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The formation and dynamics of individual estuarine turbidity maximum (ETM) in
the Pearl River estuary (PRE) have been investigated but the temporal variability of
the ETMs and interconnections among them remain poorly understood. To
address these open questions, the distribution and transport of suspended
particulate matter (SPM) in the PRE for the period of 2017-2020 are
investigated by numerical modeling. The simulated sediment transport flux is
decomposed into several major components associated with specific physical
processes. Then, the relative contribution of each component to the formation
of the ETMs is evaluated. Results suggest the coexistence of three prominent
ETMs in the Lingding Bay of the PRE. They are formed by different physical
mechanisms and characterized by remarkable seasonality in the spatial
extension. In the two ETMs located at the west shoal and middle shoal,
advection dominates the sediment transport flux, whilst tidal pumping plays a
crucial role in maintaining the ETMs. A sharp bathymetric gradient leads to an
entrapment of sediment flux within the bottom layer in the west channel ETM, a
phenomenon referred to as topographical trapping. The interconnection analysis
shows that the sediment transport between the ETMs varies with seasons, which
is attributed to the variation of stratification driven by the monsoon-mediated
river runoff. Our results provide new insights into the physical dynamics and
interconnections of the ETMs in the PRE, which can serve as scientific base for
estuarine sediment management and engineering.
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1 Introduction

Estuaries, as part of the transition zone between land and ocean,
are highly dynamic in terms of physical transport and
biogeochemical cycling. They serve as transient or long-term
sinks of sediments delivered by river runoff and tidal currents.
Estuarine turbidity maxima (ETMs) are zones of elevated
concentration of suspended sediments that often occur in
estuaries, and exert a significant influence on the morphological
development, biogeochemical cycling, and contaminant
redistribution of estuaries (Wai et al., 2004; Etcheber et al., 2007;
Cheng et al., 2013; Zhang et al.,, 2020; Moriarty et al., 2021).

ETMs are often located near the head of the salt intrusion where
the suspended sediment concentration (SSC) is higher than that in
the upstream and downstream sides of the estuary (Dyer, 1988).
However, the SPM dynamics in the ETMs exhibit significant
differences among estuaries, depending on local topography,
fluvial, and tidal forcing. The formation of ETMs can be
attributed to estuarine gravitational circulation, tidal pumping
and straining, sediment resuspension and settling, river discharge,
and topographical trapping (Burchard et al, 2018). Among all
driving factors, tidal pumping is often reported as the dominant
factor for ETM formation, which has been reported in well-mixed
macrotidal estuaries (Yu et al, 2014), partially stratified estuaries
(Scully and Friedrichs, 2007) and highly stratified estuaries (Garel
et al,, 2009). Tidal pumping denotes the barotropic, tide-induced
transport of suspended sediment. It is considered to be mainly
caused by tidal current asymmetry between the ebb and flood phase,
and sediment lag effects (Uncles and Stephens, 1989; Brenon and Le
Hir, 1999; Scully and Friedrichs, 2007). The latter refers to the phase
lag between the velocity and the variation of SSC during the flood
and ebb phase (Sommerfield and Wong, 2011). Tidal trapping
occurs when the cross-sectionally averaged velocity and SPM
signals are out of quadrature (MacVean and Stacey, 2011).

In estuaries with distinct seasonal variations in river runoff,
variation of the ETM is also characterized by seasonality. For
instance, in the Changjiang River, the ETM is located further
upstream and with higher concentration in the dry season than in
the wet season since the relative impact of tide currents is more
significant in the dry season due to reduced river runoff (Hua et al.,
2020). Seasonal enhancement of stratification due to increased river
runoff can influence the concentration of the ETM by suppressing
turbulence, which leads to a rapid accumulation of sediment near
the bottom, as reported by Geyer (1993). In addition, seasonal
change of wind-induced currents can also cause a landward or
seaward shift of the ETM (Rao et al, 2011). In an idealized
convergent partially mixed estuary investigated by Gong et al.
(2023), it was demonstrated that the down-estuary wind enhances
estuarine circulation and salt intrusion, thereby shifting the ETM
landward and increasing SSC through an increase in bottom stress.
Existing observations in numerous estuaries demonstrate that
ETMs are not necessarily correlated with the limits of
stratification or tidal propagation. Some ETMs appear to be
spatially locked and are associated with bathymetric transitions
(Burchard et al., 2018). Examples are seen in the Chesapeake Bay
(North and Houde, 2001) and the Danshui River (Chen et al., 2015).
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Formation of ETMs due to topography-induced sediment
convergence and enhanced deposition are also noted in the San
Francisco Bay (Schoellhamer, 2000) and the Hudson River Estuary
(Ralston et al., 2012).

In estuaries characterized by multiple ETMs, the response to a
change in river runoff, tidal forcing, temperature, and salinity
change may vary among the ETMs. For instance, a double ETM
structure in the Nam Trieu estuary was found by Vinh and Ouillon
(2021), with the downstream part of the double ETM resulting from
gravitational circulation and the upstream part driven by
tidal pumping.

The Pearl River Estuary (PRE) is the second largest river in
terms of water discharge and the third largest river in terms of
sediment loading in China (Liu et al., 2018). A rapid development of
the economy and associated human activities, such as channel
dredging, sand mining, and land reclamation, have caused an
irreversible change in the estuarine circulation, stratification, and
morphological change of the PRE during the past few decades (Ma
et al., 2023). In the PRE, it has been reported that the formation of
ETM is influenced by a combined effect of tides, river discharge, and
topography, wherein sediment resuspension dominates the
variation of ETM (Liu et al., 2016; Cui et al., 2022). According to
existing observations, multiple ETMs are found in the upper and
lower parts of the PRE (Wai et al., 2004; Yang and Liu, 2015b; Liu
et al, 2016; Cui et al, 2022). ETMs in the upper estuary were
observed between Qi’ao Island and Neilingding Island (Figure 1).
The intensity and extent of the ETMs are weaker during the wet
season than during the dry season as a result of variation of
stratification, and the center of the ETMs moves upstream
following the movement of salt wedge by a distance of ~10 km
during wet seasons (Liu et al., 2016). Based on the analysis of
observation data, Wai et al. (2004) proposed that gravitational
circulation and tidal pumping are the principal formation
mechanisms of the ETMs. However, a model study conducted by
Liu et al. (2016) argued that sediment resuspension and vertical
circulation are the major controlling factors of the ETMs in the
upper estuary. In the lower estuary, an ETM was observed close to
the west channel, in the west of Lantau island, in the wet season
(Cui et al,, 2022). In this ETM, particle resuspension induced by
tidal pumping and straining significantly increases the
concentration of SPM in the bottom layer.

