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Exploring the three-dimensional
flow-sediment dynamics and
trapping mechanisms in a
curved estuary: The role
of salinity and circulation

Jianfeng Tao and Renjie Zhu*

College of Harbour, Coastal and Offshore Engineering, Hohai University, Nanjing, China
Combined with the observed data in the wet season in June 2015, structures of

longitudinal and lateral residual current and characteristics of the estuarine

turbidity maximum (ETM) in the Yongjiang estuary (YE) are studied using a

three-dimensional baroclinic flow and sediment numerical model. The

mechanisms of residual current and sediment trapping are investigated

according to the momentum balance analysis and sediment transport

decomposition. The results show that at spring tide, the outflowing

longitudinal residual current is dominated by longitudinal advection and

barotropic pressure gradient. At neap tide, a remarkable baroclinic effect

emerges at the bottom of the river mouth area, driving the landward residual

current and forming the estuarine circulation. Lateral residual current at

upstream bends with lower salinity is dominated by longitudinal advection

and barotropic pressure gradient. The flow directs toward the concave bank at

the surface and toward the convex bank near the bottom at these sections. At

downstream bends with higher salinity, the lateral residual current is greatly

affected by the baroclinic gradient, which will shift the lateral flow circulation

structure. In transition straight reaches located at Qingshuipu and Zhenhai, the

lateral residual current presents a double-cell circulation with surface

convergence and bottom divergence. During spring tide, the ETM is located

near Qingshuipu, driven by landward tidal pumping transport due to the strong

tidal energy. During neap tide, a strong exchange flow generates landward

circulation transport around the river mouth, and the ETM moves downstream

to Zhenhai. At bends, sediment along the cross section is laterally trapped on

the convex bank, driven by bottom lateral flow induced circulation transport.

While in transition straight reaches, high turbidity is still concentrated in the

deep groove, caused by bottom divergent flow and circulation transport.

KEYWORDS

residual current, estuarine turbidity maximum, lateral dynamics, momentum balance
analysis, sediment trapping, curved estuary
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1 Introduction

The estuarine turbidity maximum (ETM) is a region with

suspended sediment concentrations (SSCs) remarkably higher

than in both the landward and seaward regions (Glangeaud,

1938; Dyer, 1986; Geyer et al., 2001; Jay et al., 2015; Li et al.,

2016; Burchard et al., 2018). The ETM is a prominent

manifestation of the sedimentary dynamic environment of the

estuary. The higher turbidity often causes the siltation of the

navigation channel (De Nijs et al., 2009; De Swart et al., 2009;

Garnier et al., 2010; Zhang and Mao, 2015; Orseau et al., 2017),

which directly affects the evolution of the channel–shoal system.

Understanding the three-dimensional dynamics of the ETM is of

great scientific significance for planning the construction of

hydraulic structures, solving the siltation of waterways and

harbor basins, rationally exploring resources and protecting

the ecosystem (Holt and James, 1999; Liu et al., 2002; Little et

al., 2017).

The ETM is formed by the entrapment of suspended

sediment caused by various complex dynamic processes

including runoff, tides, and estuarine circulation (De Jonge et

al., 2014; Eidam et al., 2021). Its formation mechanism and type

are closely related to the characteristics of the estuary and its

dynamic processes (Schubel, 1968; Allen et al., 1980; Uncles et al.,

2006). The study of flow and sediment dynamics is the key to

exploring the pattern of estuarine sediment transportation, the

characteristics of the ETM, and the evolution of estuarine

morphology (Jay and Dungan Smith, 1990; Geyer, 1993;

Grabemann et al., 1997; Schoellhamer, 2000; Chernetsky et al.,

2010; Sommerfield and Wong, 2011). The previous analysis of the

estuarine dynamics was mostly limited to the longitudinal profile

(Burchard and Baumert, 1998; Wai et al., 2004; Burchard et al.,

2018; Xiao et al., 2018; Jalón-Rojas et al., 2021; Zhu et al., 2021).

However, in recent years, more attention has been paid to the

lateral tidal current and sediment transport pattern mechanism in

the estuary. Because of the lateral bathymetric variation, the

channels and shoals on the cross section demonstrate different

hydrodynamics and distribution patterns of salinity and SSC

(Geyer et al., 1998; Fugate et al., 2007), resulting in lateral

circulation (secondary flow) and lateral trapping of salinity and

suspended sediments (Lerczak and Geyer, 2004; MacCready and

Geyer, 2010). Although the lateral tidal current is generally only

about 10% of that of longitudinal current (Geyer and MacCready,

2014), the former will significantly alter the longitudinal

momentum budget through the lateral advection, thereby

influencing the structure of longitudinal flow (Alahmed et al.,

2021). Moreover, owing to the tidal asymmetry and the density

gradient, the lateral circulation during flood tide is several times

that of ebb (Lerczak and Geyer, 2004). During flood tide, the

lateral circulation transports the near-bottom sediment from

channel to shoal. While during the ebb, the resuspended
Frontiers in Marine Science 02
sediment is transported to the junction area of the channel-

shoal (Geyer et al., 1998; Ralston et al., 2012), causing sediment

deposition and consolidation (Winterwerp et al., 2018) near shoal,

which may transform the lateral distribution of the bed sediment.

This phenomenon is also very common in the exchange of

sediment between tidal creeks and tidal flats in the coastal

region (Le Hir et al., 2001; Mariotti and Fagherazzi, 2012; Yellen

et al., 2017). In addition, as a result of the Coriolis acceleration and

centrifugal acceleration caused by the channel curvature, the

current will also promote the transport of sediment to the bank

side (McSweeney et al., 2016), which becomes the main dynamic

mechanism of the lateral movement of suspended sediment in

some estuaries (Fugate et al., 2007). Zhou et al. (2019; 2021) found

that the lateral density gradient induced by differential advection

within the groyne fields is the principal cause for the lateral flow

and lateral suspended sediment transport in the north passage of

the Changjiang Estuary. The lateral flow will influence the vertical

mixing of the water column in the river channel and the settling

and resuspension of sediment as well and redistribute the

sediment along the cross section, sequentially changing the

pattern of longitudinal sediment transportation (Zhou and

Stacey, 2020; Zhou et al., 2020). Considering the lateral density

gradient and settling lag respectively, Huijts et al. (2006) and Yang

et al. (2014) established an analytical model for the lateral

entrapment of suspended sediment and applied it to the James

estuary, United States, in which sediment tended to be laterally

trapped in the shoal on the south bank. McSweeney et al. (2016)

analyzed in situ observations of the Delaware estuary in the

United States and found that the sediment trapping and ETM

manifested a remarkable three-dimensional structure, and the

lateral dynamic process trapped fine-grained sediment to the tidal

flat or the shoal on the convex bank; thus, more resuspended

sediment would participate in the longitudinal transport and

capture of suspended sediment in the river channel. As

mentioned above, in some specific estuaries, the suspended

sediment transport, entrapment, and its impact mechanism

within the longitudinal profile of ETMs are well investigated,

while study of them along the lateral direction needs more efforts.

However, the ETM appears a notable three-dimensional structure.

The lateral dynamics are bound up with the lateral trapping of

sediment and play a vital role in getting insight into the spatial

structure of the ETM and the bed evolution.

