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ABSTRACT

Reduced riverine sediment supply and sea-level rise (SLR) threaten land building and ecosystem
in deltas. However, the sediment-morphodynamic processes in a channel-shoal complex are not
well understood. Here, based on bathymetry and the Delft3D model, geomorphic changes and
suspended sediment budgets in the South Passage, Nanhui and Jiuduansha Shoal in the mega-
Changjiang Delta were examined. Results reveal that with riverine suspended sediment concen-
tration (SSC) decreased by 75%, the net sediment deposition rate was reduced from 4.20 cm/yr
in 1979-1990 to 3.21 cm/yr in 1990-2003, and further declined to 2.21 cm/yr in 2003-2013 and
0.40 cm/yr in 2013-2020. Severe erosion occurred along the upper South Passage and extended
toward the mouth bar. Strong accretions accumulated in the Nanhui and Jiuduansha Shoal. After
river SSC declined from 0.53 kg/m3 to 0.35 kg/m3, 0.16 kg/m?3, and 0.12 kg/m3, net suspended sed-
iment deposition was lowered by 3.13%, 7.35% and 8.67%, respectively. Moreover, SLR of 5 cm,
15 cm, 25 cm, and 50 cm resulted in a further 1.11%, 4.18%, 4.16%, and 14.79% reduction in sedi-
ment trapping efficiency. Our findings highlight the strong likelihood that reduced river sediment
input, SLRs and intensified anthropogenic effects will exacerbate sediment deficit and erosion in

ARTICLE HISTORY
Received 14 November 2023
Accepted 26 December 2023

KEYWORDS

Channel-shoal
morphodynamics;
suspended sediment budget;
sea-level rise; Delft3D model;
the Changjiang (Yangtze)
Delta

mega fluvial-tidal deltas.

1. Introduction

River sediment supply to fluvial-tidal deltas is crucial for
geomorphic stability, ecological services, and resilience
to storm surges (Goodbred & Kuehl, 1999; Syvitski et al.,
2009). Meanwhile, sediment deposition in deltas is gov-
erned not only by river sediment supply but also by
marine hydrodynamic conditions, delta channel patterns,
and delta front shoals (Allison, 1998; Fagherazzi et al.,
2015; Szczucinski et al., 2013). Global climate change and
high-intensity human activities have resulted in reduced
riverine water and sediment supplies entering deltas since
the last century (Blum & Roberts, 2009; Dunn et al.,
2019; Tang et al., 2013). Relative sea-level rise (SLR) and
local engineering work further heighten the uncertainty
of delta sediment sources and sinks (Becker et al., 2020;
Ibanez et al., 1997).

Suspended sediment budgets in mega-deltas in par-
ticular are sensitive to shifts in hydrodynamics and
topographic conditions. And their abundance or lack
thereof will influence land building, marshes creation,
and relevant biogeochemical processes (Bianchi & Alli-
son, 2009; Caldwell & Edmonds, 2014; Vasilopoulos
et al,, 2021). The properties of riverine inputs and spa-
tial-temporal variations in relative dominance between
tides and waves can determine deltaic morphodynamic
processes (Allison et al.,, 2017; Goodbred et al., 2003;
Nienhuis et al., 2020; Porebski & Steel, 2006). However,
the total amount of sediment entering the oceans trans-
ported by most of the mega-rivers has declined since
the 1950s (Syvitski et al., 2022), which coupled with
SLR and anthropogenic disturbances greatly threatens
delta growth (Nienhuis et al., 2023; Tessler et al., 2015).
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Therefore, understanding the responses of suspended
sediment budgets with morphodynamics in a fluvial-tidal
delta to changing external drivers is urgent and chal-
lenging, especially for low-lying and densely populated
mega-deltas (Raff et al., 2023; Yang et al., 2005).

The constriction of the Hoa Binh Dam led to a
61% reduction in annual sediment discharge during
1960-2010 in the Red River Delta, the suspended sed-
iment budget was subsequently altered to achieve a
new equilibrium with reduced sedimentation rates (Vinh
et al., 2014). Besides, declined riverine sediment input
(over 70%) and frequent sand-mining also triggered sig-
nificant transfer of sediment source-sink in the Mekong
Delta, the net sediment outputs from delta distributary
channels increased after severe incisions (Thanh et al,,
2019; van Binh et al., 2020). In the Mississippi Delta,
owing to dropped sediment supply and construction of
flood-prevention levees, tidal wetlands were lost by one-
quarter; an additional 10,000-13,500 km? area would be
inundated by 2100 as sediment deficit (Blum & Roberts,
2009; Edmonds et al., 2023). In the future, sediment
inputs will continue to decrease in mega-deltas, with
mean and maximum reductions of 38% and 83% in
2077-2099 compared to 1990-2019 (Dunn et al., 2019).
Meanwhile, rising sea levels influence suspended sedi-
ment exchange between different geomorphic units, and
the associated variations in sediment transport, budget
and retention determine the vulnerability and adapta-
tion in a deltaic channel and tidal shoals (Cazenave &
Cozannet, 2014; Talke & Jay, 2020; van Maanen et al,,
2013). Fluvial water discharge and tidal forcing exhibit a
nonlinear interaction in delta distributaries, strong tides
could stabilize the delta geomorphology due to offsetting
the net sediment exports during high flows, accompa-
nied by low rates of channel migration (Hoitink et al,,
2017; Iwantoro et al., 2022; Porebski & Steel, 2006). In the
Wax Lake Delta, erosion during high river flow was cen-
tered on the sand shoals adjacent to the channel, whereas
erosion during periods of tidal dominance occurred
at channel tips and subaqueous areas; the channel
widened by 11% between 1991 and 2009 and tidal shoals
migrated downstream (Shaw et al., 2013; Shaw & Mohrig,
2014).