In addition to the gravitational circulation and tides, complex
geographical and topographical features of many estuaries exert a
non-negligible influence on the dynamics of ETMs, including the
sediment exchange between different geographical units (Leuven
etal., 2019; Zhang et al., 2021a; Teng et al., 2022; Wang et al., 2022).
The PRE is featured by a channel-shoal system superposed by
various obstacles such as outcrops and islands (Figure 1). It has
been reported that the lateral sediment flux from the channel to the
west shoal leads to a large depositional rate (3.0-5.0 cm yr™') at the
western part of the estuary, together with the formation of an ETM
(Zhang et al., 2021a). However, according to our knowledge, there is
no study investigating the dynamics of the ETMs across multiple
time scales (from tides to multiple years) and potential
interconnections between the ETMs in the PRE. Given the large
natural topographic variation that is further complicated by
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FIGURE 1

(A) The study area. The red box indicates the range of the Lingding
Bay. The topographical features of the Lingding Bay are shown in
(B), the red box indicates the focus area in this study. The sediment
map shows the spatial distribution of clay (C), silt (D), and sand (E),
respectively. Sediment data stem from Zhang et al. (2019) for the
Lingding Bay and from Wang and Li (2014) for the outer estuary and
shelf area.

intensive human activities and sea level rise (Yuan et al., 2015; Wu
et al., 2016; Lin et al,, 2021), a comprehensive understanding of the
spatio-temporal dynamics of ETMs becomes increasingly vital.

In this study, we aim to fill the knowledge gap in understanding
the spatio-temporal dynamics of ETMs across multiple time scales
from tides, to multiple years and potential interconnections
between the ETMs in the PRE. We applied a high-resolution 3-
dimensional hydrodynamics-sediment transport model to
investigate the sediment transport and dynamics of ETMs in the
PRE from 2017 to 2020. Based on model validation by observation,
we decomposed the simulated sediment transport into major
components associated with specific physical mechanisms to
identify the relative contribution and variability of the drivers.
We then investigated the stability/variability of the ETMs and
their future fates associated with climate change. The derived
conclusions may help to inform coastal and estuarine spatial
planning strategies in the context of climate change mitigation.
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2 Study area

The PRE, with its major part located in the Lingding Bay, is
situated in the south of China, connecting to the South China Sea
(Figure 1). Morphology of the Lingding Bay is generally characterized
by three distinct shoals separated by two navigation channels, namely
the east channel and the west channel. The west shoal has the most
extensive area and is proximate to the trio of Pearl River outlets,
designated as Jiaomen, Hongqimen, and Hengmen, arrayed from
north to south, respectively. The suspended sediment in the PRE has
a mean concentration of ~200 mg L' and an annual flux of about 30
million tons, of which more than 90% is discharged during the wet
season. About 80% of the discharged sediment is deposited within the
estuary, and the rest is transported offshore to the continental shelf
(Wai et al., 2004).

The characteristics of suspended sediment in terms of particle
size and settling velocity spread over a wide spectrum in the PRE.
The median grain size of suspended sediments is reported to vary
between 10 and 100 umand the settling velocity is between 0.001
and 0.02 cm s™ (Xia et al., 2004). Sediment distribution map shows
that the abundance of clay (diameter< 2 um) is generally low in
most areas except near the northeast and southwest coasts, while silt
(diameter between 2 and 63 um) is abundant in the whole PRE
except for the waterways and channels, where the bottom is mostly
(>70%) covered by sands (Figures 1D, E).

The tides in the PRE are of asymmetric, semi-diurnal and
partially mixed type in which the tidal fluctuations between two
consecutive tides may have different amplitudes. The tidal range is
between 1.0 and 1.7 m in a major part of the estuary, with
maximum value up to 3.7 m in some local parts (Mao et al,
2004). A gradual increase in the flood-to-ebb duration ratio is
observed downstream and eastward, with a notable dependency of
tidal duration asymmetry on river discharge rates. A substantially
increased river discharge amplifies the ebb duration during the wet
seasons (Mao et al., 2004).

3 Methods and data
3.1 Numerical model

3.1.1 Hydrodynamic setup

We applied the Semi-implicit Cross-scale Hydrodynamic
Integrated System Model (SCHISIM) (Zhang et al., 2016).
SCHISM solves the Reynolds averaged Navier-Stokes equations
using unstructured grids, which allow us to adequately account
for coastal dynamics over the complex topography with fine spatial
resolution. Effect of wind-waves is included in SCHISM though a
coupling to the third-generation, unstructured-grid Wind Wave
Model IIT (WWM II).

The model domain covers the PRE and its eight river outlets
spanning from 21 to 23°N in latitude and 112.4 to 115.25°E in
longitude (Figure 1A). The grid resolution is ~50 m in the Lingding
Bay and gradually coarsens to approximately 1000 at the open
boundary on the South China Sea shelf. The vertical plane is divided
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into 26 maximum layers. A terrain-following grid is employed near
the bottom of the model domain. The number of vertical layers is
different between shallow and deep water. In shallow water, the
number of vertical layers is reduced, for instance, to a single layer in
areas with depth less than 0.4 m. Whilst the number of layers
becomes increasingly larger in deeper water, until reaching 26 layers
in the deepest cell (~100 m) of the model domain. To ensure a high-
resolution modeling for the bottom transport, the vertical grid has
been designed with a resolution of approximately 0.5 m for the
bottom-most layer throughout the entire model domain. The open
boundary is forced by 8 major tidal constituents (M2, S2, N2, K2,
K1, O1, P1, Q1) superposed by the regional circulation provided by
the CMEMS product (doi.org/10.48670/moi-00021). Monthly
discharge rates were specified at each of the river outlets. The
ECMWEF ERAS5 reanalysis was used as atmospheric forcing. The
model was used to reproduce hydrodynamics and sediment
transport from July 2017 to September 2020. A detailed model
configuration for hydrodynamics is provided in Ma et al. (2023),
including the validation of water level variation and velocity field.

3.1.2 Sediment setup

The sediment model (SED3D) integrated into SCHISM,
described in detail in Pinto et al. (2012), is adapted from the
Community Sediment Transport Model (Warner et al, 2008).
The sediment model calculates erosion, deposition, suspended
load, and bed load transport of multiple sediment classes. Classes
of suspended sediment are represented by tracer concentration
values with sinking velocities dependent on grain size. The
transport of these particles is managed by the implicit schemes of
the hydrodynamic core. In this study, the critical shields parameter
from Soulsby (1997) was used to specify the threshold for erosion of
each sediment class. Bed load transport is neglected since it does not
contribute to the dynamics of SPM and the formation of ETMs.

We implemented three sediment classes, namely clay, silt, and
fine sands (Table 1), according to the sediment map from Zhang
et al. (2019) for the Lingding Bay and that from Wang et al. (2014)
for the outer estuary and shelf area. The initial fraction of each
sediment class (Figures 1C-E) in the seabed was specified according
to the compiled sediment map.

At the river boundary, the monthly sediment loading data
obtained from the Sediment Report of China (http://
www.mwr.gov.cn/sj/tjgb/zghlnsgb/) were implemented. In order
to distinguish the source of SPM in the model domain, six
sediment classes were defined in the simulation. These included
three classes (clay, silt, and fine sand) explicitly delivered by river

TABLE 1 Configuration of sediment classes in the model.

