compared with the transition case in spring tide, in the 2012

case whose bathymetry is changed, the current-induced bottom
stress changes little (Figs 6e and f). However, the wave-induced
bottom stress decreases greatly in the WC and EC due to channel
deepening but increases in the WS and MS caused by silitation,
resulting in an enhancement of wave-current bottom stress in the
WS and MS. Therefore, the SSC in the WS further increases by
5–10 mg/L, and the area of SSC greater than 100 mg/L increases
by 11.4% and expands eastward and southward (Figs 7b and c).
The seaward sediment transport is notably strengthened by
19.86% in the WC and its west slope (Figs 7g, h and j). The SSC
decreases in the MS (Fig. 7e), indicating that the deepening of
WC restrains eastward sediment transport from lateral outlets
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Fig. 6.   Tidal averaged bottom shear stress in spring tide. a–c. Wave-current combined, d–f. current-induced, and g–i. wave-induced.
Note that the bottom shear stress is on a log scale. The white areas correspond to bottom stress below 0.01 Pa. Thin/thick gray lines
indicate 6 m/8 m isobaths. The 1971, transition and 2012 cases are indicated in the left, middle and right panels, respectively.
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Fig. 7.   Distributions of tidally and vertically averaged SSC (contour) and residual current (arrow), and tidally averaged and depth-
integrated bottom shear stress in spring tide: a and f. 1971 case, b and g. transition case, c and h. 2012 case, d and i. the difference
calculated by the transition case–1971 case, and e and j. the difference calculated by 2012 case–transition case. The arrows in f–h
indicate the direction of bottom shear stress, and white areas indicate STR below 0.5 g/(m·s). Thin/thick gray lines denote 6 m/8 m
isobaths.
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(HEM and HQL), which is similar to that in Zhang et al. (2019).
The SSC in EC is nearly unchanged, but the STR increases by
~20 g/(m·s), which is caused by the increase in water depth.
Downstream of the ZRE, the SSC increases by 5–10 mg/L, and the
seaward sediment transport increases, indicating that the change
in bathymetry is conducive to seaward sediment transport.

In neap tide, the distributions of bottom stress, SSC, and STR
of the three scenarios (1971, transition, and 2012 cases) are
shown in Figs 8 and 9. In the 1971 case, the current-induced bot-
tom stress is significantly weaker than that in spring tide (Figs 6a
and 8a), and it is about 0.2 Pa near outlets and in the WC and EC.
In contrast, the wave-induced bottom stress is larger in shallow
areas, such as WS, MS, and ES (Figs 8a, d and g). The SSC is vis-

ibly smaller than that in spring tide, the area of SSC greater than
100 mg/L decreases to 86.5 km2 (Table 5), and the STR also de-
creases. The residual current changes to landward in the WC and
EC, leading to a landward sediment transport there (Figs 9a and f).

Compared with the 1971 case in neap tide, the current-in-
duced bottom stress near the outlets increases in the transition
case whose shoreline is changed. The current-induced bottom
stress is enhanced in the WS upstream and east of LXI. The wave-
induced bottom stress is reduced in the WS upstream, MS, and
ES. Overall, the wave-current combined bottom stress is
weakened in the WS upstream (Figs 8a and b). The area of SSC
greater than 100 mg/L decreases by 11% (Table 5) and moves
eastward and southward, which is similar to that in spring tide.
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Fig. 8.   Tidal averaged bottom shear stress in neap tide. a–c. Wave-current combined, d–f. current-induced, and g–i. wave-induced.
Note that the bottom shear stress is on a log scale. The white areas correspond to bottom stress below 0.01 Pa. Thin/thick gray lines
indicate 6 m/8 m isobaths. The 1971, transition and 2012 cases are indicated in the left, middle and right panels, respectively.
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Fig. 9.   Distributions of tidally and vertically averaged SSC (contour) and residual current (arrow), and tidally averaged and depth-
integrated STR in neap tide: a and f. 1971 case, b and g. transition case, c and h. 2012 case, d and i. the difference calculated by the
transition case–1971 case, and e and j. the difference calculated by 2012 case–transition case. The arrows in f–h indicate the direction
of STR, and white areas indicate STR below 0.5 g/(m·s). Thin/thick gray lines denote 6 m/8 m isobaths.
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The SSC in the WS upstream increases by 5–20 mg/L, and the
seaward sediment transport is strengthened. The SSC increases
on the east side of LXI but decreases on the south side.