Since abundant land resources and port shipping resources

were provided for the social and economic development, previous

studies have mostly focused on large estuaries. Nevertheless, it has

been proved that small and medium rivers transport more material

fluxes than large ones globally. Their contribution to ocean

sedimentation is gradually increasing, and they also play a

considerable role in the land–sea interaction (Gao, 2006;

Milliman and Farnsworth, 2011). Moreover, the contact between

small andmedium estuaries and humans is more frequent, and they
frontiersin.org
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are more sensitive to climate and anthropogenic changes (He et al.,

2015; Leuven et al., 2019). However, sediment trappingmechanisms

for current and future sediment dynamics and potential

morphodynamic adjustment in the smaller estuaries are poorly

understood and their importance is usually ignored as compared

with larger ones. Consequently, our research aims to address several

questions as follows: in both the longitudinal and lateral directions

in a typical small or medium estuary, (1) what are the

hydrodynamic characteristics and their dominant momentum

mechanisms, (2) what are the sediment trapping patterns and

mechanisms, and (3) do these mechanisms vary with time (e.g.,

spring and neap tides or flood and dry seasons) and space (e.g.,

different reaches within the estuary or channel and shoal within the

cross section)?

The Yongjiang estuary (YE) studied in this paper is a curved,

medium estuary (located on the eastern coast of China). Most

studies of the YE focused on the longitudinal flow-sediment

transport pattern, which ignored the lateral pattern (Kuai et al.,

2017; Xiao et al., 2018). In order to comprehensively understand the

estuarine physical processes in this estuary, we establish a three-

dimensional baroclinic flow and sediment transport numerical

model of the YE, which takes the salinity effects on sediment

transport into account. Based on the in situ observations and

simulation results, the longitudinal and lateral patterns of the

water and sediment transport are studied. With a momentum

balance analysis, the sediment trapping mechanisms in the curved,

medium estuaries such as the YE is revealed, which provides

theoretical support for estuarine regulation.

The rest of this paper is organized as follows. The study area

is introduced in Section 2. In Section 3, the sampling protocol,

the numerical model, and methods of data analysis are

described. The results for the residual current, salinity, and

SSC are presented in Section 4, followed by a more in-depth

analysis of the mechanisms of flow and sediment transport

(Section 5). Finally, conclusions are drawn in Section 6.
2 Study area

The YE is located in the south of Hangzhou Bay and west of the

Zhoushan Islands, on the eastern coast of Zhejiang Province, China

(Figure 1A). Hangzhou Bay, a typical funnel-shaped estuary, is

located immediately south of the Yangtze Estuary. Previous studies

(Wan et al., 2009; Xie et al., 2017) have revealed that there is

intensive sediment exchange between the Yangtze Estuary and

Hangzhou Bay, and more than 27% of suspended sediment from

the Yangtze River is transported southward into Hangzhou Bay

along with the Jiangsu-Zhejiang littoral current and secondary

Yangtze plume. The sediment deposited in the Hangzhou Bay

mainly originates from the Yangtze Estuary. The movement of

sediment in Hangzhou Bay is dominated by suspended load, of

which the main component is fine silt (Xie et al., 2017; Xiao

et al., 2018).
Frontiers in Marine Science 03
Our study focuses on the region between Zhenhaikou and

Sanjiangkou in the YE, which is featured with tortuous geometry,

narrow river channels (~300 m), and shallow water depth (~5 m).

The YE is classified as a well-mixed estuary, and its sedimentmainly

comes from the adjacent sea area (Xiao et al., 2018). The tidal

current in the adjacent sea area outside the YE is toward the

northwest during flood tide and toward the southeast during ebb

tide (Kuai et al., 2017). Water of high turbidity from the northern

coast outside the YE (in the south of Hangzhou Bay) is transported

to the vicinity of the river mouth by the ebb tide and then moves

back toward the northwest or into the YE by the flood current.

Historically, a number of hydraulic projects have been constructed

in the Yongjiang River, including the Yaojiang barrage in 1959, the

seawall in the river mouth in 1975, 17 large reservoirs, 18 bridges,

212 wharves, and many tidal and drainage gates situated on both

sides of the river (Yan, 2011). Affected by the hydraulic structures,

the equilibrium of the flow-sediment dynamics in the Yongjiang

River has been broken, leading to remarkable siltation all over the

river, and it has taken many years to achieve a new equilibrium.

Since the construction of the Yaojiang barrage in 1959, the riverbed

in the Yongjiang River has gone through the following six stages:

intense deposition of the whole reach (1959–1961), gradual balance

between the erosion and deposition (1962–1974), re-siltation while

the balance was broken again (1975–1979), dynamic equilibrium of

erosion and deposition (1980–1985), slow deposition (1986–2000),

and deposition on the side shoal (2001–present) (Zhao et al., 2015).
3 Data and methodology

3.1 Sampling protocol

The field observations were conducted during spring and

neap tides respectively in June 2015. During measuring, 12 sites

at four cross sections (three sites at each cross section) were set

in the YE, and 10 sites were set in the adjacent sea area (see

detailed locations in Figure 1A). In each measured site, the

horizontal tidal current velocity and direction, salinity, and SSC

are synchronously measured at 0.0H, 0.2H, 0.4H, 0.6H, 0.8H,

and 1.0H (H: the total water depth) each hour (refer to Xiao

et al., 2018 for details).

Based on the simultaneous bathymetric surveying, lateral

profiles of four cross sections CS2- CS5 and the longitudinal

profile of the thalweg are displayed (Figures 1B, C). CS2 is

located in the straight section, and its channel is relatively

symmetric and slightly tilted to the left bank. CS3 is set at the

sharp bend section of Meixu, with the deep channel tilted to the

right bank. CS4 is situated near the bend of Zhenhai, and its

channel is tilted to the left bank. CS5 lies at the bend just near the

river mouth with its deep channel tilted to the left bank. An

obvious channel–shoal system has been formed on the cross

sections of the bends in the YE. Due to the lateral bathymetric

variation, the longitudinal estuarine circulation will manifest a
frontiersin.org

https://doi.org/10.3389/fmars.2022.976332
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Tao and Zhu 10.3389/fmars.2022.976332
significant lateral structure (Alahmed et al., 2021) and will be

accompanied by considerable lateral residual circulation.
3.2 Numerical model

A 3D numerical model of the YE is set up utilizing the

Delft3D model system (Deltares, 2021), which simulates flow,

salinity, and sediment transport. The horizontal and vertical

directions of the model use orthogonal curvilinear and s
Frontiers in Marine Science 04
coordinates, respectively. Vertical mixing is computed with a

k- ϵ turbulence model (Jones and Launder, 1972). The continuity

and momentum equations of water motion respectively read:

∂ z
∂ t

+
1ffiffiffiffiffiffiffi

Gxx
p ffiffiffiffiffiffiffiffi

Ghh
p ∂ d + zð Þu ffiffiffiffiffiffiffiffi

Ghh
ph i

∂ x
+

1ffiffiffiffiffiffiffi
Gxx

p ffiffiffiffiffiffiffiffi
Ghh

p ∂ d + zð Þv ffiffiffiffiffiffiffi
Gxx

ph i
∂h

+
∂w
∂s

= 0

1

B

C

A

FIGURE 1

(A) Domain and bathymetry of the YE; (B) profiles of four measured cross sections (the view is looking seaward); (C) profile of the thalweg (the
right origin denotes the river mouth). Areas covered by the color representing the bed level denotes the overall large model domain, and the
red dashed line indicates the nested small model domain.
frontiersin.org

https://doi.org/10.3389/fmars.2022.976332
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Tao and Zhu 10.3389/fmars.2022.976332
and
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where x, h and s represent orthogonal curvilinear and s
coordinates;

ffiffiffiffiffiffiffi
Gxx

p
and

ffiffiffiffiffiffiffiffi
Ghh

p
are Lame coefficients; u, v, and

w are the current velocity components in the x, h and s
directions, respectively; d is the still water depth; z is the tidal

level;r (r0) is the (reference) water density; the Coriolis force

coefficient f=2Wsinf (W is the angular velocity of the earth’s

rotation, and f is the local latitude); Fxand Fh are the horizontal

Reynolds stress terms in the x and h directions, respectively; and

υV is the vertical eddy viscosity coefficient.