Sediment

Settling velocity (mm

Erosion rate (s m™)

10.3389/fmars.2024.1385382

discharge during the simulation period, and three classes (clay, silt,
and fine sand) initially from the local seabed in the study area.

with the intention of exploring the interconnections between
the ETMs in the PRE, an additional dedicated model experiment
was performed in which erodible silt (Table 1) is placed at the
seabed of three sites where the nucleus of the three ETMs are
located, as illustrated in Figure 2. Meanwhile, other parts of the
seabed are specified as hard bottom and sediment input from the
rivers, and the open boundary is set to zero, ensuring that there are
no other sediment sources for the ETMs. The silt placed at each site
is classified as an independent sediment class (e.g. silt from the
TM_shoalw is labeled as Silt_TM_shoalw) despite that the same
physical properties (Table 1) are used so that the transport of each
class can be traced individually and their relative contribution to the
ETMs can be quantified. The simulation period also covers the time
from July 2017 to September 2020.

3.2 Data

Observation data provide important means for
parameterization, initialization, calibration and validation of
the model.

In General, fine-grained sediment can be classified into three-
grain size classes, namely clay (0-0.004 mm), silt (0.004-0.063 mm),
and sand (0.063-2 mm) according to Shepard (1954). In this study,
the exact grain size of each class is configured (Table 1) based on
observations from Xia et al. (2004) and Zhang et al. (2019). The
settling velocity and erosion rate for each class are obtained from
Xia et al. (2004) and Arlinghaus et al. (2022). For the erosion rate
and critical shear stress of each class, the general formula by
Winterwerp et al. (2012) are applied.

Data from Zhang et al. (2019) show that the area exhibits low clay
abundance, with exceptions near the northeast and southeast
coastlines. The sediment map exhibits a high abundance of silt,
which is present throughout the PRE, with the exception of the
channels, which are dominated by sand. The sand content exceeds
70% in channels.

The time series observation of SPM on 25-26 August 2018 at a site
on the west shoal (Zhang et al, 2020) was used to calibrate the
sediment model. The available data for the validation of the location
of ETMs were obtained from a number of sources (Yang and Liu,
2015a; Liu et al,, 2016; Cui et al., 2022). The distribution of SPM and
salinity of a transect was utilized to validate the model result, which was
derived from Cui et al. (2022). A full list of data sources is provided
in Table 2.

Critical shear stress for

class s resuspension (Pa)
Clay 0.00184 0.0082 ‘ 2.15x10-* 0.4
Silt 0.0317 0.2 ‘ 8.15x10-" 0.11
Sand 0.303 25 ‘ 3x10-° 9.9
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FIGURE 2
Location of the sites where erodible silt is placed in the experiment
for analysis of interconnections between the ETMs.

3.3 Decomposition of sediment transport

Based on the analytical method of mass transport flux proposed
by Dyer (1974), and using the relative depth as a vertical coordinate
instead of absolute depth, Jilan and Kangshan (1986) decomposed
cross-sectional currents for analysis of respective forcing. The same
method was applied by (Wai et al., 2004) to investigate tidally
averaged sediment transport, the sediment transport was
decomposed into non-tidal drift, stokes drift, tidal pumping,
vertical gravitational circulation, and a term resulting from
scouring and settling activities.

Utilizing the aforementioned decomposition methodology, the
terms derived from the model results were reassessed in terms of
their actual contribution to sediment transport. This re-evaluation
process ensures a more accurate understanding of each term’s role

10.3389/fmars.2024.1385382

within the sediment transport. We made the decomposition of
sediment transportation as follows:
Sediment transport flux at each grid cell is calculated by:

f= [: ucdz, (1)

Where f is the sediment flux, & is the local water depth, 1 is the
sea surface elevation, z is the vertical coordinate with zero at the
mean sea level, u(z) is the current velocity with a vertical structure
and ¢(z) is the SSC which also varies vertically.

h is composed of a tidally averaged value (h,) and its deviation

hy(1):
h(t) = hy+h(t). 2)

The current velocity u is composed of a vertical averaged value
() and its deviation (u,(2)):

u(z) = i+ u,(z), (3)

where u varies with time (e.g., tides). Thus % is composed of a
tidally averaged value u, and its deviation u(t).

u(t) =t + u,(t) (4)

Thus, the combination of Equations 3, 4 allows for the
decomposition of current velocity to be expressed as follows:

u =Ty + u(t) + u,(z, t) (5)

Following the method for velocity decomposition, the
concentration of sediment can also be decomposed into similar
terms:

c=cg+¢(t)+c(zt) (6)

TABLE 2 Data sources used for model initialization (Init.), setup parameterization (Param.), forcing (Forc.), and model validation (Valid.).

Type Use Time Description Source/provider
Sediment fraction  Init. 1999-2007 Percentage of clay, silt, and sand at 240 sites sampled in July 1999 and (Zhang et al., 2019)

106 sites sampled in August 2007
Sediment fraction | Init. 2007 Surface sediment map of the PRE (Zhang et al., 2021a)
Sediment classes Param. | January and Particle size and settling velocity of SPM (Xia et al., 2004)

July 1999
Sediment classes Param. | - Setting velocity of clay (Arlinghaus et al., 2022)
sediment Param. | 2002/2003 and Model parameterization for erosion rates (Porz et al., 2021)
model parameter 2014/2015
Sediment loading Forc. 2017-2020 Monthly sediment loading from the river outlets Sediment report of China http://
www.mwr.gov.cn/sj/tjgb/zghlnsgb/

Hydrodynamics Forc. 2017-2020 Model setup for tides, river discharge, open boundary forcing, and (Ma et al., 2023)

atmospheric forcing
ETMs Valid. 1978-2012 Spatial distribution of ETMs in the upper part of the PRE based (Yang and Liu, 2015b)

on observation
ETMs Valid. - Distribution of ETMs in the upper part of the PRE based on (Liu et al., 2016)

model study
ETMs Valid August 2019 Observed vertical SPM distribution (Zhang et al., 2021b)
ETMs Valid. July 2020 ETM in the lower part of the PRE based on observation (Cui et al., 2022)
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The instantaneous sediment transport flux is calculated based
on the decomposition of depth (Equation 2), current velocity
(Equation 5), and SPM concentration (Equation 6). The resulting
equation is as follow:

f=(ho + b)) (@ + u,(6) + u, (2, 0)(G + (D) + ¢(z,1) . (7)

A complete decomposition of f (Equation 7) over a tidal cycle (f)
is approximated by seven major flux terms:

(f ) = hotigCq + ¢ { by ) + Ug ( By ) + b (UC; )
+(hne ) + ho (6, ) + (hyiiye, )

=T+ T+ T3+ Ty +T5+Tg+ Ty, (8)

In Equation 8, the brackets ( ) indicate the tidally averaged value,
while the over bar symbol denotes the vertical average value. T refers
to the mean advective flux, T, accounts for the transport by stokes’ drift
related to tides wave, and T3, T, Ts are the tidal pumping terms that
arise from the phase lag between variables related to the tidal cycle, with
negative values corresponding to the phase lag between variables
beyond /2, Ty and T, refer to the vertical gravitational circulation
related to the estuarine exchange flow and the change of water depth
partly caused by sediment scouring and settling, respectively.