Engineering can greatly affect sediment transport and
geomorphologic change in mega-deltas, both in the short
and long term (Ericson et al, 2006; He et al., 2020;
Woodroffe & Murray-Wallace, 2012). The Oosterschelde
project of the Dutch Delta project was constructed in
1987 and caused a 30% reduction in the tidal prism.
Tidal shoals and salt marshes started to erode; and dam-
induced sediment decline, sand mining, and land recla-
mations in the Rhine-Meuse Delta further triggered the
sediment budget turned to negative state (Cox etal., 2021;

Louters et al., 1998; van der Spek & Elias, 2021). In the
LingDing Bay of the Pearl River Delta, land reclama-
tion between 1988 and 2008 contributed to the reduction
of tidal shoals (above —2m) by 180 km?, while dredg-
ing increased the channel (deeper than —10 m) extent by
36 km? (Wu et al., 2014).

The Delft3D numerical model is an efficient tool to
study the hydro-sediment dynamics and geomorphic
responses to changing drivers in deltas, tidal bays, and
coastal areas (Caldwell & Edmonds, 2014; Elmilady et al,,
2022; Zhang et al., 2018a). With Delft3D, van der Wegen
(2013) found that the interaction between tidal forc-
ing and basin geometry significantly influenced geo-
morphic features in the Western Scheldt Estuary, and
formed a distinct channel-shoal pattern in a few decades.
In the San Pablo Bay estuary, California, the model
predictions suggested that deeper shoals and reduced
river sediment inputs over the next 30 years will lead
to a lower Suspended Sediment Concentration (SSC)
in the channel, and weaken channel margin deposi-
tion (van der Wegen & Jaffe, 2014). Delft3D simula-
tions by Akter et al. (2021) quantified the sediment dis-
charge delivered into the Ganges-Brahmaputra-Meghna
Delta by the Ganges and Jamuna rivers to be about
216-1038 x 108 t/yr and 80-228 x 108 t/yr and proposed
the proportions deposited in different parts in the delta.
In addition, modeled results also pointed out that tidal
currents are the critical agent of SLR-induced change
(Elmilady et al., 2022). Despite these studies, the spe-
cific differences in suspended sediment budgets between
channels and shoals are not well recognized, thus, there
is room to increase the understanding of geomorphic
change triggered by multiple stresses in a mega fluvial-
tidal delta.

The Changjiang (Yangtze) Delta is a typical mega
fluvial-tidal delta, influenced by the East Asian mon-
soon (Figure 1A-B) (Chen et al., 1988; Hori et al., 2002).
The subaerial Changjiang Delta is densely populated and
low-lying, with an average elevation of 2-4 m. Four bifur-
cated subaqueous channels (with high navigability) and
extensive tidal shoals developed over the past 2,000 years
(Figure 1C) (Chen et al., 1999; Liu et al., 2007). Between
1950 and 2020, the mean annual water and suspended
sediment discharge at Datong station (the tidal limit)
delivered into Changjiang Delta were 8.98 x 10! m3/yr
and 3.51 x 108 t/yr, respectively (CWRC, 2022). Since the
1950s, cascading dams (over 50,000) and water-soil con-
servations in the basin have been implemented (Yang
etal., 2005). Thus, annual suspended sediment discharge
from the Changjiang River was reduced sharply by more
than 70% in the 2010s, especially after the construction
of the Three Gorges Dam in 2003, while mean water
discharge remained stable (Dai, 2021; Yang et al., 2015).
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Figure 1. Map of the study area. (A) Location of the Changjiang River in China. (B) Primary distributaries and elevation of the Changjiang
River Basin, meanwhile, the Three Gorges Dam, Gezhou Dam and two hydrological stations (Yichang and Datong) were also shown.
(C) Three-order bifurcated configuration of the Changjiang Delta with four outlets, the geomorphic complexes of South Passage and
bordering Nanhui Shoal and Jiuduansha Shoal is indicated by a red dashed polygon. (D) Three long-term tidal gauging stations around

the Changjiang Delta.