Compared with the transition case in neap tide, in the 2012
case that bathymetry is changed, the current-induced bottom
stress changes little, except that it increases in the WC (Figs 8e
and f). The wave-induced bottom stress is weakened in the WC
and EC, whilst it is enhanced in the WS and MS (Figs 8b–d, f, h
and i). In the WS, the area of SSC greater than 100 mg/L in-
creases by 6.8% and moves eastward and southward. Upstream
of the ZRE except in the WS, the SSC is reduced by 5–10 mg/L.
However, downstream of the ZRE, the SSC is enhanced. In the
WC, the landward sediment transport is strengthened due to the
landward residual current.

In general, the change in shoreline increases the current-in-
duced bottom stress near the outlets and makes the sediment
source closer to the offshore. The SSC in the WS and east side of
LXI increases, and the seaward sediment transport is enhanced.
The change in bathymetry increases the wave-induced bottom
stress of the WS, MS, and ES, increasing the SSC in the WS.
However, the SSC in the MS and ES is reduced because the sedi-
ment from the HEM and HQL outlets cannot cross the WC, and
the reason will be analyzed in Section 4.2. Downstream of the

ZRE, the SSC increases, and the seaward sediment transport also
increases.

3.2   Variations in SSC and sediment transport in deep channels
To explore the impact of shoreline and bathymetry changes

on suspended sediment transport in deep channels, we select
longitudinal Section A (shown in Fig. 1e) in the WC for analysis.
Figure 10 shows the along-channel distributions of tidally aver-
aged SSC, salinity, longitudinal residual current, and bottom
stress in spring tide in the three scenarios. The x-axis represents
the distance from the southern end of Section A. In the 1971 case,
the maximum SSC is about 96 mg/L, and the ETM is located at
approximately x=60 km near the saltwater wedge (Fig. 10a),
which is consistent with previous conclusions (Wai et al., 2004).
There is a vertical circulation in a surface seaward and bottom
landward pattern (Fig. 10d). The main component of the bottom
stress is the current-induced bottom stress, whilst the wave-in-
duced bottom stress reaches 0.2 Pa only at the shallow area up-
stream (Fig. 10g). When the riverine sediments input from out-
lets are transported to the deep channel, they are resuspended by
wave-current combined bottom stress and then transported to
the saltwater wedge by vertical circulation, as suggested by Liu
et al. (2018).

Compared with the 1971 case in spring tide, the SSC changes
little in the transition case whose shoreline is changed, but the
ETM moves southward about 6 km (Figs 10a and b). The bottom
isohaline extends landward 2–5 km, while the surface isohaline
changes little so that the isohaline is more horizontal and the
baroclinic gradient is enhanced, slightly increasing the vertical
circulation (Figs 10a, b, d and e). The wave-induced bottom
stress changes little, while the current-induced bottom stress up-
stream decreases by about 0.2 Pa. Therefore, the reduction in
current-induced bottom stress and the strengthening of vertical
circulation cancel each other out, resulting in a small change in
the SSC.

Compared with the transition case in spring tide, in the 2012

Table 5.   Areas with depth-averaged SSC greater than 100 mg/L
in spring and neap tides in the three scenarios

Period Model scenarios Area/km2

Spring 1971 case 314.4

transition case 255.9

2012 case 284.3
Neap 1971 case 81.5

transition case 77.0

2012 case 88.3
      Note: The spring and neap tide periods are denoted by dark and
light gray shadows in Fig. 2c, respectively.
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Fig. 10.   Along-channel distributions of tidally averaged SSC (contours) and salinity (white lines) (a, b, c), along-channel residual
current (contours and arrows) (d, e, f), and bed shear (g, h, i) at Section A (shown in Fig. 1e) in spring tide. The positive value for the
along-channel residual current is landward, and the zero along-channel residual current is marked by a black solid line. The current-
induced, wave-induced and wave-current combined bottom shear stresses are denoted by blue, dark, and red lines, respectively. The
1971, transition and 2012 cases are indicated in the left, middle and right panels, respectively.