The sediment transport in a single model layer (assuming h = 1)
in which both current velocity and sediment concentration are
vertically uniform, Equation 1 is simplified as:

fo=uc )

Following the aforementioned decomposition methodology, f,
(Equation 9) in a single layer can be decomposed into:

fo = tgcy + o () + u(£)cy + u, () (1) . (10)

The terms wuyc,(t)and u,(f)cyare much smaller than the other
three terms after being averaged over the tidal cycles, and therefore
Equation 10 can be further simplified as:

(11)

We computed the transport flux and its major terms in the

(fo) = oo + (uecy ) -

bottom-most model layer. The Equation 11 can be rewritten as follows:

(fo) = Toa + Ty, (12)

where subscript b denotes the bottom layer, T}, represents the
mean advective transport, Ty, is the tidal pumping term
corresponding to the phase lag transport between velocity and
sediment concentration associated with sediment resuspension
and settling. These terms collectively govern the sediment
transport dynamics in the bottom layer, in which the nucleus of
the ETMs is located.

4 Results
4.1 Model validation

The hydrodynamic model has been validated in terms of water
level, salinity, and temperature by Ma et al. (2023). In this study, the
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simulated suspended sediment distribution and associated
hydrodynamic parameters are compared to observations.

4.1.1 Location of ETMs

In accordance with previous studies (Wai et al., 2004; Cui et al.,
2022), the areas where the SSC surpasses 100 mg L™ near the
bottom are designated as ETMs. Our model result shows three
ETMs in Lingding Bay in the wet season (Figure 3). One of them is
located on the West shoal to the northeast of Qi’ao Isl (named
TM_shoalw hereafter) and one on the Middle shoal to the east of
Neilingding Isl (named TM_shoalm hereafter). These two ETMs
have been observed and described by Yang and Liu (2015b); Liu
etal. (2016), and Zhang et al. (2021b), and confirmed by our model
results. The modeled concentration of SPM in the TM_shoalw is
generally greater than in the TM_shoalm, which has also been
reported by existing literature. In addition to the two ETMs on the
shoals, a third ETM is located in the western channel (named
TM_channel hereafter, Figure 3). This ETM had not been reported
until the observation by (Cui et al., 2022).

Our simulation results are able to capture all three ETMs in the
PRE that have been observed in the wet seasons in terms of spatial
location and SSC level (Figure 3).

4.1.2 SPM dynamics

The assessment of simulated SPM dynamics is based on a
comparison with observation data. Existing observations in the
study area indicate that the distribution of SPM is constrained by
salinity-induced stratification (Zhang et al., 2021b; Cui et al., 2022).
The observation data shown in Figure 4A depicts the vertical profile
of SPM along the transect, which exhibited a high concentration up
to 300 mg L™ in the bottom layer. The high concentration was
observed at the salinity front. As illustrated in Figures 4B, C, the
model output during the same period exhibited a similar
distribution of salinity and SPM. The comparison between the
modeled and observed distributions of salinity and SPM indicates

225
150
o7 1 100 o
£
£
3
220 a0
0
1135 114
FIGURE 3

The spatial distribution of SSC in the bottom-most model layer in
the wet season shows three ETMs in the study area in consistency
with existing field observations. The blue line refers to the
observation transect in Cui et al. (2022), and the red dot indicates
the location of the site (S) where a lander was deployed in that
study. Observation data from the transect and from site S were used
to assess the model result.
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FIGURE 4
The distribution of sanility and SPM concentration along a transect
in Lingding Bay. (A) Observed distribution of SPM concentration
along the transect (during July 2020) by Cui et al,, (2022). (B) and
(C) snapshots of model results during a tidal cycle in the same day.
The contour line of salinity of 25 psu and SPM concentration of 110
mg L™ was marked by the black line in respective plots.

that the model reproduced the observations with a reasonable
degree of accuracy.

The time series of current velocity demonstrates the dominance
of tidal cycles at the observation site S. The variation of salinity and
SSC exhibit a strong connection with tidal cycles and additionally
controlled by the two-layer flow (low-salinity fresh water above
saline water), as evidenced by both model results and observations
(Figure 5). Besides a background concentration of 50-100 mg L™,
enhanced near-bottom SPM concentration (150-200 mg LY
appearing in pulses are induced exclusively by strong tidal
currents during the flooding phase at site S. This variation is also
captured by our simulation results. Model results indicate an
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elevated bed shear stress during the flooding phase (Figure 5G),
suggesting a tidal pumping effect at this site.

4.2 Formation mechanisms and dynamics
of the ETMs

The physical mechanisms and dynamics of the ETMs are
featured by distinct seasonality in the PRE. To provide a clearer
depiction of the variation of the ETMs, the contour line of 100 mg
L is defined as the boundary of an ETM.

4.2.1 Spatial distribution

Our simulation results show that the physical mechanisms for
the formation of the TM_shoalw and TM_shoalm show high
similarity (Supplementary Figures S2, S3). These two ETMs are
both formed by the convergence of SPM delivered by fresh riverine
water and saline oceanic water. The formation of the TM_channel is
driven by a different mechanism compared to the other two. The
location of the nucleus of the ETMs remains relatively stable,
despite that they exhibit different extension and SSC between wet
and dry seasons. To avoid redundant process descriptions, we focus
on the elucidation of the TM_shoalw (which shares similarity with
the TM_shoalm) and the TM_channel.

In the TM_shoalw, the spatial average SSC exceeds 170 mg L™
in the wet season, with a reduced level in the dry season. Notably,
the spatial extent of the ETM is more pronounced during the wet
season, whilst the location of its nucleus remains unchanged
(Figures 6C, D). This stability in the nucleus location is attributed
to the confluence of fresh riverine water and saline oceanic water,
forming a distinct salinity front along the western shoal in both
seasons, as illustrated in (Figures 6A, B). The estuarine front traps
SPM, primarily due to the suppression of turbulence by
stratification (Geyer, 1993; Largier, 1993). TM_shoalw is
consistently located to the shoreward side of the front (Ma et al.,
2023), effectively trapping SPM from both riverine and oceanic
sources. The higher concentration of TM_shoalw in the wet season
results from the larger river flow and sediment loading, given that
the wet season accounts for approximately 70% of river flow and
85% of the sediment load annually.