As a result, the middle-lower reaches of the Changjiang
River and deltaic tidal shoals/flats and landward trans-
port from the subaqueous areas became significant sed-
iment sources rather than sinks (Gao et al., 2018a; Gao
et al,, 2019; Dai et al., 2014 & Luo et al., 2012; Mei et al,,
2021; Wang et al., 2022a). Hence, studies have indicated
that the inner delta channels and delta front are eroding,
which are further challenged by SLR, extreme hydrologic
events, and human activities (Dai et al., 2018b; Luan et al,,
2021; Meietal.,2018; Wangetal.,2013; Wangetal.,2018a
and 2023). Nevertheless, the synthesized characteristics
of geomorphic changes and suspended sediment budgets
between deltaic channels and bordering tidal shoals are
less well understood, yet they are under serious threats.

The South Passage is the largest distributary in the
Changjiang Delta and carries up to 35% of river water and
suspended sediment discharge into the ocean (Figure 1C)
(Dai et al., 2015; Yun, 2004). The Nanhui Shoal, the
largest marginal tidal shoal, and the Jiuduansha Shoal,
the largest vegetated uninhabited tidal shoal, develop
on either side of the South Passage (Figure 1C) (Chen
et al., 1988). Therefore, the South Passage and the adja-
cent Nanhui Shoal and Jiuduansha Shoal constitute a
typical deltaic channel-shoal geomorphic complex in the
Changjiang Delta, further influenced by the adjacent
land reclamation and the Deep-water Navigation Chan-
nel Project (Figure 1C) (Li et al., 2010; Luan et al., 2017;
Wei et al., 2016 and 2020).
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In this study, the primary objectives are: (1) to under-
stand past geomorphic change in the South Passage and
the adjacent shoals from 1979 to 2020; (2) to quantify
the impact of reduced river sediment inputs on sus-
pended sediment budgets; (3) to project future changes
in suspended sediment budget due to SLR. The find-
ings may provide insights into suspended sediment
budgets and morphodynamic changes in other mega
fluvial-tidal deltas like the Changjiang Delta, China,
triggered by upstream sediment reductions, SLR, and
engineering.

2, Study area

The Changjiang River is the longest river in Asia and the
third largest in the world, originating from the Tibetan
Plateau, China, with a length of 6,300 km and a watershed
area of 1.80 x 10°km? (Figure 1A-B). The Changjiang
Delta is a typical mega fluvial-tidal delta, and developed
a progradational sedimentary system beginning from 6
kyr BP, the distributary channels bifurcated by multi-
mouth bars (Chen et al., 1988; Hori et al., 2002). Approx-
imately 1.16 x 1012 t sediment has accumulated in the
delta plain and subaqueous areas since the Holocene (Liu
et al., 2007). A deltaic configuration with three bifurca-
tions and four outlets (North Branch, North Channel,
North Passage, and South Passage) evolved, accompanied
by frequent migration of deep channels and tidal shoals
(Figure 1C) (1999; Yun, 2004 & Chen et al.,, 1979). The
channel widens from 5km at the upstream entrance to
100 km at the outlet (Figure 1C). The Gezhou Dam and
Three Gorges Dam were constructed in the basin in 1988
and 2003, respectively (Figure 1B).

A mouth bar develops in the middle reaches of the
South Passage, which deepens both upstream and down-
stream; the maximum turbidity zone also formed because
of the intense runoff and tidal mixing and abundant
river sediments (Figure 1C) (Chen et al., 1999; Liu et al.,
2007). Hydro- and sediment dynamics in the South Pas-
sage, Nanhui Shoal, and Jiuduansha Shoal are dominated
by energetic runoff and tidal forcings, with distinct sea-
sonal and spatial variations (Chen et al., 1988). Tidal
forcing is irregular, and the flood tidal current sepa-
rately propagates in the Nanhui Shoal towards the upper
South Passage and the northern Hangzhou Bay, the ebb
current converges here again (Li, 1991). Restricted by
topography and bottom friction, tidal current is ebb
dominant in the South Passage and rotational further
offshore (Chen et al., 1988; Yun, 2004). The mean and
maximum tidal ranges within the middle South Pas-
sage are 2.67 and 4.62m, and the duration of flood
and ebb tides is 5.6 and 6.6 h (Figure 1C), respectively
(Yun, 2004). Waves are predominantly wind waves and

strongest during the monsoon, with prevailing directions
from the N and NNE (Shen & Li, 2011). Wave height
gradually increases from the offshore area to the mouth
bar, and the mean and maximum wave heights are 0.8
and 7.0 m at Dajishan station, respectively (Figure 1C)
(Yun, 2004).

Opverall, there is a horizontal circulation of water and
sediment between deep channels and shallow shoals
within this geomorphic complex, which favors the
growth of tidal shoals (Shen & Li, 2011). Moreover,
the supratidal and part intertidal zones of the Nan-
hui Shoal have been reclaimed since the 1990s to meet
the land requirement; the seaward boundary of the
latest siltation-promoting project expanded almost to
the —2m contour (Figure 1C) (Wei et al., 2017; Yun,
2004). Although human activities in the Jiuduansha Shoal
are few, the construction of the Deep-water Navigation
Channel Project with multiple jetties and groins in the
North Passage has resulted in dramatic shifts in hydro-
dynamic conditions around the north Jiuduansha Shoal
(Figure 1C) (Dai et al,, 2013; Wei et al, 2017; Zhu
et al., 2016).