  Lin Shicheng et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 10, P. 54–73 65



case whose bathymetry is changed, the location of the ETM is un-
changed, but the maximum SSC decreases from 96.13 mg/L to
86.07 mg/L (Figs 10b and c). The bottom isohaline intrudes land-
ward about 3 km, and the salinity difference between the surface
and bottom layers increases, leading to a larger baroclinic pres-
sure gradient and vertical circulation (Figs 10e and f). Moreover,
the current-induced bottom stress is also weakened (Figs 10h
and i). However, these changes do not increase the SSC. Thus,
the decrease in SSC is caused by a smaller wave-induced bottom
stress.

In neap tide, in the 1971 case, the location of the ETM is close
to that in spring tide, and the maximum SSC is 80.34 mg/L. The
salinity difference between the surface and bottom layers in-
creases compared with the spring tide. Thus, the baroclinic pres-
sure gradient increases, and the vertical circulation is streng
thened (Figs 10a, d, 11a and d).

Compared with the 1971 case in neap tide, in the transition
case whose shoreline is changed, the position of the ETM and the
maximum SSC changes little, but the area of SSC greater than 60
mg/L is reduced. The bottom isohaline intrudes landward about
2 km, and the surface isohaline extends seaward 2–5 km and con-
sequently increases the vertical circulation, which is similar to
that in spring tide (Figs 11a, b, d and e). The wave-induced bot-
tom stress changes little, but the current-induced bottom stress
decreases by about 0.2 Pa (Figs 11g and h). Therefore, the de-
crease in SSC is caused by the reduction in current-induced bot-
tom stress in neap tide.

Compared with the transition case in spring tide, in the 2012
case with bathymetry change, the location of the ETM moves north
ward ~5 km, the SSC is reduced, and its peak value is 75.28 mg/L
(Figs 11b and c). The bottom isohaline intrudes landward not-
ably, and the vertical circulation is strengthened significantly
(Figs 11e and f). The current-induced bottom stress is enhanced,
but the wave-induced bottom stress weakens. Thus, the reduc-

tion in SSC is attributed to the smaller wave-induced bottom
stress.

Generally, at Section A in the WC, the change in shoreline
makes the SSC change slightly in spring tide since the enhance-
ment of vertical circulation is offset by the reduction in current-
induced bottom stress. However, the effect of reduction on cur-
rent-induced bottom stress is stronger in neap tide, resulting in a
smaller area of SSC greater than 60 mg/L. The change in bathy-
metry decreases the SSC whether in spring tide or neap tide, both
due to the reduction in wave-induced bottom stress.

3.3   Cross-channel variations in SSC and sediment transport
To explore the impact of shoreline and bathymetry changes

on lateral sediment transport, we select cross-channel Section B
(shown in Fig. 1e) for analysis. The cross-channel distributions of
tidally averaged SSC, salinity, cross-channel residual current, and
bottom stress in spring are shown in Fig. 12. The 0 km on the x-
axis is from the west. In the 1971 case, the maximum SSC is
108.75 mg/L in the WS near x=11 km (Fig. 12a). The cross-chan-
nel current is eastward in the surface layer and irregular in the
bottom layer (Fig. 12d). The wave-induced bottom stress is less
than the current-induced bottom stress (Fig. 12g).

Compared with the 1971 case in spring tide, in the transition
case whose shoreline is changed, the SSC increases with the peak
value increasing by 16.3% to 126.51 mg/L, but the location of the
maximum SSC is unchanged. The current-induced bottom stress
is reduced in the WS, and the maximum value decreases from
0.85 Pa to 0.56 Pa (Figs 12g and h), indicating that the increase in
SSC is caused by the seaward extension of the sediment source
and the stronger residual current at the HEM and HQL outlets.
For the same reason, the SSC in the WC (near x=55 km at Section
A) and MS increases, which is consistent with the southward
movement of the ETM in the WC.