In the TM_channel, the average SSC is 120 mg L' and 133 mg
L™ during the wet and dry seasons, respectively. The lower SSC in
the TM_channel than in the TM_shoalw is due to the smaller
fraction of silt in the channel which serves as the main source of
SPM. An enhanced stratification occurs in the channel area in the
wet season (Figure 6), which is induced by the extensive river plume
that suppresses the saline water to the channel (Ma et al., 2023). The
stratification reduces turbulence greatly, resulting in lower SSC in
the TM_channel in the wet season compared to the dry season
(Figure 6). The stratification also affects the spatial extent of the
TM_channel. In the wet season, the TM_channel is mainly
restricted to the deeper channel, whereas it extends upstream and
to the shoals during the dry season. This pattern is clearly different
from the TM_shoalw, which shrinks in the dry season.
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Vertical distribution of (A, B) eastward velocity u, (C, D) northward velocity v, (E, F) salinity, (G, H) SPM concentration at S site. The left panel is model
result, and the right panel is observation data derived from (Cui et al., 2022). The solid line in (G) indicates simulated bed shear stress with axis on the
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(A, B) Horizontal bottom water salinity gradient in the wet and dry seasons, respectively. The green line depicts the estuarine front according to
Ma et al. (2023), and the green line marks the 7-m isobaths. (C, D) Seasonal average SSC in the bottom layer in the wet and dry seasons,
respectively. The yellow lines mark the 100mg L™* contours, and the dashed black line marks the transect which is plotted in (E=H). (E, G) show
the distribution of salinity and SSC along the transect in the wet season, respectively. (F, H) are for the same parameters but for the dry season.
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4.2.2 Residual current and sediment flux

A comparison between the residual current and the residual
sediment flux provides insight into the physical mechanisms for the
formation of the ETMs. The simulated residual current and
sediment flux in the bottom and surface layers in the wet and dry
seasons are depicted in Figure 7. In the surface layer, the residual
current predominantly exhibits a seaward direction in both the wet
and dry seasons. In the lower reach of the estuary, the current is
primarily influenced by the large-scale coastal current that is driven
by the monsoon, that is, northeastward in the wet season and
southwestward in the dry season (Zu and Gan, 2015). SPM in the
surface water layer is mainly from the riverine sediment load and
the residual transport direction generally follows the surface
residual current, with elevated values in regions characterized by
pronounced resuspension (Figures 7A, B).

The residual current and residual sediment flux in the bottom
layer is significantly modulated by the estuarine morphology and
tides (Figures 7C, D). The saline water intrudes into the estuary via
the channel in the bottom layer, and the extension is much further
upstream in the dry season than in the wet season. This significantly
modifies the residual current and sediment transport flux at a
seasonal scale. The bottom residual current on the west shoal is
directed to the northwest, which results from a shear front between
the west channel and the west shoal that is consistent with a
previous study (Zhang et al., 2021a). The residual sediment flux
follows the direction of the residual current within the channel.
However, large discrepancies in their directions occur on the west
shoal. This is due to the tidal asymmetry of SSC. In a major part of
the west shoal, the bottom residual current points to the right
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relative to the residual sediment transport direction, indicating that
the SSC is elevated during the ebbing phase compared to the
flooding phase.

The formation of the TM_shoalw mainly results from a
convergence of the residual transport. During the wet season,
there is a notable convergence of residual current and sediment
flux in both the surface and bottom layers. However, during the dry
season, the convergence is weakened in the surface layer, leading to
lower SSC than in the wet season.

In the TM_channel, the residual current and sediment transport
are directed seaward in the surface layer, whereas landward
transport occurs at the bottom. At the boundary between the west
shoal and the west channel, an entrainment of SPM is induced by
the counteracting surface and bottom residual transport, marking
the boundary of the TM_channel. Along the west channel, a
relatively sharp gradient in the bathymetry of Lantau Island on
both landward and seaward sides creates a hole-like topography in
the channel (Figure 1). Baroclinic circulation and stratification are
locally intensified in this area (Figure 6), and hinder the landward
SPM transport. This specific sediment trapping mechanism leading
to the formation of ETM that is locked at topographic transitions
independent of salinity is termed topographic trapping (Burchard
et al., 2018).

4.2.3 Sediment sources

According to previous studies, a major portion of the riverine
sediment is initially deposited in the estuary (Wai et al., 2004) and
therefore contributes to the formation of the seabed in modern
times. In this study, we distinguish the source of SPM in the ETMs
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Residual current direction (blue arrows) and sediment transport flux (direction indicated by black arrows and magnitude indicated by the color) in the
surface (A, B) and bottom layers (C, D). (A, C) are for the wet season, whilst (B, D) are for the dry season. ETMs are indicated by the yellow lines in

the bottom layer. The white line refers to the 7 m-isobaths.
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between the sediment directly delivered by the river plume and local
resuspension, despite that locally resuspended sediment may also
have a terrestrial origin. The modeled fractions of SPM in the ETMs
from these two sources are shown in Figure 6.

Our results show that local resuspension contributes to a major
part of the SPM in all ETMs. In the wet season, SPM delivered
directly by the river plume is also important for maintaining the two
ETMs in the upper part of the estuary (Figure 8), whereas the ETM in
the lower part of the estuary (TM_channel) is almost exclusively
maintained by resuspended sediment. In the dry season, there is an
enhanced contribution of local resuspension across all three ETMs,
with the most pronounced observed in the TM_shoalm. In the
TM_channel, local resuspended sediment almost entirely dominates.

4.3 Processes of SPM transport in the ETMs

The relative contribution of various sediment transport
processes to the ETMs was quantified through a decomposition of
the sediment transport flux (section 3.2).

4.3.1 Temporal variation

The time series of sediment transport terms averaged over the
area of the TM_shoalw and TM_channel respectively, are shown in
Figure 9. Results show that the sediment flux is largely modulated
by river discharge and sediment loading. High water discharge and
high river sediment loads occur in the wet season, whilst lower
water discharge and river sediment loads occur in the dry season.
During the simulation period, the wet season of 2018 experienced
the lowest water discharge and sediment loading compared to the
wet seasons of other years. This seasonal signal is clearly reflected in
the advection and resuspension terms.

In the TM_shoalw, which is located close to the river outlets,
sediment transport is featured by a generally southward-directed
(i.e, seaward) net transport in the wet season and northward-
directed (landward) net transport in the dry season jointly caused
by the mean advection and tidal oscillations. At an hourly scale, the
tidal oscillation-induced sediment flux can reach several times

10.3389/fmars.2024.1385382

larger than the advective transport in magnitude. However, the
tidal transport is largely balanced between landward and seaward
transport when averaged weekly (7-day moving average)
(Supplementary Figure S2). The mean advective transport is
largely modulated by the river runoff and exhibits a distinct
seasonality, featured by prominent seaward transport in wet
seasons and landward transport in dry seasons (Figure 9E). The
tidal pumping T}, contributes to a significant fraction of sediment
transport flux in the TM_shoalw, which is attributed to the large
fraction of suspended fine-grained particles (e.g. clay)
(Supplementary Figure S1). Ty, is generally positive (northward-
directed) in the dry seasons and negative in the wet seasons,
suggesting a different seasonal response of SSC to current
velocity. Particularly, negative values of Ty, (Figure 9G) indicate a
long phase lag between flow velocity and SSC which are in opposite
phases, resulting mainly from a small settling velocity of clay. Two
factors contribute to the significant presence of clay around Qi’so
Island during the wet season. Firstly, Qi’ao Island’s proximity to the
outlet allowing it to receive substantial quantities of clay directly
delivered by the river runoff. Secondly, SPM from the riverine
runoft is trapped in this place due to a flow convergence (Figure 7).