The salinity and suspended sediment transport model

satisfies the advection–diffusion equations as follows:
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where s is the salinity; c is the SSC; ws is the settling velocity for

sediment; and DH and DV are horizontal and vertical eddy

diffusion coefficients, respectively.

In a previous study, the overall 2D depth-averaged

hydrodynamic model of the YE was set up (refer to Kuai et al.,

2017 for details), which captured well the 2D characteristics of

water motion. Based on the previous larger model, a nested

model with a smaller domain and higher grid resolution is
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established, in order to configure reliable boundary conditions

for the salinity and SSC and save computing time and storage

space. The overall model covered the entire YE and the adjacent

sea region, which was north to Zhoushandaqiao, south to

Xiebeizha, and upstream to Yaojiangzha and Chenglangyan.

Its hydrodynamic boundary conditions were all given by

observed temporal tidal-level variation from tide gauges

deployed around model boundaries. The nested model (see the

dashed line in Figure 1A) covers north to V1 and V7, south to

V5 and V6, and its upstream extends to the same location as the

overall one.

The hydrodynamic boundary conditions of the nested

model are extracted from the overall one, and boundary

conditions of salinity and SSC are extrapolated from each

layer based on the observed data of the measured sites set

near boundaries. The model has 403×174 cells with a high

resolution in the river part (~100 m longitudinally and ~15 m

laterally). The grid is gradually coarsening toward the outer sea

(~150 m). Ten equidistant s layers are prescribed over the

vertical direction. The initial tidal level, current velocity,

salinity, and SSC are all set to zero. At the closed boundaries,

a no-transport condition due to impermeability is imposed,

then normal components of the current velocity, salinity, and

SSC gradient are set to zero. In order to calculate the accurate

approximation of the horizontal gradients both in the

baroclinic pressure term and in the horizontal diffusion term

and reduce the truncation errors which may cause artificial

vertical mixing and artificial flow (Stelling and Van Kester,

1994), the correction for s coordinates (Deltares, 2021) is

implemented to improve the accuracy of simulated salinity

and stratification, especially at neap tide when the strong

stratification occurs as described below. The erosion and

deposition are calculated with the Partheniades-Krone

formulation (Partheniades, 1965) for cohesive sediment. The

3D baroclinic model is calibrated with Manning’s n coefficient,

which spatially varies from 0.018 to 0.025 s/m1/3 depending on

the water depth. The calibrated parameters are summarized

in Table 1.

We have run a model simulation from 12 to 26 June 2015 (14

days), which has been validated extensively based on the data

observed during spring and neap tides. The correlation

coefficient (CC), skill score (SS), and root mean square error

(RMSE) are calculated to assess the agreement between the

simulation and the observation. The CC, SS, and RMSE are

calculated as follows, respectively:

CC = o(xs − xs)(xo − xo)

o(xs − xs)
2o(xo − xo)

2

 �1=2 5a

SS = 1 − ojxs − xoj2

o xs − xoj j + xo − xoj jð Þ2 5b
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RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o(xs − xo)

2

n

s
5c

where xs and xo are model results and observations, respectively,

and the overbar represents the mean value. The CC/SS represent

the agreement between the model and the observations, with a

CC/SS value of 1 indicating perfect agreement and a value of 0

indicating complete disagreement. The RMSE indicates the

average deviat ion between the model resul t s and

the observations.
3.3 Data analysis methods

3.3.1 Residual current
The tidal dynamics are strong in the YE causing motion of

saltwater and suspended sediment. The tide-induced residual

current can better reveal the net transport trend of water,

salinity, and suspended sediment. According to the mass

transport flow theory (Robinson, 1983), the residual current of

the layer k can be calculated as follows:

〈 uk 〉 =
1

〈TDzk 〉

Z T

0
uDzk   dt 6

where the angle brackets denote a tidally averaged quantity, u is

the longitudinal or lateral current velocity, subscript k refers to

layer k, T is the tidal cycle, and Dzk is the water depth of layer k.
3.3.2 Momentum balance
According to Eq. (2), the longitudinal and lateral

momentum balance is analyzed (Fugate et al., 2007), in order

to find the mechanisms of the residual current. The left hand of

the equation is the local acceleration term, and on the right

hand, M1–M8 denote the longitudinal, lateral, and vertical

advection, Coriolis force, barotropic and baroclinic pressure

gradient, and horizontal and vertical momentum diffusion
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terms, respectively. Based on the calculated results, the

vertical advection (M3) and horizontal and vertical

momentum diffusion terms (M7 and M8) are small in

magnitude and negligible; thus, only the longitudinal

advection (M1), lateral advection (M2), Coriolis force (M4),

barotropic pressure gradient (M5), and baroclinic pressure

gradient (M6) terms are considered in the following analysis

of their contribution to the residual current.
3.3.3 Residual sediment flux
and decomposition

To explore the relative importance of various underlying

physical processes in more detail, depth-integrated and tidally

averaged suspended sediment flux (SSF) per unit width over

both the longitudinal and lateral is calculated and decomposed

into seven components (Uncles et al., 1985; Dyer, 1988;

Burchard et al., 2018), as follows:

〈 F 〉 = 1
T

Z T

0

Z z

−d
ucdzdt = 〈 ucH 〉

= 〈�c 〉 〈 �u 〉 〈H 〉|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
F1

+ 〈�c 〉 〈 �utHt 〉|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
F2

+ 〈 �u 〉 〈�ctHt 〉|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
F3

+ 〈H 〉 〈 �ut�ct 〉|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
F4

+ 〈�ct�utHt 〉|fflfflfflfflffl{zfflfflfflfflffl}
F5

+ 〈Hudcd 〉|fflfflfflfflffl{zfflfflfflfflffl}
F6

+ 〈Htudcd 〉|fflfflfflfflfflffl{zfflfflfflfflfflffl}
F7

7

where the total water depthH= d+ z, the subscript t and d denote
the deviations from the tidal and vertical means respectively, and

the overbars signify the means over the depth.

F1 represents the mean flow induced transport, i.e., transport

due to Eulerian flow; F2 is transport due to Stokes drift; and

together F1 + F2 denotes the advective sediment flux (the

Lagrangian flux) due to the residual flux of water and the

tidally and vertically averaged SSC. F3, F4, and F5 are the tidal

pumping terms (Uncles et al., 1985) that are generated by the

phase differences between the depth-averaged SSC, the depth-

averaged current velocity, and tidal level. F6 and F7 arise from

the vertical circulation effects. Thus, the SSF is composed of

three terms, which are advection, tidal pumping, and vertical

circulation transport terms, respectively.
TABLE 1 Parameter settings in the model.