Compared with the transition case in spring tide, in the 2012
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Fig. 11.   Along-channel distributions of tidally averaged SSC (contours) and salinity (white lines) (a, b, c), along-channel residual
current (contours and arrows) (d, e, f), and bed shear (g, h, i) at Section A (shown in Fig. 1e) in neap tide. The positive value for the
along-channel residual current is landward, and the zero along-channel residual current is marked by a black solid line. The current-
induced, wave-induced and wave-current combined bottom shear stresses are denoted by blue, dark, and red lines, respectively. The
SSC of 60 mg/L is marked by a black solid line in a, b and c. The 1971, transition and 2012 cases are indicated in the left, middle and
right panels, respectively.
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case whose bathymetry is changed, although the position of the
maximum SSC in the WS remains unchanged, the peak value in-
creases by 6.2% to 134.39 mg/L (Figs 12b and c), which is caused
by the enhancement of wave-induced bottom stress (Figs 12h
and i). In the WC, the SSC is reduced owing to the smaller wave-
induced bottom stress, as analyzed above. The deepening of the
WC restrains eastward sediment transport, leading to a reduc-
tion in SSC in the MS and EC. In neap tide, the situation at Sec-
tion B is similar to that in spring tide (figure omitted), but the SSC
and bottom stress are reduced.

Overall, the change in shoreline increases the SSC at lateral
Section B, caused by the closer sediment source to the offshore
and the stronger residual current at the HEM and HQL outlets.
The change in bathymetry increases the SSC in the WS, caused by
the increase in wave-induced bottom stress. However, it de-
creases the SSC in the WC, MS, and EC since the deepening of
WC restrains eastward sediment transport, which will be ana-
lyzed in Section 4.2.

4  Discussion

4.1  Decomposition of longitudinal suspended sediment flux
The decomposition results of longitudinal suspended sedi-

ment flux, obtained by Eq. (5), along Section A are shown in Fig.
13. In the 1971 case in spring tide, the total sediment flux is sea-
ward. The Eulerian transport T1 is dominant, and its maximum
value is at x=61 km near the ETM, reaching –94 g/s. The Stokes
transport T2 is landward with a maximum value of 14 g/s. The tid-
al pumping transport including T3+T4+T5 is landward upstream,
with a maximum of 12 g/s. The vertical shear transport T6 is sea-
ward downstream and close to 0 upstream (Fig. 13d). Therefore,
the formation of ETM in the WC is mainly caused by Eulerian
transport T1 and tidal pumping transport including T3+T4+T5.

Compared with the 1971 case in spring tide, the decomposi-

tion of suspended sediment flux is similar in the transition case
whose shoreline is changed (Figs 13d and e). However, the max-
imum seaward Eularian transport T1 moves southward approx-
imately 6 km (Figs 13d and e), which may explain why the ETM in
the WC moves southward 6 km.

Compared with the transition case in spring tide, in the 2012
case whose bathymetry is changed, the seaward Eularian trans-
port T1 in the upstream increases notably by 109.88%, and the
landward Stokes transport T2 and tidal pumping transport in-
cluding T3+T4+T5 are also strengthened there but much weaker
than T1. Therefore, the SSC in the ETM is reduced.

In neap tide of the 1971 case, the total suspended sediment
flux is changed from seaward to landward at 35–43 km and 46–
55 km, dominated by Eularian transport T1 (Figs 13d and g). The
Stokes transport T2 is similar to that in spring tide but weaker.
The influence of tidal pumping transport including T3+T4+T5 is
also weaker. The vertical shear transport T6 is similar to that in
spring tide. Among all of the landward fluxes, Eularian transport
T1 is the largest, and the other terms are smaller, indicating that
the formation of ETM is mainly attributed to Eularian transport.

Compared with the 1971 case in neap tide, the decomposi-
tion of suspended sediment flux in the transition case whose
shoreline is changed is similar, which is dominated by Eularian
transport T1 (Figs 13g and h).

Compared with the transition case in neap tide, in the 2012
case whose bathymetry is changed, the landward Eulerian trans-
port T1 upstream increases to 102 g/s, the Stokes transport T2

changes little, the tidal pumping transport including T3+T4+T5 in-
creases slightly upstream, and the vertical shear transport T6 in-
creases significantly due to the strengthened vertical circulation
(Figs 13h and i). Thus, the ETM moves upstream, and the forma-
tion of the ETM is mainly attributed to Eularian transport T1 and
vertical shear transport T6.