In the TM_channel, the magnitude of sediment flux is larger
than the TM_shoalw. In contrast to the TM_shoalw, the mean
advective transport in the bottom layer of TM_channel is mostly
northward (i.e., landward) driven by the gravitational circulation in
the wet season. In the dry season, despite a higher SSC level
(Figure 4) caused by enhanced mixing, the gravitational
circulation is suppressed, leading to reduced mean advective
sediment transport compared to the wet season Figure 9F. During
the period of low river discharge, the advective sediment transport
may even turn to a seaward direction. On a weekly scale (7-day
moving average), the tidal pumping transport Ty, is generally
positive and shows elevated values when river discharge is high,
indicating a synchronized response of SSC and the current velocity
that are with a small phase difference.

In each ETM zone, hourly-to-daily fluctuations of sediment flux
are predominantly driven by tidal oscillations. However, at a longer
time scale (weekly to yearly), variations in the net sediment flux
patterns are primarily influenced by advection and tidal pumping.
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100% r
Wet Dry Wet Dry Wet Dry
80% - season | season season | season season | season
60% -
40%
20%
5 [ |
TM_shoalw TM_channel TM_shoalm

FIGURE 8

Fractions of SPM in the ETMs from the two sources (local resuspension and river plume) distinguished between wet and dry seasons according to

the simulation results.
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(A, B) Monthly averaged river discharge and sediment loading of the PRE. (C, D) Time series of modeled sediment flux f, in the bottom layer of the
TM_shoalw (left column) and TM_channel (right column) from August 2017 to September 2020. (E, F) Time series of the advective transport flux
(Tha) in the two ETMs. (G, H) Time series of transport flux due to tidal pumping (Typ). Hourly data are indicated by the grey lines with the y-axis on
the left and the 7-day moving average data are indicated by the red lines with y-axis on the right in (C—H). Positive values indicate northward

transport direction in (C—H).

4.3.2 Spatial variation

The spatial distribution of seasonal averaged bottom sediment
flux, integrated over three months of the wet and dry seasons,
respectively, is calculated to examine their roles in the ETMs across
distinct geographical units. The seasonal averaged terms were
derived using the following equation:

t
T =1 | Tt (13)
tJo

In the Equation 13, T, represents f;, Ty, and Ty, from Equation
12. These terms are averaged over the wet and dry seasons,
respectively, yielding fy;,, Tpain and Ty, for each grid cell over
the PRE.

Results shown in Figures 10, 11 indicate that bottom sediment
flux (fy;,) and all three terms (T, Typin) are most pronounced in
the west channel and influenced by bathymetrical gradients. The
bottom sediment flux shows f;;, convergence in TM_ shoalw and
strong advective transport in the west channel. The sharp depth
gradient between 22.2N° and 22.3°N (Figures 6E-H) results in a
decrease of northward transport, leading to topographic trapping of
sediment in the channel. This effect is responsible for the formation
of TM_channel (Figure 6). Despite a difference in the strength of the
terms, their transport direction remains stable between the wet and
dry seasons.

Compared to a consistent transport direction of each term in
the western channel, the shoal area is featured by convergence and
divergence in these terms, along with reduced strength (Figures 10,
11). The advective transport term Tj,;,, shows convergence in the
TM_shoalw both axially and laterally in in both wet and dry
seasons. The divergence within the TM_shoalw is attributed to
Typin» which shows tidally forced oscillation of the spatial extension
of TM_shoalw.

Results in Figures 10, 11 indicate that the upstream of
TM_shoalw is characterized by a landward sediment flux whereas
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the downstream of TM_shoalw is associated with a seaward
sediment flux due to tidal pumping. Tidal pumping contributes to
a net divergence of sediment flux. The same pattern was found in
Yu et al. (2014). Upon the establishment of the ETM, tidal pumping
predominantly dictates its mobility, aligning the ETM’s movement
with the flood and ebb tides. The pronounced value of Ty, in the
west shoal is located between 22.35N° and 22.45N° as shown in
Figure 10, which is consistent with the swing of the ETM over a tidal
cycle reported by Dong et al. (2020). The minimum value of Ty, is
located in the center of TM_shoalw. As proposed by Dyer (1995),
the tidal pumping terms are likely to be a minimum at the locations
near the peak of turbidity maximum, which is mainly associated
with the asymmetry in the tidal flow (for details of the relationship
between tidal asymmetry and tidal pumping, please refer to
Supplementary Material).

4.4 Interconnections between ETMs

ETMs are spatially distributed across various morphological
units within the PRE, yet exhibit interconnections, which are
revealed by the experiments described in 3.1.

Results (Figure 12) show that on TM_shoalw, the sediment
input from TM_channel and from TM_shoalm are comparable.
This remote transport is markedly more pronounced in the wet
seasons, approximately fivefold compared to the dry seasons. Two
transport pathways exist from the west channel (TM_channel) to
the west shoal (TM_shoalw): one follows the ‘TM_channel-
TM_shoalm-TM_shoalw’” route across the middle shoal, and the
other is the direct “TM_channel-TM_shoalw’ route. The former is
influenced by the anti-clockwise circulation within the PRE
(Figure 7). The latter can be attributed to lateral circulation,
moving sediment from the west channel to the southern part of
the west shoal, eventually reaching TM_shoalw (Figure 7).
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FIGURE 10

Spatial distribution of fy, Thain and Ty, in the bottom water layer in the wet (left column) and dry seasons (unit: m-mg - s7tLL). Positive (red color)
and negative (blue color) values indicate northward and southward transport, respectively. The green lines indicate the 7-m isobaths, and the black
polygons indicate the boundary of ETMs where SSC exceeds 100 mg L. The red boxes indicate the focus area of this study.

Regarding TM_channel, sediment input from TM_shoalw is
quite limited. This can be attributed to two primary factors. Firstly,
the convergence effect results in sediment being predominantly
trapped in TM_shoalw. Secondly, sediment transported out of the
west shoal tends to settle in its southern part, as explained in section
4.2.2. Sediment transport from TM_shoalm to TM_channel is more
pronounced during the dry seasons. This transport pattern is
influenced by the seasonal stratification dynamics (Figure 12E).
Intense stratification during the wet season impedes sediment
movement from TM_shoalm to TM_channel. However, with the
weakening of stratification in the wet season, this transport pathway
becomes more active.

For TM_shoalm located in the middle shoal, sediment input
from TM_shoalw is minor, primarily because the transport
direction between the middle shoal and the west shoal is
westward (as shown in Figure 7). The sediment movement from
TM_channel to TM_shoalm is influenced by multiple factors.
Firstly, salt intrusion at the bottom during the wet season
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amplifies this transport. Secondly, the enhanced river discharge
from May to July causes the saltwater front to recede seaward,
preventing sediment from reaching TM_shoalm. This suggests that
sediment transport from TM_channel to TM_shoalm is contingent
upon the establishment of stratification during the wet season and
the location of the estuarine front.

Peaks in sediment transport arise from extreme short-term
weather events. For instance, our results suggest that a tropical
storm leads to significant sediment transport from TM_channel to
TM_ shoalm (Figures 12D, F).