Parameter Description Value

Dt (min) Time step 0.1

n (s/m1/3) Manning coefficient 0.018–0.025 with spatial variation

υH (m2/s) Horizontal eddy viscosity coefficient 1

DH (m2/s) Horizontal eddy diffusivity coefficient 1

gs (kg/m3) Specific density for cohesive sediment 2,650

g0 (kg/m3) Dry density for cohesive sediment 500

wS (mm/s) Settling velocity 0.5

tcr, d (N/m2) Critical deposition shear stress 1,000

tcr, e (N/m2) Critical erosion shear stress 0.1

M (kg/m2/s) Erosion parameter 0.00035
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4 Results

4.1 Field data results

Based on Eq. (6), both the longitudinal and lateral residual

currents at four cross sections are computed respectively during

spring and neap tides (Figure 2). According to the measured

results, the longitudinal residual current in the YE is -0.1 to

0.2 m/s generally, which decreases gradually from the surface to

the bottom, and presents a significant lateral difference

(Figures 2A, B). During the spring tide, the residual current at

all cross sections shows an outflow trend and is stronger at CS5

near the river mouth, while the residual current of CS4 is weaker

than that in the upper and lower reaches. During the neap tide,

the deep channel of downstream CS4 and CS5 presents an

exchange flow with inflow near the bottom and outflow at the

surface, while the residual current at upstream CS2 and CS3 and

shallow water regions (shoal) of downstream CS4 and CS5 are

still controlled by runoff and each layer displays a stronger

outflow trend.

The lateral water motion in the river channel generates a

significant net transport, with its value ranging from -0.1 to

0.1 m/s, which is comparable to the magnitude of the

longitudinal residual current. The lateral residual current

presents quite different structures at various sites during

spring and neap tides. At upstream CS2, the lateral flow is

predominantly toward the shoal at both spring and neap tides,

but its magnitude is small. At CS3 of the Meixu bend, the

lateral residual current also tends to flow to the shoal, and the

flow is stronger during spring tide (~0.1 m/s) than neap (~0.02

m/s). At CS4 of the Zhenhai bend, the deep channel shows a

three-layer circulation structure with flow toward the convex

bank in the upper and lower layers and toward the concave

bank in the middle layer during spring tide, while a weak

counterclockwise circulation emerges at neap tide, and the

lateral flow on the shoal is toward the convex bank both at

spring and neap tides with its value up to 0.05 m/s. At CS5 of

the Zhenhaikou river mouth, the lateral flow is generally

toward the shoal of the convex bank during spring tide and

shows a clockwise circulation regionally, while during neap

tide the deep channel presents a weak counterclockwise

circulation with a strong shoreward current on the shoal

(~0.05 m/s).

The SSC at upstream CS2 is relatively low and generally not

affected by salinity. At CS3 of the Meixu bend, the isohalines

generally slope downward toward the right bank and the

suspended sediment is accumulated on the shoal of the left

bank at spring tide (Figure 2C2), which is consistent with

residual flow toward the convex bank near the bottom

(Figure 2A2). Due to the tidal current weakening at neap tide,

the salinity and SSC at CS3 become very low. At downstream

CS4, the lateral flow toward the convex bank in the lower layer
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(Figures 2A3, B3) causes suspended sediment trapped on the

shoal of the right bank, and the isohalines are slightly lifted

toward the surface of the shoal of the right bank which means

that high salinity accumulates near the bottom of the right bank

(Figures 2C3, D3). At CS5 of the river mouth, the contours of

SSC are horizontally distributed and the SSC at the deep channel

is slightly higher than that at the shoal, i.e., no obvious lateral

sediment trapping occurs.

During spring tide, there is no significant lateral variation of

residual salinity in each cross section, and the stratification is

quite weak with the maximum difference between the surface

and bottom salinity only 1.5 psu. However, at neap tide, a

conspicuous stratification emerges near the river mouth area,

with the maximum difference between the surface and bottom

salinity up to 3 and 10 psu at CS4 and CS5, respectively. Due to

the weaker tidal current during the neap tide, the saltwater

intrusion distance is much shorter than that of spring tide, which

causes a larger longitudinal salinity gradient. Both the vertical

stratification and longitudinal salinity gradient at neap tide are

stronger as compared with the spring tide, so the larger

baroclinic effect will drive the longitudinal residual circulation

near the river mouth.

In the longitudinal direction of the river channel, the SSC at

CS4 during spring tide is significantly higher than that of upper

and lower reaches (Figure 2C3), exhibiting an obvious ETM

phenomenon, which is consistent with the weaker longitudinal

flow here (Figure 2A3). While during neap tide, the SSC in the

YE is greatly reduced because of the weaker tidal current with the

spatial distribution decreasing gradually from the river mouth to

the upper reaches; thus, no obvious ETM exists inside the

river mouth.

The suspended sediment is laterally trapped on the shoal of

the convex bank at both CS3 and CS4, which can easily cause

deposition in the shoal. It is noteworthy that regardless of spring

and neap tides, the lateral residual current near the bottom of

each cross section at the bend demonstrates a net transport to

the shoal of the convex bank. The salinity and SSC increase

gradually from the surface to the bottom; thus, the lateral motion

of bottom water determines the net depth-integrated transport

of salt and suspended sediment, which will play an important

role in the lateral sediment trapping. This pattern of lateral flow

agrees with the suspended sediment laterally trapped on the

shoal described.
4.2 Numerical results

4.2.1 Model validation
The validation of the tidal level, current velocity, current

direction, salinity, and SSC on 17 to 26 June 2015 at some

measured stations is shown in Figure 3. During spring–neap

tidal cycles, the overall CC/SS/RMSE of the tidal level, current
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velocity, direction, salinity, and SSC are 0.99/0.97/0.10, 0.86/

0.88/0.15, 0.91/0.85/11.30, 0.81/0.80/2.02, and 0.57/0.61/0.59,

respectively. They are averaged from four cross sections in the

lower, middle, and upper layers. Although the CC and SS of SSC

are slightly lower than those of hydrodynamic variables due to

the extremely complicated suspended sediment processes, the

twin peak SSC signals inside the river mouth during a

semidiurnal tidal cycle is well reproduced by the model

(Figure 3E). Therefore, the model is proved to be able to

reliably reproduce the flow movement and salinity and

suspended sediment transport processes in the YE.

4.2.2 Lateral distribution of residual flow and
SSC

In order to reveal mechanisms of the residual flow and sediment

trapping along the YE, eight transects S1–S8 are selected from

Zhenhaikou to Meixu (Figure 4A). Transects S1, S4 and S8

separately correspond to CS5, CS4, and CS3. Transects S2, S5 and

S7 suited the bends betweenMeixu and Zhenhai. Transects S3 and S6

are located in the transition straight reaches near Qingshuipu and

Zhenhai, respectively. Both S3 and S6 transects are relatively wide,

shallow, and symmetrical, and there is no obvious structure like

transects at bends where the deep channel is located near the concave

bank and the shoal is located near the convex bank.
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The residual current of each transect is calculated

according to the simulated results (Figures 4B, C). During

spring tide, the residual flow at these transects shows an

outflow trend except S6 and S7. There is a weak landward

residual flow at the bottom of transects S6 and S7 (Figures 4B6,

B7). During neap tide, the residual flow at upstream transects

still demonstrates an outflow trend, while near the river mouth,

the flow in the lower layer is landward (Figures 4C1–C3), and

that in the upper layer is seaward, generating the estuarine

circulation here.