Generally, in the 1971 case in spring tide, the mechanism of
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Fig. 12.   Cross-channel distributions of tidally averaged SSC (contours) and salinity (white lines) (a, b, c), cross-channel residual
current (contours and arrows) (d, e, f), and bottom stress (g, h, i) at Section B (shown in Fig. 1e) in spring tide. In a−c, the isohalines
are plotted every 2 psu. The positive value for the cross-channel residual current is eastward. The current-induced, wave-induced and
wave-current combined bottom stresses are denoted by blue, dark, and red lines, respectively. The 0 km on the x-axis is from the west,
and the vantage point is looking in the estuary. The 1971, transition, and 2012 cases are indicated in the left, middle and right panels,
respectively.

  Lin Shicheng et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 10, P. 54–73 67



ETM formation in the WC is due to the Stokes transport T2 and
tidal pumping transport including T3+T4+T5. The change in
shoreline makes the maximum value of seaward Eularian trans-
port T1 at 60 km move southward by about 5 km, so does the ETM
move southward by 5 km. The change in bathymetry signific-
antly increases the seaward Eularian transport T1 upstream by
109.88%, causing less SSC in the WC. In the 1971 case in neap
tide, the formation of ETM is primarily due to Eularian transport.
The change in shoreline does not change the sediment decom-
position fluxes. However, the change in bathymetry notably in-
creases the upstream Eulerian transport T1 to 102 g/s and signi-
ficantly strengthens the vertical shear transport T6, so the ETM
moves northward.

4.2  Decomposition of lateral suspended sediment flux
The decomposition results of lateral suspended sediment

flux, obtained by Eq. (5), along Section B are shown in Fig. 14. In
spring tide, in the 1971 case, the lateral suspended sediment flux
is mainly controlled by the eastward Eularian transport T1, whilst
the other terms contributes little. The peak value of T1 is ~50 g/s
near x=7 km (Fig. 14d).

Compared with the 1971 case in spring tide, the decomposi-
tion of suspended sediment flux in the transition case whose
shoreline is changed is similar, but with a larger Eularian trans-
port T1 in the WS and WC at 2–18 km (Figs 14d and e), increasing
the eastward sediment transport. Thus, the SSC is strengthened
there, as well as in the MS.

Compared with the transition case in spring tide, in the 2012
case, the Eularian transport T1 increases in the WS and WC at
6–16 km, which increases the total sediment flux and SSC here
(Figs 14e and f). However, on the east side of the WC at 16 km, the
Eularian transport T1 decreases significantly and the total flux de-
creases, so there is less sediment transport eastward. That is, the

deepening of WC restrains eastward sediment transport by redu-
cing eastward Eulerian transport, resulting in a smaller SSC in the
MS. The results in neap tide are similar to those in spring tide but
weaker, and the change in bathymetry makes the sediment trans-
port westward in the WC (Figs 14g, h and i).

Overall, the change in shoreline increases the Eulerian trans-
port in the WS and WC, and then the total eastward transport is
enhanced, increasing the SSC there. The change in bathymetry
restrains eastward sediment transport by reducing eastward Eu-
lerian transport T1.

4.3   Wave effects on SSC and sediment transport in the wet season
To explore the impact of waves on SSC in the wet season, we

select calm and wavy periods for analysis. The periods are de-
noted by blue and red shadows in Figs 2e and f, both of which are
25 hours. In spring tide, the tidally averaged significant wave
heights during calm and wavy periods are 0.24 m and 0.65 m, re-
spectively (Table 6). Figure 15 shows the tidally averaged bottom
stresses during calm and wavy periods in spring tide. The wave-
induced bottom stress is strong in shallow areas such as WS, MS,
and MS but weak in deep areas, especially it is close to zero in the
WC and EC. During the calm period, the wave-induced bottom
stress is relatively small and lower than 0.10 Pa upstream, and it
is generally less than the current-induced bottom stress (Figs 15b
and c). During the wavy period, the current-induced bottom
stress is close to that during the calm period, most of which are
less than 0.20 Pa (Figs 15b and e). However, the wave-induced
bottom stress increases significantly and is stronger than the cur-
rent-induced bottom stress, and its value is greater than 1 Pa in
WS, MS, and ES.