In summary, during the wet season, the presence of
stratification and the anti-clockwise circulation of the PRE
promotes a ‘TM_channel-TM_shoalm-TM_shoalw’ sediment
transport pathway across the three ETMs and a ‘TM_channel-
TM_shoalw’ pathway between two ETMs. In the dry season, as
stratification diminishes, these transport pathways become less
stringent, and sediment exchange between TM_channel and
TM_shoalm becomes more active (Figure 13).
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Spatial distribution of = s, Thanand Tppiy in the bottom water layer in the wet (left column) and dry seasons (unit: m - mg - s, Positive (red
color) and negative (blue color) values indicate eastward and westward transport, respectively. The green lines indicate the 7-m isobaths, and the
black polygons indicate the boundary of ETMs where SSC exceeds 100 mg L. The red boxes indicate the focus area of this study.

5 Discussion

5.1 Impact of morphology on ETM

Our modeling outcomes underscore the pivotal influence of
morphological characteristics on the spatial distribution of ETMs
within the PRE. Specifically, the two upstream ETMs (TM_shoalw
and TM_shoalm) are situated in the west shoal and middle shoal,
respectively, while the downstream ETM (TM_channel) is centered
in the west channel, with an extension towards the west shoal.
While prior research has identified ETM zones, the majority have
been singularly focused on individual zones (Geyer et al, 2001;
Sommerfield and Wong, 2011; Hua et al, 2020). Our model
captures all three ETMs in the PRE, offering an opportunity for
deepening the understanding of SPM distribution shaped by the
interplay between morphological features and the estuarine
circulation as well as interconnections among ETMs.

Tidal pumping-induced residual flow and sediment transport
are pivotal in maintaining the ETM at the head of saltwater
intrusion (Sommerfield and Wong, 2011; Li et al., 2014; Yu et al,,
2014; Wan and Zhao, 2017). Moreover, ETMs are also observed at
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bathymetric transition zones (Schoellhamer, 2000; Geyer et al,
2001; Chen et al, 2015). The genesis of such ETMs can be
attributed to topographical trapping (Burchard et al., 2018). Both
formation mechanisms mentioned are manifested in this study. The
two ETMs developed on the shoals, namely TM_shoalw and
TM_shoalm, are sustained at the salinity fronts where residual
transport from offshore and onshore directions converge (Figure 5).
Despite that the formation of these two ETMs is caused by transport
convergence, local resuspension contributes to a major portion of
SPM in the ETMs (Figure 6). Interestingly, both ETMs are located
on the eastern side of the islands, and the enhanced tidal currents in
the island proximity are responsible for maintaining a high level of
SSC in the two ETMS. Because these two ETMs are formed by the
transport convergence at the front, their size variation is largely
controlled by the movement of the salinity front between dry and
wet seasons. By contrast, the ETM in the channel (TM_channel) is
formed by topographic trapping and exhibits an extension towards
the west shoal (Figure 4) during dry seasons whereas a shrinks in
wet seasons. The extension of TM_channel results from lateral
circulation driven by the baroclinic pressure gradient (Zhang et al.,
2021a; Gong et al, 2022). The inversely co-varying dynamics
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FIGURE 12

Interconnections between the ETMs as revealed from the simulation result of July 2019 - September 2020. (A) Monthly river discharge for the
period of July 2019 — September 2020. (B—D) Temporal variation of local and non-local SPM components in each ETM zone; black, red, and blue
denote the components of SPM originating from TM_shoalw, TM_channel, and TM_shoalm, respectively; The calculated potential energy anomaly
(PEA) of site 3 is depicted in (E). In the subplot (F), the left y-axis represents the frequency of wind direction in 10 days, with blue indicating
southwestward wind and red indicating northeastward wind. The right y-axis denotes the wind speed in meters per second(m/s). The black box
indicates the passage of tropical storm Sinlaku from 31 July to 2 August 2020 (https://www.hko.gov.hk/en/publica/tc/tc2020/section3_2rpt.html).

between the ETMs in the upstream (TM_shoalw and TM_shoalm)
and the ETM in the downstream promote an active exchange of
sediment among the ETMs as shown in our simulation results.

5.2 Effect of stratification on ETMs and
their interconnections

As described in section 4, the spatial variation of the ETMs and
their interconnections are largely affected by stratification. While
SPM transport from TM_shoalm to TM_shoalw and from
TM_channel to TM_shoalw both intensify during the wet season,

their transport pathways differ. The SPM transport from
TM_shoalm to TM_shoalw is facilitated by the bay-wide anti-
clockwise circulation (Xu et al., 2021). In contrast, the
TM_channel to TM_shoalw transport route is not straightforward
but via lateral circulation which is dependent on the salinity
gradient. Despite the distinct transport pathways, the anti-
clockwise circulation and the lateral circulation between the
channel and the shoal are both amplified by enhanced
stratification (Mao et al., 2004).

Remarkably, SPM transport from TM_shoalm to TM_channel
intensifies during the dry season, which is associated with reduced
river runoff. This enhanced transport is attributed to the diminished
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stratification during the dry season, leading to a dissolution of the
front (Ma et al., 2023) which acts as a barrier between TM_shoalm
and TM_channel, thereby augmenting SPM transport.

The SPM transport from TM_channel to TM_shoalm is not
merely governed by the intensity of stratification. It is also
associated with the latitudinal oscillation of the stratification. As
shown in Figure 10, elevated river runoff in May and June (right
after the dry season) results in pronounced stratification and
diminishes the SPM transport from TM_channel to TM_shoalm.
This phenomenon is attributed to the significant river runoff
advancing the salinity front between TM_channel and
TM_shoalm toward offshore, impeding the SPM transport from
TM_channel to TM_shoalm.

In summary, the interconnections among the ETMs hinge not just
on the intensity of stratification but also on the latitudinal oscillation
of the estuarine front. Amid alterations in stratification, attributed to
driving factors such as sea level rise, dredging, land reclamation
(Schoellhamer, 2000; Wang et al,, 2021; Cox et al., 2022; Ma et al.,
2023), and/or deltaic land subsidence (Wang et al., 2017; Cao et al.,
2021), it is also important to conder not only the effects of stratification
intensity on ETMs (Geyer, 1993) but also the ramifications of shifts in
stratification position and oscillation patterns.

The investigation of the interconnection of ETMs reveals that
when multiple ETMs exist in an estuary, sediment management in
the estuary must consider not only the formation mechanism and
sediment source of a single ETM but also the dynamic mechanism
that links various ETMs to each other.

5.3 Effect of flocculation on ETMs

Cohesive sediment, which typically ranges in size from 0.98 to
63 um (Hjulstrom, 1935), is composed of particulate matter that is
susceptible to aggregation, breakup, deposition, and erosion
processes (Maggi, 2005; Manning et al., 2010). Turbulent mixing
of the fluid causes the suspended aggregates to come in contact,
inducing further aggregation and causing the growth of large
aggregates. The frequency with which particles collide, grow, and
break up is largely dependent on the intensity of turbulence
(Malcherek, 1995; Maggi, 2005). To assess the effect of
flocculation on the ETMs, we adopted the formulation (Equation
14) by Arlinghaus et al. (2022), which links the settling velocity of
cohesive sediment to turbulence:

3 1+mG

w=0—->, 14
e (14)

where @, is a reference settling velocity in still water (Table 1)
depending on the particle grain size, mand nare empirical constants,
and G is the turbulence shear.