3. Data acquisition and methods
3.1. Data acquisition

A total of four datasets were collected in this study.
First, the annual and monthly water discharge, sus-
pended sediment concentration, and discharge at Datong
station between 1956 and 2022 were collected from
the Changjiang Water Resources Commission, China
(Table S1). Second, the hourly water levels were obtained
at Lvsi station (1980-2018), Lvhuashan station (1993-
2017), and Naocaodong station (2006-2019) around the
Changjiang Delta, respectively (Figure 1D; Table S1). The
annual mean tidal levels and overall SLR were calculated.
Third, Landsat satellite imageries of the Changjiang Delta
between 1974 and 2022 were downloaded from the USGS
(United States Geological Survey) Archive (Table S1),
to illustrate the shoreline expansion, sandbar growth,
and human activities. Fourth, a unique high-spatial res-
olution bathymetric dataset of the South Passage, Nan-
hui Shoal, and Jiuduansha Shoal was acquired in 1979,
1990, 2003, 2013, and 2020 from the Changjiang Estuary
Waterway Administration Bureau (Figure 1D; Table S1).
The depth and position of the surveyed points were syn-
chronously recorded by a DGPS (differential global posi-
tioning system) device and a shipborne dual-frequency
echo sounder, respectively; and the spatial density of
measuring points was 30-50 points/km2 (Daietal., 2014;
Wang et al., 2020).

The Natural Neighbor Interpolation was used to gen-
erate digital elevation models (DEMs) of the study areas



based on original digitized sounding points, then ana-
lyze the geomorphic erosion-deposition patterns (Sibson,
1981; Wang et al.,, 2020). All DEMs were projected to
the Beijing-1954 geographic coordinate system; the ele-
vations/depths were referenced to the Wusong Datum
(the lowest tide level in Changjiang Delta) (Dai et al,,
2015). The net geomorphic change during different stages
can be figured out by subtracting two subsequent DEM
raster layers (Egs. 1 and 2).

AD(x,y,t1,t2) = Da(x, 9, t2) — D1(x, 3, t1) (1)
Mean(x, y,t1,t)) = AD(x, y,t1, ) /(tr — 1) (2)

where D (x,y,t1) and D(x,y,t;) are the depths at any
position (x,y) in times t; and f, AD(x,y,t1,t) and
Mean(x, y, t1, t2) are the total and annual variation thick-
ness. The thalweg of the South Passage in 2020 was pro-
duced and then the depths along thalweg were extracted.
In addition, mean thicknesses of net erosion/deposition
within different depths were also calculated to examine
the vertical differences of geomorphic changes.

3.2. Model setup and different scenarios

3.2.1. Hydrodynamic and sediment-salt transport
model

Here, the process-based Delft3D numerical model cou-
pling hydrodynamics and sediment transports was used,
to quantify the variations in suspended sediment budgets
in the Changjiang Delta under different scenarios (Cald-
well & Edmonds, 2014; Chu et al., 2020). The flow mod-
ule in the Delft3D numerical model is based on the three-
dimensional incompressible Navier-Stokes equations and
shallow water assumptions, the orthogonal curvilinear
coordinates in the horizontal direction are adopted for
the discrete solver of the flow field, and the o -coordinate
system is used in the vertical direction (Eq. 3) (Deltares,
2014).

z-¢ _z-¢

=TT H 3)

where z is the vertical coordinate, ¢ is the free liquid sur-
face, d is the water depth of reference base (m), and H
is the total depth (m). The continuity and momentum
equations are as follows (Egs. 4-6):

i 1 3[@+Du /Gy
at  /Gee /Gy i3
N 1 aﬂd%—0u¢6§ﬂ_%§g
JGez /Gy an do

= H(qm - qgut) 4)
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+ fu
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1 P +F 4+ 1 9 ( 81/)
= - —_— Uv—
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where ¢ is the water level above reference base (m); &
and 7 are the coordinates of the horizontal orthogonal
curves (m); ¢ is time (s); u, v and w are the flow veloc-
ities in the &, n and o directions (m/s); U and V are
the mean flow velocities in the & and 7 directions (m/s),
respectively; \/@ and JG?,,, are the conversion coef-
ficients between the curvilinear orthogonal coordinate
system and the Cartesian coordinate system; g;, and qoy¢
are the inflow and outflow per unit volume (m?), respec-
tively; pp is the density of water (kg/m?); f is the Coriolis
force parameter (1/s); vy is the vertical vortex viscosity
coefficient (m?/s, they are obtained using the k-€ turbu-
lence model); Pz and P, are the pressure gradients due
to density changes in the directions & and 7, respectively;
Fe and F,, are the Reynolds stresses caused by turbulence
changes the in the directions & and 7, respectively; Mg
and M, are changes in momentum caused by external
driving forces (withdrawal, wave radiation stress, etc.)
the in the directions £ and 7, respectively. The advec-
tion-diffusion equation for suspended sediment in three
dimensions is (Eq. 7) (Deltares, 2014):

ach  duc® v 3 (w— ws(l))c(l)
+ + +
at ox dy 0z

0
_ 9 (i
ox \ > ox
3 c® 3 ac
— 5 (Sg’l))'_ay ) ~ 5 (88(2—32 =E —D; (7)

where ¢ is the mass concentration of the 1 compo-

nent of the sediment (kg/m?); 85(,1,){, 85(1)), and 85(12) are the
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eddy diffusion coefficient of sediment (m?/s), respec-
tively; w D is the sediment settling velocity (m/s); E; and
Dj are the erosion and siltation fluxes of the I component
of the sediment (kg/m?/s), respectively. The salinity of
water is solved based on Eq. 8 (Chu, 2019):