In the curved reaches, transects S2, S5, S7, and S8 show a

circulation structure with flow toward the concave bank at the

surface and toward the convex bank near the bottom during

spring tide (Figures 4B2, B5, B7, B8). The surface residual flow

at transect S1 is toward the convex bank, while the bottom flow

is toward the concave bank, forming a clockwise circulation

(Figure 4B1). The lateral flow at transect S4 presents a three-

layer circulation structure as described above (Figures 2A3,

4B4). During neap tide, the lateral residual current at transects

S2, S4. S5, S7, and S8 is toward the concave bank at the surface

and toward the convex bank near the bottom. The circulation

pattern at transect S1 is opposite to that of the spring tide, with

flow toward the concave bank at the surface and toward the

convex bank near the bottom.
FIGURE 2

Observed lateral distribution of the longitudinal (color) and lateral (arrow) residual current at spring (A1–A4) and neap (B1–B4) tides, and the
residual SSC (color, kg/m3) and salinity (contours, psu) at spring (C1–C4) and neap (D1–D4) tides. The white contours indicate the zero values
of the longitudinal flow. The view is looking seaward. Positive values (red) for longitudinal flow indicate a seaward flow, while for lateral flows,
positive is toward the right bank. Salinity is contoured in 0.2 and 1 psu at spring and neap tides, respectively. The absence of salinity contours
indicates that the water within cross sections is freshwater. SSC, suspended sediment concentration.
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In the transition straight reaches, the lateral circulation

structure is different from that of the curved reaches. During

spring tide, it presents a double-cell lateral circulation structure

with surface convergence and bottom divergence at both sides of

the transects S3 and S6 (Figures 4B3, B6). The lateral residual

flow is weak during neap tide but still presents a divergent trend

near the bottom (Figures 4C3, C6).

The distribution of the tidally averaged SSC of eight transects

is shown in Figures 4D, E. Along the river channel, the tidally

averaged SSC at spring tide reaches the maximum between

transects S5 and S7 with its value up to 2.8 kg/m3, indicating

that the suspended sediment is longitudinally trapped in the

Qingshuipu reach (Figures 4D5–D7). During neap tide, the

maximum SSC zone shifts downstream to the vicinity of

transect S2, with its value reduced to 1.2 kg/m3 due to the
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weakening of the tidal current, i.e., the sediment is longitudinally

captured in the Zhenhai reach.

Along the cross section of the river, the high turbidity does

not always aggregate in the deep channel, but it will be laterally

trapped on the shoal to some extent. The contours of the SSC at

the Zhenhai bend (transects S2 and S4), Qingshuipu bend

(transects S5 and S7), and Meixu bend (transect S8) are all

lifted toward the surface of the shoal of the convex bank,

especially transect S8 (Figure 4D8). Its high-turbidity zone

spreads to the surface along the shoal of the convex bank, and

obvious lateral sediment entrapment emerges here. While at the

river mouth bend (transect S1) and transition straight reaches

(transects S3 and S6), no obvious deflection of the high-turbidity

zone occurs, indicating that the lateral sediment trapping is

weak, and the sediment mainly aggregates in the deep channel.
B

C

D

E

A

FIGURE 3

Model-data comparison between observed (dot) and simulated (line) results for tidal level (A) at Zhenhai (red) and Sanjiangkou (blue), current
velocity (B), current direction (C), salinity (D), and SSC (E) near surface (red) and bottom (blue) at the measured site CS5B, respectively. SSC,
suspended sediment concentration.
frontiersin.org

https://doi.org/10.3389/fmars.2022.976332
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Tao and Zhu 10.3389/fmars.2022.976332
4.2.3 Longitudinal distribution of residual flow
and SSC

Figure 5 shows the pattern of longitudinal residual current

along the thalweg of the YE. During spring tide, the flow shows
Frontiers in Marine Science 10
an outflow trend for each layer but a weak inflow at the bottom

of some regions exists. During neap tide, the residual flow in the

upper reaches is still seaward, but a really stng estuarine

circulation emerges within about 7 km upstream from the
FIGURE 4

Patterns of residual flow and SSC at eight selected transects S1–S8 (A, color indicates the bed level). Lateral distribution of the longitudinal
(color) and lateral (arrow) residual current at spring (B1–B8) and neap (C1–C8) tides, and the residual SSC during spring (D1–D8) and neap (E1–
E8) tides is displayed. SSC is contoured in 0.4 and 0.2 kg/m3 at spring and neap tides, respectively. The view is looking seaward. SSC, suspended
sediment concentration.
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river mouth, which is seaward at the surface and landward near

the bottom. This is consistent with the previous analysis of the

observations (Figures 2A, B).

During spring tide, the isohalines are generally vertical, i.e.,

the vertical mixing of salinity is relatively strong. The salt

intrusion can be as far as the vicinity of Yangmuqi

(Figure 6A). During neap tide, salinity near the river mouth is

significantly stratified with the maximum difference between the

surface and bottom salinity up to 10 psu. The salt intrusion

becomes weaker and can only be up to Qingshuipu. The distance

of salt intrusion is about 7 km shorter than that of spring tide,

resulting in a larger longitudinal density gradient (Figure 6B).

The SSC reaches its maximum of about 12 km upstream

from the river mouth during the spring tide (Figure 6A), so the

ETM of the YE is situated near Qingshuipu. However, the ETM

moves downstream to Zhenhai (~5 km from the river mouth) at

neap tide. It indicates that the ETM will gradually shift

downstream with the tidal current weakening. Corresponding

to Figure 5, the ETM core area during spring tide is located

around the front of the bottom inflow near Qingshuipu, and

during neap tide located on the front of the strong exchange flow

inside the river mouth.

The intratidal motion of the ETM at typical times during

spring tide is displayed in Figure 7. At early flood, the ETM is

mainly accumulated within about 4 km upstream from the river

mouth (Figure 7A), as a result of the high turbidity seawater

flowing into the YE from the adjacent sea area (Xiao et al., 2018)

with the flood tide. As the flood current strengthens, the high

SSC zone further moves toward the upper reaches up to the

vicinity of Yangmuqi (Figure 7B). At later flood, the sediment

begins to settle and the ETM continues to go upstream as far as

Sanjiangkou with the flood current weakening (Figure 7C).

During early ebb, a large amount of sediments is deposited

and the ETM narrows and moves downstream to the vicinity of
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Meixu (Figure 7D). As the ebb current strengthens, the SSC of

the ETM gradually increases and continues to be transported

downstream to the river mouth and then decreases as the current

weakens (Figure 7E). Then, the ETM will move to and fro with

the next tidal cycle, which carries the high-turbidity water into

the estuary again. It can be found that during spring tide,

sediment is trapped in the vicinity of Qingshuipu (Figure 6A)

and the ETM moves on a large scale within the Yongjiang River

(Figure 7). They are important reasons for severe siltation in the

whole reach (Yan, 2011).

4.2.4 Residual sediment transport and
morphological changes

By Eq. (7), the residual SSF are shown in Figure 8. Due to

the stronger current and higher turbidity, the SSF at spring tide

(~1.5 kg/(m·s)) is generally larger than that of the neap tide

(~0.5 kg/(m·s)). At spring tide, sediment between Zhenhaikou

and Qingshuipu is mainly transported landward, while

sediment between Meixu and Qingshuipu is flushed

downstream (Figure 8A), which causes the transport

convergence at Qingshuipu. Thus, much sediment is trapped

here, forming the ETM around Qingshuipu (Figure 6A).

Sediment at the river mouth is exported, which may be

caused by the tidal current in the outer-estuary regions. At

neap tide, the convergence of sediment transport also exists but

shifts downstream to the vicinity of Zhenhai (Figure 8B),

similarly forming the ETM around Zhenhai (Figure 6B).