Results are compared with the reference simulation (Figure 6)
presented in previous parts of our study. The comparison indicates that
in the dry season, with inclusion of the flocculation effect in the
simulation, the spatial distribution of all three ETMs is quite similar to
the reference simulation, only with a slight decrease of SSC in the
channel (Figure 14). In the wet season, SSC in two ETMs (TM_shoalw
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and TM_shoalm) exhibits similar pattern with the reference result,
whilst SSC in the TM_channel is lower than the threshold level (100
mg L") for an ETM, albeit with locally elevated SSC in the same
location. The similar distribution pattern of ETMs between simulations
with and without flocculation in the PRE demonstrates that
flocculation affects SSC in the ETMs, but it is not the driving
mechanism for formation of ETMs. This result is consistent with
studies in other estuaries (Manning et al., 2010; Xu et al., 2010).

5.4 Effect of wind-waves on ETMs

Surface wind-waves may alter the residual flow, water mixing
and bottom stress, which in turn affects the transport and
distribution of sediment in estuaries (Uncles and Stephens, 1997;
Gong et al,, 2022, 2023). A comparison between model results with
and without wind-wave effect revealed that the overall SSC on the
west shoal and in the west channel is enhanced by wave effect in
both wet and dry seasons (Figure 14). This increase is believed to be
attributed to the elevated bed shear stress, as shown in
Supplementary Figure S11. In the simulation with wave effect, the
bed shear stress exhibited a notable increase on the west shoal,
resulting in an elevated SSC. A notable increase in SSC is also seen
in the area between the west channel and west shoal, which is
consistent with the findings of Zhang et al. (2021a) that waves
enhance the sediment exchange between the shoal and the channel
by eroding sediment on the side bank of west channel. The eroded
sediment is subsequently transported toward the west shoal by tidal
pumping. It is worthy of note that despite the notable increase in
SSC within the estuary, the nucleus of the three ETMs remained the
same in the simulations with and without wave effect.

5.5 Future scenarios of the ETMs in
the PRE

According to a previous study by the authors (Ma et al., 2023), a
dramatic historical change in the morphology of the PRE caused by
human activities (land reclamation, channel dredging, and
dumping, sand excavation) from the 1970s to 2010s has resulted
in a bay-wide enhancement of stratification by up to four times,
with maximum enhancement (up to seven times) on the western
shoal of the Lingding Bay where TM_shoalw is located. In recent
years, extensive human interventions including sand excavation
and land reclamation have been banned. However, other local-scale
human activities such as channel maintenance by dredging and
indirect interventions such as reduced sediment discharge by river
damming are likely to continue in the future (Liu et al., 2018). In
this context, future change of stratification is likely to be driven
mainly by sea level rise, land subsidence of the Pearl River delta as
well as river runoff associated with monsoon intensity. The
stratification is projected to be further strengthened albeit to a
less extent than in past decades (Ma et al., 2023). The projected
future enhancement of stratification would possibly lead to an
enhancement of the bay-wide anti-clockwise circulation and the
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FIGURE 14

SSC in the bottom layer during the wet (top panel) and dry seasons in the sensitivity simulations. (A, C) SSC in the simulation with flocculation
included: (B, D) SSC in the simulation with wind-waves included. The yellow line indicates the 100 mg L™ contour line of SSC. The black line

indicates the 7-m isobaths.
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lateral circulation, promoting SPM transport between the ETMs
and their interconnections.

Besides the impact of stratification, the largely reduced
sediment input from rivers may also impact the ETMs to a
considerable extent. Despite that sediment directly delivered by
the river plumes contributes to only a small portion of the SPM in
the ETMs (Figure 6), locally resuspended sediment in the ETMs
may also have a terrestrial origin due to the fact that more than 80%
of riverine sediment is initially deposited within the estuary. The
reduction of riverine sediment supply would possibly lead to a
deterioration of the deltaic deposit (Wu et al., 2016) and
consequently impact the sediment source for the ETMs.

The elevated wave energy near the coast due to sea level rise and
the narrowing of the estuary (Wei et al., 2021) indicate the potential
for an increased influence of wave effect on sediment transport and
distribution. Despite the numerous studies that have demonstrated
the significant impact of wave effect on sediment transport (Madsen
and Grant, 1976a; 1976b; Green and Coco, 2014; Chen et al., 2019)
and the influence of flocculation on sediment distribution (Xu,
2009; Manning et al., 2010; Xu et al., 2010), impact of interactions
between various factors, such as tides, wind-waves and flocculation,
on the fate of ETMs has yet to be understood. Because of a
nonlinear response of ETMs to changes in hydrodynamics and
sediment supply, to what extent these climatic and anthropogenic
drivers would lead to spatial and temporal variation of ETMs in the
future remains to be explored.

Frontiers in Marine Science

6 Summary and conclusion

A high-resolution 3-dimensional hydrodynamics-sediment
transport model was applied to investigate the sediment transport
and dynamics of ETMs in the PRE from 2017 to 2020. Based on the
simulation results that are confirmed by observation, the relative
contribution of specific physical mechanisms for the formation of
the ETMs, the temporal and spatial dynamics of the ETMs as well as
their interconnections were investigated. The following main
conclusions are drawn from the study:

1. Three ETMs exist in the Lingding Bay of the PRE, and they
are formed by different physical mechanisms. The two
upstream ETMs (TM_shoalw and TM_shoalm) situated
on the shoals are a result of convergence of residual flow
and sediment transport associated with tidal pumping. The
downstream ETM located in the west channel
(TM_channel) is formed mainly by topographical trapping.

2. All three ETMs exhibit distinct seasonal and spatial
variations. Advection and tidal pumping are the main
processes mediating the sediment flux of the ETMs.
These factors are largely influenced by river runoff and
stratification dynamics. The TM_shoalw exhibits spatial
extension in wet seasons and shrinks in dry seasons,
whereas TM_channel and TM_shoalm show an
opposite pattern.
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3. The ETMs are interconnected through sediment exchange.
In the wet season, a ‘TM_channel-TM_shoalm-
TM_shoalw’ sediment transport pathway across the three
ETMs and a ‘TM_channel-TM_shoalw’ pathway between
two ETMs are prominent. In the dry season, these transport
pathways become less stringent, and sediment exchange
between TM_channel and TM_shoalm becomes

more active.

In the context of evolving estuarine dynamics, it is imperative to
underscore the profound influence of both climate change and
human activities on estuarine geomorphology and ecological
systems. The ETM emerges as a salient component within this
framework. Our findings elucidate that alterations in estuarine
stratification, driven by climate changes and human activities,
directly impact the formation of ETM, encompassing its spatial
distribution, SPM concentration, and compositional attributes. It is
paramount for future research endeavors to evaluate the
multifaceted response of ETM to both climatic and
anthropogenic challenges.
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