[(d+ O)u/GyyS]
0&

a(wS)
do

VG 88
R

A(d + 0)S] N 1 [a
at \/GES\/GW
[(d+¢)v GggS]i| .

ol

= VGefom
)

b B s dr oS+ ®)
dtc0 | Vo | M@t

where Dy and Dy are the turbulent diffusion coeficients
in horizontal and vertical directions (m?/s), respectively;
S is the salinity of water (according to the practical salin-
ity scale). Furthermore, the three-dimensional bed shear
stress (Tp,,) is computed in the Delft3D model as follows
(Ep. 9) (Deltares, 2014):

Thyp = pogU|UI/Cop (9)

where U is the magnitude of the horizontal velocity in
the first layer above the bottom bed (m/s), and the Csp
is the Chézy roughness coefficient in three dimensions
(m'/2/s).

3.2.2. Model domain and grids

In this paper, the model domain covered the lower
reaches of the Changjiang River (from Datong to Xuli-
ujing), the entire Changjiang Delta, Qiantang River-
Hangzhou Bay, and extended eastward to approximately
—60m isobath in the East China Sea and Yellow Sea
(Figure 2A). The longitudinal and latitudinal dimensions
of the whole domain were about 580 and 360 km, respec-
tively, the complex composed of the South Passage, Nan-
hui Shoal and Jiuduansha Shoal was located in the middle
area (Figure 2A).

The domain decomposition technique was employed
to divide the entire study area into three sub-domains,
which can be parallelized during model runtime to
improve computational efficiency (Figure 2A). They were
the Changjiang River sub-domain, the Qiantang River
sub-domain, and the Changjiang Delta to adjacent sea
sub-domain, which were composed 0f 1056 x 30,137 x 6
and 200 x 200 orthogonal curvilinear grids, respectively

(Figure 2A) (Chu, 2019). The grid resolution was about
260 m in the upper deltaic channel and varied gradually
seaward to 6000 m in the East China Sea. In addition,
the o -coordinate system in the Delft3D model was used
for the Changjiang Delta to adjacent sea sub-domain to
segment it vertically into 12 layers, (Haney, 1991); por-
tions of the top and bottom sub-layers were lower than
that of the middle layers, more details were shown in
Chu et al. (2020). The hydrodynamics in the Changjiang
River and Qiantang River sub-domains were modeled
in two dimensions. Measured high-resolution bathymet-
ric data of study areas was obtained and correlated to
generated orthogonal grids. Finally, the multiple jetties-
groins of the Deep-water Navigation Channel Project in
the North Passage and the siltation-promoting project in
the Nanhui Shoal were all defined as overflow weirs in the
Delft3D model (Chu, 2019).

3.2.3. Boundary conditions

Two riverine open boundaries were set up at Datong
and Luci stations to represent fluvial inputs from the
Changjiang River and the Qiantang River, respectively
(Figure 2A). At Changjiang River, the daily measured
water discharge and related SSC from January 2016 were
prescribed for model calibrations and validations. There-
after, the overall mean water discharge and the phased
mean SSC were set to characterize the reduction of
upstream sediment inputs. At Qiantang River, the runoff
is very low compared to that of the Changjiang River, and
its water discharges and SSC were set to fixed values of
1,000 m®/s and 0.110 kg/m? (Chu, 2019).

Suspended sediments in the Changjiang Delta consist
mainly of fine-grained silt and clay, while the bottom sed-
iments are more of coarse-grained material such as coarse
silt and sand (Chen et al., 1999; Yun, 2004). The amount
and properties of riverine input sediments greatly affect
the geomorphic changes within the channel-shoal com-
plex. Therefore, a total of three fluvial sediment types
were considered in this study based on the properties
of upstream input, i.e. the mud (cohesive fine silt and
clay), clay (coarse silt), and fine sand, the latter two were
non-cohesive with Dsg of 40 and 200 um (Chu et al,,
2020). Here, the measured sediment concentration at the
Datong station was used as the boundary value for the
fine fraction. Meanwhile, equilibrium concentration pro-
files were applied for the two coarse-grained fractions
(i.e. coarse silt and fine sand) at the defined bound-
aries. The salinity at both river open boundaries was
set to 0.

Along the seaward open boundaries, a water level
was prescribed based on nine primary astronomical tidal
constituents: My, Sz, N, Ky, Kj, O, P;, My, and Sa
(Figure 2A). Water salinity was set at 34 ppt and SSC at
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iment budgets, i.e. S1-52 and Z1-Z6. (C) A schematic diagram of the calculation of suspended sediment input, output, and net budget

for each sub-zone.