Because of the strong exchange flow inside the river mouth

at neap tide, the landward transport in the lower reaches of

Zhenhai is stronger than the seaward transport in the

upper reaches.

The model has also simulated the riverbed evolution in the YE

(Figure 9). Compared with the water depth, the bathymetry

change (up to ~0.3 m) is relatively small within the whole
FIGURE 5

Distribution of the longitudinal residual current in the thalweg at spring (A) and neap (B) tides. The white contours indicate the zero values of
the longitudinal flow. Positive values (red) for longitudinal flow indicate a seaward flow. The right origin denotes the river mouth.
frontiersin.org

https://doi.org/10.3389/fmars.2022.976332
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Tao and Zhu 10.3389/fmars.2022.976332
simulation period (14 days). Therefore, the feedback of

bathymetry change on the flow and sediment dynamics is not

considered (Zhu et al., 2021). After 7 days, i.e., at spring tide,

erosion generally occurs in the deep channel while deposition

occurs in the shoal with both the value up to 0.3 m (Figure 9A),

which is consistent with the suspended sediment laterally trapped

on the shoal described above. In the Zhenhai reach, deposition

occurs both in the shoal and in the channel. One of the primary

reasons is that the larger depth here provides the area for sediment

and salinity to accumulate and create a stratified region to

promote the retention of sediment in the deep channel (Yellen

et al., 2017). Severe deposition occurs just outside the pink

contours near the junction area of the channel–shoal. However,

the deposition is weaker in the shoal near the bank because of the

weak current and low turbidity. After 14 days, i.e., at neap tide

(Figure 9B), the erosion and deposition pattern of the riverbed is

similar to that of spring tide. Nevertheless, the erosion in the

Qingshuipu reach becomes stronger and the deposition becomes

stronger between Zhenhai and Zhenhaikou. At the Zhenhaikou

bend, contrary to erosion in the deep channel at spring tide, a

deposition pattern is presented, which is caused by the weakening

of the tidal current and sediment trapped around Zhenhai during

neap tide.
5 Discussion

5.1 Momentum balance mechanisms

Based on the momentum balance analysis, the tidally

averaged results of each momentum term at the right hand of

Eq. (2) are calculated in the vertical direction of each transect
Frontiers in Marine Science 12
center (Figures 10A, B). The contribution of each mechanism to

the residual current is analyzed.

The longitudinal residual flow at Qingshuipu and its upper

reaches are dominated by the barotropic pressure gradient

during the spring tide (Figures 10A5–A8), while the residual

flow at Zhenhai and its lower reaches are dominated by the

longitudinal advection (Figures 10A1–A4). Although a large

landward baroclinic pressure gradient exists near the bottom

at the downstream transects of Zhenhai, it cannot counteract the

seaward flow generated by the longitudinal advection. The weak

landward residual flow at the bottom of transects S6 and S7

(Figures 4B6, B7) is caused together by the larger baroclinic

pressure gradient, longitudinal advection, and lateral advection

(Figures 10A6, A7). During neap tide, the residual flow at

upstream transects is still dominated by the barotropic

pressure gradient like during spring tide, while near the river

mouth, the inflow in the lower layer is generated by a

considerable baroclinic pressure gradient (Figures 4C1–C3),

and the outflow in the upper layer is dominated by the

longitudinal advection.

During spring tide, the salinity between transects S7 and S8

is relatively small. Therefore, the lateral baroclinic pressure

gradient is weaker than the other forces (Figures 10B7, B8).

The barotropic pressure gradient and longitudinal advection are

dominant factors in the lateral momentum balance. At transects

S5 and S6, the influence of salinity on the lateral residual current

becomes more significant, accompanied by a relatively large

baroclinic pressure gradient (Figures 10B5, B6). Although the

barotropic pressure gradient and longitudinal advection effects

still dominate, the existence of the baroclinic pressure gradient

changes the momentum balance dominated only by the

barotropic pressure gradient and longitudinal advection. It can
FIGURE 6

Distribution of the residual SSC (color, kg/m3) and salinity (contours, psu) in the thalweg at spring (A) and neap (B) tides. Salinity is contoured in
2 psu, and the salinity 0.45 psu represents the limit of the saltwater intrusion. The right origin denotes the river mouth. SSC, suspended
sediment concentration.
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generate the residual circulation toward the concave bank at the

surface and toward the convex bank near the bottom. At transect

S1, the surface residual flow is dominated by the lateral

advection and Coriolis force, while the bottom flow is caused

by the baroclinic and barotropic pressure gradient (Figures 4B1,

10B1). At transect S2, the lateral baroclinic pressure gradient is

weak (Figure 10B2), so the lateral momentum balance is the

same as that without the effect of salinity. The lateral flow at

transect S4 in the upper and lower layers is dominated by the

barotropic pressure gradient term, while the flow in the middle

layer is dominated by the longitudinal advection, baroclinic

pressure gradient, and lateral advection (Figure 10B4).

Although the baroclinic pressure gradient is large at transect

S5, its magnitude is not enough to shift the direction of the
Frontiers in Marine Science 13
circulation structure, so the lateral momentum balance is the

same as transects S2, S7, and S8.

Compared with the spring tide, the intensity of salt

intrusion weakens during the neap tide. Thus, the lateral

momentum balance at transect S5 is no longer controlled by

the baroclinic pressure gradient. The lateral residual current at

Qingshuipu and its upper reaches are dominated by the

longitudinal advection at the surface and by the barotropic

pressure gradient near the bottom. The opposite circulation

pattern at transect S1 is caused by the opposite baroclinic

pressure gradient. It is dominated by the barotropic pressure

gradient at the surface and the baroclinic pressure gradient

near the bottom. This momentum balance is completely

different from that of spring tide. Despite the large baroclinic
FIGURE 7

Intratidal motion of the ETM at typical time during spring tide including early flood (A), peak flood (B), later flood (C), early ebb (D) and later ebb
(E). The black line indicates that the SSC is 3 kg/m3, and areas encircled by the blackline and riverbed indicate the high-turbidity zone. The right
origin denotes the river mouth. ETM, estuarine turbidity maximum.
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pressure gradient at transects S2 and S4, its magnitude is

insufficient to transform the overall structure of the circulation.

In summary, the baroclinic pressure gradient can

significantly affect the pattern of the estuarine circulation. It

not only drives the landward residual current at the bottom of

some reaches near Qingshuipu during spring tide and the

vertical exchange flow near the river mouth but also shifts

the lateral flow structure in the reaches closer to the river

mouth. Therefore, the baroclinic pressure gradient plays an
Frontiers in Marine Science 14
important role in the formation of the lateral residual

circulation in the lower reaches that is greatly affected by

salt intrusion.