Figure 16 shows the distributions of tidally and vertically av-
eraged SSC and the tidally averaged but depth-integrated STR.
Compared with that in the calm period, the SSC is larger in the
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Fig. 13.   Along-channel bottom bathymetries (a, b, c) and along-channel distributions of tidally averaged sediment fluxes in spring
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transport, tidal pumping transport, and vertical shear transport, respectively.
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wavy period. The area with SSC greater than 100 mg/L increases
from 128.2 km2 by 183.4% to 363.3 km2 (Table 6), and the SSC in
MS increases ~20 mg/L. During these two periods, the riverine
runoff is close, at ~30 000 m3/s (Fig. 2b). The wind forcing is also
similar, with a southwest wind of 5–6 m/s (Fig. 2a). Moreover, the
residual current is similar, which is larger near the entrance,
reaching 0.3 m/s (Figs 16a and c). The runoff, wind forcing, and
current-induced bottom stress are close, whilst the SSC in-
creases during the wavy period, indicating that this is due to the
increase in wave-induced bottom stress, which enhances resus-
pension. The suspended sediment transports seaward, and the
increase in wave-induced bottom stress increases seaward sedi-
ment transport (Figs 16b and d).

The situation in neap tide is similar to that in spring tide (fig-
ure omitted). However, due to the weakening of tidal currents in
neap tide, the current-induced bottom stress is reduced, and tid-
al scouring weakens, resulting in a reduction in SSC. Compared
with that in the calm period, the area of SSC greater than 100 mg/L
in the wavy period increases by 79.1 km2, accounting for 204.4%
(Table 6).

In conclusion, in the wet season, under the action of waves in
wavy period, the wave-induced bottom stress cannot be ignored.
It increases the resuspension of suspended sediment, resulting in
a larger SSC, and strengthens seaward sediment transport.

4.4  Comparison to other studies related to suspended sediment
transport
Zhang et al. (2021a) only studied the wave effects on sedi-

ment transport in the dry winter season in the ZRE, and found
that waves increased the bottom stress, particularly at the shoal,
and consequently the resuspension and SSC in the dry winter
season. However, in the wet summer season, few studies invest-
igated the wave effects on sediment transport deeply, although
Liu and Cai (2019) considered the coupled wave-current effects
on sediment transport in the ZRE, they did not study the influ-
ence of waves. In this study, we explore the wave effects on sedi-
ment transport in the wet season, and find that waves increase
the bottom stress in the WS, leading to more resuspension and
SSC. Thus, the area of SSC greater than 100 mg/L increases by
183.4% from 128.2 km2 to 363.3 km2. Moreover, we further study
the wave effects on sediment transport under the conditions of
changed shoreline and bathymetry. Zhang et al. (2019) simu-
lated the transport and fate of multi-sourced sediments in the
wet season in the ZRE and illustrated that riverine sediments
from the lateral outlets (HEM and HQL) were mostly distributed
in the WS and were inhibited from entering the WC, but they did
not explain the related dynamic mechanism. This agrees with our
conclusion in the 2012 case, however, this phenomenon does not
occur in the 1971 and transition cases. Why? It is noticed that in
the 1971 and transition cases, the water depths are the same,
whilst in the 2012 case, the water depth deepens in the WC.
Therefore, it is suggested that the deepening of WC restrains the
eastward sediment transport owing to weakened eastward Eu-
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Fig. 14.   Cross-channel bottom bathymetries (a, b, c) and cross-channel distributions of tidally averaged sediment fluxes in spring tide
(d, e, f) and neap tide (g, h, i) at Section B (shown in Fig. 1e). T1, T2, T3+T4+T5, and T6 represent Eulerian transport, Stokes transport,
tidal pumping transport, and vertical shear transport, respectively.