0.020 kg/m3 , respectively (Chu, 2019). SLR was imple-
mented by increasing the value of the A constituent.

3.2.4. Model setup and calibration

The coupled hydrodynamic and sediment transport
model was realized based on previous studies, which have
been calibrated and validated for water level, flow veloc-
ity, flow direction, SSC, and water salinity (Chu et al,
2015, 2020). Manning coefficients in the Changjiang
River and the deltaic-offshore areas were calibrated to

0.019 and 0.011 s/m!/3, respectively; the horizontal vis-
cosity and diffusivity were calibrated to 2 and 1m?/s
(Chu, 2019; Zhao et al., 2023). In addition, the settling
velocity of cohesive sediment related to flocculation was
set to 0.25 mm/s, and its specific and dry bed densities
were defined to 2650 and 800 kg/m?, respectively (Chu,
2019; Luan et al, 2017; Zhang et al., 2018a). The time
step was set as 60 s to meet the requirements of CFL
(Courant-Friedrichs-Lewy number) criteria (Eq. 10); the
bathymetry was not updated during the hydrodynamic
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modeling (Chu et al., 2020; Deltares, 2014).

CFL = 2At~\/gh(1/(Ax2 LA <42 (0)

where Ax and Ay are the minimum grid size in the x and
y directions, respectively.

3.2.5. Modeling scenario settings

A total of 10 scenarios were set up in the Delft3D
model, varying the input SSC at Datong and SLR at
the seaward boundary (Table 1). Scenarios C01-C04
follow the past four decades, with a declining SSC
from the Changjiang River. The multi-annual mean SSC
in each stage was 0.53 kg/m3 (1965-1988), 0.35 kg/m3
(1989-2003), 0.16kg/m>® (2004-2013) and 0.12 kg/m?
(2014-2022), i.e. Stage I-IV (Text S1). Figure S1A shows
that water discharge entering the mega-Changjiang Delta
remained relatively stable between 1956 and 2022, indi-
cating some fluctuations but no obvious global trend
of increase or decrease. Therefore, the water discharge
from Changjiang River at Datong station was set to a
constant value of 28,000 m3/s in all scenarios, as the
stage-by-stage reduction in the riverine-inputted SSC
(Figure S1D). Scenarios C06-C08 investigate the effect of
future SLR. Considering an SLR rate in the Changjiang
Delta of about 5 mm/yr (Text S1), thus the four scenarios
were developed to project suspended sediment budgets
after 10, 30, 50, and 100 years under rising sea level
with a constant rate. Water discharge and SSC were con-
stant at 28,000 m3/s and 0.12 kg/m3, with water levels
at 5, 15, 25, and 50 cm above modern mean sea level,
respectively (Table 1). Scenarios C09-C10 investigate the
superimposed effect of a further reduced riverine SSC
of 0.060 kg/m® in combination with the SLR of 15 and
50 cm, respectively (Table 1).

3.3. Calculation of suspended sediment budget
Each scenario was run for three full semilunar tidal cycles

in the Delft3D model (over 45 days), the actual numerical

Table 1. Riverine inputs (water discharge and SSC) and Sea-level
rises (SLRs) for the ten modeled scenarios set up in this study.

Water discharge e SLR

Scenario (m3/s) (kg/m3)  (cm) Describe

co1 28,000 0.53 0 Stage / (1956-1985)

co1 035 Stage I/ (1986-2003)

o3 0.16 Stage /Il (2004-2013)

co4 0.12 Stage IV (2014-2022)

o5 28,000 0.12 5 10 years later

o6 15 30 years later

co7 25 50 years later

o8 50 100 years later

C09 28,000 0.06 15 30 years later with
lower SSC

C10 50 100 years later with
lower SSC

simulation for a single run took about 25 h. Thereafter,
modeling results of the last semilunar tidal cycle (cov-
ing spring-neap-spring tide, 15 days) were selected to
calculate the hydrodynamics and associated suspended
sediment budgets (Chu et al., 2020). First, the means of
depth-averaged velocities, bed shear stresses and SSCs
were worked out; and the differences in hydrodynamic
characteristics triggered by lower riverine SSC inputs
and SLR can be compared. Here, considering the topo-
graphic conditions, the entire channel-shoal geomorphic
complex was divided into eight sub-zones (Figure 2B).
(1) Sub-zones S1 and S2 were relatively small in spa-
tial extents with significant bathymetric variations, and
the latter is adjacent to the jetties-groins of the Deep-
water Navigation Channel Project (Figure 2B). (2) Sub-
zones Z1 and Z4 occupied the shallower Nanhui Shoal,
and were defined as south shoal, and the latest siltation-
promoting projects were constructed in intertidal flats
(Figure 2B). (3) Sub-zones Z2 and Z5 were located in
the South Passage, were defined as the main channel,
and were longitudinally bounded by the mouth bar. (4)
Sub-zones Z3 and Z6 expanded seaward from the head
of Jiuduansha Shoal to the offshore area, defined as the
north shoal, bounded by the south training wall of the
Deep-water Navigation Channel Project (Figure 2B).