In addition, in order to illustrate mechanisms of the double-

cell circulation in the transition straight reaches respectively near

Qingshuipu and Zhenhai, the vertical distribution of each

momentum term at the right hand of Eq. (2) is calculated in the

1/4 and 3/4 of the river width away from the left bank, respectively

(Figure 10C). On the left side of the channel, the divergent flow at
FIGURE 8

Distribution of residual SSF in the YE at spring (A) and neap (B) tides. The north direction is rotated by 35° clockwise. SSF, suspended sediment
flux; YE, Yongjiang estuary.
FIGURE 9

Pattern of bed evolution in the YE after 7 (A) and 14 (B) days. The north direction is rotated by 35° clockwise. Positive values (red) indicate
deposition. The pink contours indicate the zero values of the bed evolution. YE, Yongjiang estuary.
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the bottom, dominated by the longitudinal and lateral advection,

is toward the left bank. On the right side, the divergent flow directs

toward the right bank due to the barotropic pressure gradient

dominated. Besides, the convergent flow at the surface is toward

the right bank at the left side caused by the barotropic pressure

gradient and toward the left bank at the right side caused by the

longitudinal advection.
5.2 Residual sediment flux decomposing

According to Eq. (7), Figures 11 and 12 present the residual

sediment flux and its decomposition along the longitudinal

channel and lateral eight transects. The total sediment

transport is composed of advection (F1+F2), tidal pumping (F3
+F4+F5), and circulation transport (F6+F7). At spring tide

(Figure 11A), sediment is mainly imported in the lower

reaches 12 km away from the river mouth, which is

dominated by the landward tidal pumping transport (up to ~2

kg/(m·s)). In the upper reaches, due to the seaward advection-

dominated transport (~1 kg/(m·s)), sediment is mainly exported.

The landward circulation transport in the YE is generally small

(<0.4 kg/(m·s)). Thus, upstream seaward advection transport

and downstream landward tidal pumping transport generate the

transport convergence in the reach 12 km away from the river
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mouth, i.e., the vicinity of Qingshuipu (Figure 6A), forming the

ETM around Qingshuipu during spring tide. At neap tide

(Figure 11B), the sediment transport becomes weaker than

that of spring tide. The effect of circulation transport becomes

significant near the river mouth. In the lower reaches (~5 km

away from the river mouth), sediment is mainly imported by the

landward circulation (up to ~0.3 kg/(m·s)) and tidal pumping

transport (up to ~0.5 kg/(m·s)). In the upper reaches, sediment is

exported by the seaward advection (~0.2 kg/(m·s)) and tidal

pumping transport (~0.2 kg/(m·s)). Because the strong exchange

flow exists, circulation transport becomes significant near the

river mouth. However, in the upper reaches 7 km away from the

river mouth, it almost disappears. Thus, upstream seaward

advection and tidal pumping transport and downstream

landward circulation and tidal pumping transport generate the

transport convergence in the reach 5 km away from the river

mouth, i.e., the vicinity of Zhenhai (Figure 6B), forming the

ETM around Zhenhai during neap tide.

Although the lateral residual SSF is much smaller (~0.1 kg/

(m·s)) than longitudinal ones (Figure 12), the lateral transport is

extraordinarily important for the lateral sediment entrapment.

At transect S1, sediment transport is dominated by the advection

transport toward the left bank at spring tide (Figure 12A1) and

by the tidal pumping and circulation transport toward the right

bank at neap tide (Figure 12B1), respectively. It is consistent with
FIGURE 10

Momentum balance analysis of eight selected transects. The longitudinal (A1–A8) and lateral (B1–B8) momentum balance analysis in the
vertical line of each transect center, and lateral momentum balance analysis of transects S3 (C1, C2) and S6 (C3, C4) calculated in the 1/4 (left)
and 3/4 (right) of the river width away from the left bank are displayed. M1, M2, M4, M5 and M6 indicate the longitudinal advection, lateral
advection, Coriolis force, barotropic pressure gradient, and baroclinic pressure gradient terms in Eq. (2). Positive is toward the river mouth and
right bank for the longitudinal and lateral directions, respectively.
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the opposite circulation structure (Figures 4B1, C1).

Correspondingly, the directions of circulation transport terms

agree with the bottom flow of the circulation structure. At

transect S2 (Figures 12A, B2), the convergence of sediment

transport, driven by the circulation transport, occurs on the

convex bank at both spring and neap tides. Here, advection or

tidal pumping tends to transport sediment downslope toward

the channel, while circulation transport will always drive

sediment upslope toward the shoal. It can also be seen in

other transects in bend reaches (transects S5, S7, and S8).

Sometimes, the former can exceed circulation transport and

drive total transport downslope toward the channel

(Figures 12A8, B5, B8), but the latter can still transport

considerable amounts of sediment in the bottom layer toward

the shoal.

At transect S4, with the three-layer lateral circulation

structure at spring tide (Figure 4B4), a stronger current directs

toward the right bank in the middle layer. Driven by all three

terms on the slope of the convex bank, sediment is mainly

transported toward the right bank at spring tide (Figure 12A4),

while at neap tide, circulation changes into the two-layer

structure (Figure 4C4). The tidal pumping and circulation

transport dominate the rightward transport (Figure 12B4),

which is consistent with the bottom flow of the two-layer

circulation. At transect S5 (Figure 12A5), the divergence of

sediment transport occurs on the slope of the convex bank at

spring tide, which is dominated by the circulation transport

toward the shoal and by the tidal pumping toward the channel.

At neap tide, the convergence of sediment transport occurs in
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the deepest part of the channel (Figure 12B5). It is dominated by

the advection and tidal pumping transport toward the channel

on the slope of the convex bank. However, the circulation

transport is still toward the shoal, the same as that of spring

tide. At transect S7 (Figure 12A7), circulation transport

dominates the rightward transport toward the convex bank at

spring tide. At neap tide, transport convergence emerges on the

slope of the convex bank (Figure 12B7), which is driven by

circulation transport toward the shoal and advection transport

toward the channel. At transect S8, although the circulation

transport is still toward the shoal, sediment is transported

toward the channel at both spring and neap tides due to the

advection-dominated transport (Figures 12A8, B8).

At transects S3 and S6 in the transition straight reaches,

sediment is transported toward the left bank at spring tide

(Figures 12A3, A6), even though the circulation transport

presents the divergence pattern in the vicinity of the deep

channel. At neap tide, both total transport and circulation

transport show a divergence pattern in the channel

(Figures 12B3, B6). Also, the divergence pattern of circulation

transport that occurs at both spring and neap tides is consistent

with the bottom flow direction of the double-cell circulation

structure at transects in the transition straight reaches.

Although the dominant mechanisms of lateral sediment

transport at various transects are different from each other,

circulation transport plays an important role in lateral sediment

transportation and trapping as described below (Section 5.3).

The circulation transport is dependent on the bottom flow of the

lateral circulation structure. It transports sediment toward the
B

A

FIGURE 11

Distribution of longitudinal residual SSF and decomposition at eight transects during spring (A) and neap (B) tides. Longitudinal SSF is calculated
in the vertical line of each transect center, and the right origin denotes the river mouth. Positive values indicate seaward flux. Colored arrows
indicate the direction of total sediment transport. Hollow black circles indicate convergence of the sediment transport, i.e., sediment trapping.
SSF, suspended sediment flux.
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convex bank in the bend reaches, while in the transition straight

reaches it presents the divergence pattern.
5.3 Sediment trapping mechanisms

The tidal pumping and circulation transport are the main

driving mechanisms for landward sediment transport

(Figure 11). At spring tide, the stronger tidal energy will

generate larger landward transport by the tidal pumping,

transporting the ETM upstream farther away from the estuary.

While at neap tide, the weakening tidal energy reduces the tidal

pumping transport. The exchange flow inside the estuary driven

by the larger longitudinal density gradient will enhance the

circulation transport and drive the sediment importation from

the outer sea, but the ETM is closer to the estuary compared with

the ones of spring tide.