Table 6.   Significant wave height and areas with depth-averaged
SSC greater than 100 mg/L during calm and wavy periods in the
2012 case

Period Wave condition Significant wave height/m Area/km2

Spring calm period 0.24 363.3

wavy period 0.65 128.2
Neap calm period 0.20 117.8

wavy period 0.58 38.7
      Note: The calm and wavy periods are presented by blue and red
shadows in Figs 2e and f, respectively. The spring and neap tide peri-
ods are denoted by dark and light gray shadows in Fig. 2c, respect-
ively.
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lerian transport on the east side of the WC.
There have been many previous studies on the influence of

human interventions on suspended sediment distribution in the
ZRE (Zhan et al., 2019; Wei et al., 2021). However, they did not
separate the respective effects of the changes in shoreline and ba-
thymetry. In this study, we consider the impact of the changes in
shoreline and bathymetry separately, showing that they both re-
duce the range of the ETM in the WS but increase the SSC there
in the condition that the changes in river runoff and riverine sedi-
ment load in the three scenarios are ignored, in fact, the runoff of
the ZRE increases while the riverine sediment load decreases due
to the sand excavation and dam construction (Dai et al., 2008;
Tan et al., 2017). Therefore, this study is of important guiding sig-
nificance for the impact of estuarine reconstruction (reclamation
and dredging) on suspended sediment transport without consid-
ering the changes in incoming river discharge and riverine sedi-
ment.

It is interesting to compare our study with that in the Changji-
ang River Estuary. In the North Branch channel of Changjiang
River Estuary, due to the drastic reduction in river width caused
by land reclamation, the channel became increasingly flood-
dominated from 1984 to 2011, increasing the landward sediment
transport (Dai et al., 2016). However, in this study, the ZRE be-
came increasingly ebb-dominated from 1978 to 2014 (Liu et al.,
2020), and the reason for the increase of SSC in the WS is be-
cause the sediment source is closer to the offshore and the resid-
ual current is stronger at the HEM and HQL outlets.

5  Conclusions
To explore the response of suspended sediment transport to

changes in shoreline and bathymetry in the wet season in the
ZRE, a wave-current-sediment coupled numerical model is em-
ployed in this paper, and 3 scenarios (1971 case, transition case,
and 2012 case) are run. The modeled results are well validated by
observations. The main conclusions are as follows:

(1) During the wavy period in spring tide, the SSC is larger
than that in the calm period. The area of SSC greater than 100 mg/L
increases by 183.4% from 128.2 km2 to 363.3 km2. Meanwhile, the
SSC in the MS increases by nearly 20 mg/L. The increase in SSC is
due to the large wave-induced bottom stress, which suspends
more sediment. The results in neap tide are similar.

(2) The change in shoreline in spring tide reduces the area of
SSC greater than 100 mg/L by 17.8% (55.5 km2) in the WS, which
moves 1–6 km eastward and southward, but the SSC there in-
creases by 5–30 mg/L from downstream to upstream, which is
because the sediment source is closer to the offshore and the re-
sidual current is stronger at the HEM and HQL outlets. The
strengthened eastward Eulerian transport in the WS and WC in-
creases the SSC there. The reclamation of LXI increases the SSC
on its east side and ES but decreases the SSC on its west and
south sides. In addition, due to the southward movement of the
maximum longitudinal Eulerian transport in the WC, the ETM
located near the saltwater wedge moves southward about 6 km.
In neap tide, the changes are similar but relatively weaker, and
the decrease in the area of SSC greater than 60 mg/L in the WC is
caused by the smaller current-induced bottom stress.

(3) The change in bathymetry in spring tide makes the SSC in
the WS increase by 5–10 mg/L, the area of SSC greater than 100
mg/L expand eastward and southward and increase by 11.4%
due to the increases in wave-induced bottom stress and east-
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ward Eulerian transport. The SSC is reduced in the MS owing to
the weakened eastward Eulerian transport on the east side of the
WC, that is, the deepening of WC inhibits eastward sediment
transport. Moreover, the maximum SSC in the WC is reduced by
10.5%, caused by the smaller wave-induced bottom stress and a
significant increase of 109.88% in southward Eulerian transport.
The results in neap tide are similar to those in spring tide but
with smaller changes. In the WC, the northward sediment trans-
port is due to the northward Eulerian transport and vertical shear
transport.

This study has implications in the sediment transport in the
ZRE and other estuaries worldwide affected by human interven-
tions, and it may help to expand the scientific cognition of the re-
sponses of marine water quality and deposition environment in
the ZRE under the influence of human interventions such as re-
clamation and dredging, and provide some references for mar-
ine ecological environment security and coastal management in
the ZRE.
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