The cross-sections of the sub-zones were then used to
calculate the suspended sediment fluxes flowing through
them (Chu, 2019). The suspended sediment budget for
each sub-zone was derived following Eq. 11 and was
based on the input and output fluxes:

k k

SSB; = Z input; — Z output; (11)

i=1 i=1

where SSB; is the net suspended sediment budget of sub-
zone i, input; and output; was the suspended sediment
flux that input to/output from sub-zone i from/to other
neighboring sub-zones, k is the number of sub-zones
neighboring. Only the SSB; of sub-zones Z1-Z6 were
determined. The upstream-most sub-zones S1 and S2
were not included to avoid the uncertainties caused by
large topographic variations.

4. Results

4.1. Observed geomorphic change between 1979
and 2020

Bathymetric data from 1979 shows that the main channel
of the South Passage and shoal isobaths were sinuous. The
elevation of this geomorphic complex was entirely below
0m with an overall mean depth of —3.94 m (Figure 3A;
Table 2). Bathymetric change between 1979 and 1990 was
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Figure 3. Bathymetries of the geomorphic complexes of South Passage, Nanhui Shoal and Jiuduansha Shoal between 1979 and 2020,
the corresponding mean depths were also indicated. Different divided sub-zones and the location of thalweg in 2020 were shown in

subgraphs A and E.

Table 2. Mean depth in the entire study area and 8 sub-zones
between 1979 and 2020.

Mean depth (m)
Extent 1979 1990 2003 2013 2020
Entire —3.94 —3.48 —-3.09 —2.85 —2.82
S1 —4.59 —5.60 —7.41 —8.88 —9.78
S2 —5.64 —-2.19 —1.21 —2.03 —1.84
Z1 —1.84 —1.81 —1.50 0.31 177
Z2 —5.10 —5.03 —5.33 —5.72 —6.26
3 —2.92 —0.96 0.34 1.12 1.45
74 —2.07 —233 —1.69 —1.09 —0.40
Z5 —5.05 —5.17 —4.87 —4.52 —5.02
6 —5.00 —4.23 —3.90 —4.12 —3.85

mainly characterized by deposition in the north and ero-
sion in the south parts. But, deposition dominated and
after 4.20 cm/yr of net accretion during Stage I, the mean
depth became —3.48 m (Figure 3B and Figure 4A). From
1990 to 2003, the lowering of SSC into the Changjiang
Delta caused erosion in the upper South Passage chan-
nel and the bordering south Jiuduansha Shoal. Deposi-
tion occurred in the Nanhui Shoal and the top of the
Jiuduansha Shoal; the overall mean deposition rate was
3.21 cm/yr (Figure 3C and Figure 4B). From 2003 to 2013,
after the construction of the Three Gorges Dam, strong
erosion along the upper South Passage extended sea-
ward, while growth of the Nanhui Shoal exceeded that of
the Jiuduansha Shoal, and the overall net deposition rate
declined to 2.21 cm/yr (Figure 3D and Figure 4C). From

2013 to 2020, erosion expanded further downstream,
deposition patches were concentrated in the Jiuduansha
Shoal and the now-engineered areas in Nanhui Shoal;
the net deposition rate dropped rapidly to 0.40 cm/yr
(Figure 3E and Figure 4D).

Overall, between 1979 and 2020 the upper South
Passage channel experienced erosion, which lowered in
magnitude going downstream (Figure 4E). In contrast,
after the merger of scattered sandbars and implemen-
tation of the Deep-water Navigation Channel Project,
the Jiuduansha Shoal showed aggradation and progra-
dation, and in the Nanhui Shoal anthropogenic-induced
deposition occurred (Figure 4E). In line with the reduced
suspended sediment inputs from the Changjiang River,
the net deposition rates of the first three stages were
10.40, 7.95 and 5.48 times that of the last stage;
the net deposited sediment were 4.28 x 10'! m?/yr,
327 x 10 m3/yr,  225x 101 m3/yr  and  4.11 x
101 m3/yr, respectively. Finally, the distinctive deltaic
channel-shoal geomorphic configuration was progres-
sively developed with smoother isobaths (Figures 3
and 4).

The uppermost sub-zone S1 incised between 1979
and 2020, while sub-zone S2 aggraded at a declined rate
(Figure 5A-B). The upper Nanhui Shoal and Jiuduan-
sha Shoal (sub-zone Z1 and Z3) accreted, with a mean
of 8.89 and 10.69 cm/yr, respectively (Figure 5C and E).
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However, geomorphic changes in sub-zone Z2 upstream
of the mouth bar shifted from 0.59 cm/yr deposition in
Stage I to erosion at a later stage (Figure 5D). During
Stage I-III, sub-zones Z4 and Z5 showed similar trends
from erosion to deposition, but accelerated accretion
(17.42 cm/yr) and incision (—7.16 cm/yr) occurred in
Stage IV, respectively (Figure 5F-G). Change in sub-zone
76 in the Jiuduansha Shoal was consistent with the sub-
zone S2, both started accreting in Stage IV (Figure 5H).