At the river mouth bend, due to the total transport toward

the left bank, the high-turbidity zone is slightly deflected to the

channel at spring tide (Figures 4D1, 12A1). However, no

obvious deflection occurs at neap tide because total transport

shifts toward the right bank with opposite circulation structure
Frontiers in Marine Science frontiersin.org17
(Figures 4E1, 12B1). The direction or convergence of the total

transport tends to determine patterns of sediment trapping,

i.e., the position that sediment will be trapped in, such as at

transects S2, S4, and S7 (Figures 12A2, A7, B2, B4, B7). Here,

sediment is trapped on the shoal of the convex bank by the

circulation transport (Figures 4D2, D7, E2, E4, E7). The

bottom flow of the circulation is toward the convex bank and

moves sediment upslope toward the shoal, while advection and

tidal pumping often transport sediment downslope toward

the channel.

However, the trapping position is not always consistent with

the direction of total transport. At transects S4, S5, and S8,

circulation transport toward the convex bank is smaller than

advection and tidal pumping toward the channel; thus, total

transport is toward the deep channel on the slope of the convex

bank (Figures 12A4, A5, A8, B5, B8). Nevertheless, sediment is

still trapped on the shoal of the convex bank (Figures 4D4, D5,

D8, E5, E8). Take transect S8 as an example, in the upper layer,

sediments are transported toward the channel due to advection

or tidal pumping. Its SSF per unit width over a tidal cycle is

18.929 t and 2.339 t toward the channel at spring and neap tides,

respectively. In the bottom layer, the circulation transport moves

sediment upslope to the convex bank, of which SSF is 14.468 and
FIGURE 12

Distribution of lateral residual SSF and decomposition at eight transects during spring (A1–A8) and neap (B1–B8) tides. Positive values indicate
transport toward the right bank, and the left origin denotes the left bank. Gray indicates the area between the deepest part of the channel and
the convex bank side, i.e., the slope of the convex bank. Transects S3 and S6 are situated in the transition straight reaches; thus, no gray areas
or convex bank exist here. Colored arrows indicate the direction of total sediment transport. Hollow black and red circles indicate convergence
and divergence of the sediment transport, respectively. SSF, suspended sediment flux.
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1.810 t toward the shoal. It is smaller than that of the upper layer.

Eventually, the total transport toward the channel is 4.460 and

0.529 t, respectively. Because transect S8 is located near the ETM

at spring tide, the SSC is large in the whole water column. Also,

during neap tide, the SSC is very small in the water column.

Thus, the SSC in the upper layer is not much less than that of the

lower layer. A stronger flow toward the channel causes a larger

sediment transport in the upper layer. While in the lower layer, a

large SSC leads to a considerable transport toward the shoal

which is slightly smaller than that of the upper layer. Although

the total sediment transport integrated over the depth is toward

the channel (Figures 12A8, B8), the high turbidity at the bottom

layer is still transported to the shoal (Figures 4D8, E8). Thus, the

direction of bottom flow and circulation transport determine

patterns of sediment trapping.

The lateral trapping of the suspended sediment on the

shoal of the convex bank at the bend reaches is consistent with

the direction of the bottom residual flow toward the convex

bank and the circulation transport. In other words, the lateral

flow will produce a strong lateral circulation transport, thereby

redistributing bottom sediment along the cross section. In

addition, the bottom lateral flow will determine the direction

of sediment trapping. For bends, the prominent channel–shoal

morphology, where the deep channel is located near the

concave bank and the shoal is located near the convex bank,

will generate the bottom residual current toward the shoal of

the convex bank (Figures 4B8, C8), causing sediment to be

laterally trapped there (Figures 4D8, E8). However, without the

obvious channel–shoal morphology like bends, the

symmetrical cross section in the transition straight reaches

and divergence of the lateral residual current at the bottom and

circulation (total) transport (Figures 4B3, B6, C3, C6) will not

produce an obvious lateral trapping phenomenon. Thus, the

high-turbidity zone is still located in the center of the deep

channel (Figures 4D3, D6, E3, E6). Abundant sediment is

trapped on the shoal of the convex bank in the bend reaches,

which can cause severe siltation on the shoal (Figure 9). It is

consistent with the present riverbed evolution trend in the YE,

in that sediment deposition has been found widespread on the

side shoal since 2001 (Zhao et al., 2015).
5.4 Limitations

The data set utilized in this paper is admittedly limited as it

consists of only several tidal cycles. A longer temporal variation

of the flow-sediment dynamics needs to be studied further.

Combined with the observed data in the dry season, we can

gain insight into the shift of the sediment trapping mechanisms

with the various tidal ranges and river runoffs in different

seasons in the future study. Also, only four-cross-section data

are collected in the Yongjiang River, which is inadequate.

Supplementary measurement of other typical cross sections
Frontiers in Marine Science 18
will be conducted in the future to produce more in situ data

support, drawing conclusions more reliably.

In the model, many hydraulic structures constructed in the

YE (Yan, 2011) are not considered, which may affect the hydro

and sediment dynamics to some extent. Furthermore, only one

sediment fraction, cohesive mud, is included in the model.

Improvement to the model would be to account for multiple

suspended sediment fractions, flocculation, and hindered

settling to calculate sediment settling velocity with spatial and

temporal variation, which can result in distinctive sediment

transport patterns (Winterwerp, 2002; Winterwerp, 2011;

Yang et al., 2014). Other limitations include not considering

the effect of sediment on fluid density, which has been confirmed

to significantly shift the ETM dynamics in the Yangtze Estuary

by the sediment-induced density gradient (Zhu et al., 2021),

wind stress, and sediment resuspension by wind waves (Huijts

et al., 2006).

Finally, an idealized or generalized model will be established

in the future according to the basic data of the YE, in which

various processes of the longitudinal and lateral sediment

trapping will be analyzed by numerical tests of sensitivity with

different flow-sediment conditions in the upper reaches of the

estuary, tidal constituents in the outer sea, sediment fractions,

and cross section shapes, aiming to provide support for theories

of sediment trapping in other curved estuaries.
6 Conclusions

Based on the measured water and sediment data in the flood

season and the results of the three-dimensional baroclinic flow

and sediment numerical model, the spatial structure of the water

and sediment dynamics in the YE and the spatial and temporal

distribution characteristics of the ETM are analyzed. Also,

mechanisms of the residual flow and sediment trapping are

discovered according to the momentum balance analysis and

sediment flux decomposing, respectively.

Results reveal that baroclinic effects are extremely important

for both residual flow and sediment transport in the lower

reaches. They drive the estuarine circulation and significantly

shift the longitudinal/lateral momentum balance. The ETM

during spring tides is generated by the landward tidal

pumping, and longitudinally trapped in the upmost estuary.

With the weakening of the tidal forcing, the location of the ETM

is shifted to lower reaches closer to the sea mouth during neap

tides, and it is dominated by the circulation transport. In the

medium estuary such as the YE, the intratidal bidirectional

transport of the ETM can be throughout the estuary during

spring tides, which can cause severe deposition within the

whole estuary.

The patterns of the lateral sediment trapping are different in

the curved and straight reaches. The sediment at the curved

reaches is laterally trapped on the shoal of the convex bank,
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caused by the circulation transport of which the direction is

consistent with the bottom flow of the lateral circulation.

Although the advection and tidal pumping transport tend to

transport sediment downslope toward the channel and dominate

total transport, the circulation transport determined by the

bottom flow of the lateral circulation can move abundant

sediment in the bottom layer upslope to the convex bank.

Eventually, the sediment is trapped on the convex bank caused

by the circulation transport and the bottom flow. In the

transition straight reaches, the bottom divergent flow and

circulation (total) transport cause the high-turbidity zone to be

still located in the center of the deep channel, without any

obvious lateral trapping phenomenon.
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