Depth variations along the thalweg suggested that dur-
ing Stage I the uppermost South Passage incised, reach-
ing up to —30.55 cm/yr, but there was no overall trend
(Figure 5I-J). The incision expanded to the mouth bar
in Stage II, leading to a transition of bar pattern from
bimodal to unimodal. In Stage III the erosion continued
to increase, with more distinct longitudinal heterogene-
ity (Figure 5I-J). In Stage IV, erosion accelerated and the
crest of the mouth bar migrated downstream by 6.5 km
(Figure 5I-]). Furthermore, deposition occurred primar-
ily in deeper water in Stage I except for a few fluctuations;
in Stage II, the deposition extended to shallower areas
(Figure 5K). Geomorphic changes switched in Stage III,
when deep channels started to erode and places above —5
water depth, the tidal shoals, accreted. By Stage IV, the
threshold depth for accretion moved up to —2 m, after
more erosion occurred in areas with middle depth. Shoals
still showed net accretion (Figure 5L).

4.2. Suspended sediment budgets under different
SSCinput scenarios

4.2.1. Modeled hydrodynamics

Modeled depth-averaged flow velocity and bed shear
stress in Scenario C04 are illustrated here, as the derived
results of Scenarios C01-C04 were consistent (Figure 6A-
B). High mean flow velocities with peaks over 1.20 m/s
governed the upper South Passage channel, which gradu-
ally decreased to the mouth bar at 0.75 m/s, and increased
again to 0.85 m/s in the offshore areas (Figure 6A). Mean-
while, from the deep channel to tidal shoals on both
sides, velocity reduced and showed a pattern of contours
roughly similar to isobaths; the overall mean in this com-
plex was 0.59m/s (Figure 6A; Table 3). Moreover, the
spatial features of bed shear stress were consistent with
velocity, with an overall mean of 0.38 N/ m? in Scenarios
C01-C04 (Figure 6B; Table 3).

Modeled SSC in Scenario C04 decreased from
1.00kg/m® in the upper South Passage channel to
0.50 kg/m? in the mouth bar, and continued to decline to
about 0.35kg/m? in the offshore area (Figure 6C). The
SSC exhibited a clear spatial difference in the Jiuduan-
sha Shoal, which was characterized by an aggregation
with locally higher value of 0.40-0.50 kg/m? at the crest
area, it decreased towards the tail (Figure 6C). The overall
mean modeled SSC in Scenarios C02-C04 was —0.83%,
—1.94% and —2.21% lower than that of Scenarios CO01,
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respectively (Table 3). The results from Scenario CO1 to
Scenario C04 indicated that with the lower SSC input
from the Changjiang River, the upstream SSC reduction
in the Changjiang Delta was the strongest (exceeding
0.05kg/m?), and re-strengthened slightly in the offshore
areas after the mouth bar (Figure 6D).

4.2.2. Changes in the suspended sediment budgets

In Scenario CO1, there is net deposition in upstream sub-
zones Z1-73 and sub-zone Z4 in the south Nanhui Shoal,
accumulating 2.132 x 10°t, 2.457 x 10°t, 0.042 x 10°t,

and 1.075 x 10°t of suspended sediment, respectively
(Figure 7A). Subzones Z5-7Z6 downstream of the mouth
bar experienced net sediment exports of —1.381 x 10°t
and —0.179 x 10%i£]igji£jt, respectively (Figure 7A). The
overall trapped net suspended sediment in this geomor-
phic complex was 4.15 x 10°t (Figure 8A). In particu-
lar, the net sediment flux through seaward transects was
0.155 x 10° t, characterized by net output from the main
South Passage and input toward the shoals on both sides
(Figure 8B; Table 4). In Scenario C02, the net suspended
sediment budget in the entire area decreased —3.13%
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Figure 6. Modeled mean (A) depth-averaged velocity, (B) bed shear stress and (C) suspended sediment concentration in Scenario C04,

and (D) the SSC difference between Scenario C04 and CO1.

Table 3. Mean values of modeled mean depth-averaged veloc-
ity, bed shear stress and SSC and corresponding differences in all
scenarios.

Table 4. Modeled net suspended sediment flux through the sea-
ward transect (including total, south shoal, main channel and
north shoal) in different scenarios.

Depth-
averaged Bed shear
velocity (m/s) stress (N/m?) SSC (kg/m?3)
Difference Difference Difference

Scenario Mean (vs. C04) Mean (vs. C04) Mean (vs. C04)
co1 0.586 / 0.381 / 0.441 /

02 0437 —0.83%
o3 0.432 —1.94%
Co4 0.431 —2.21%
o5 0.589 0.40% 0.382 0.25% 0.427 —0.95%
C06 0.593 1.20% 0.385 0.80% 0418  —3.07%
co7 0.598 2.02% 0.387 1.35% 0.413 —4.27%
cos8 0.610 4.06% 0.392 2.73% 0.401 —7.00%
09 0.593 1.20% 0.385 0.80% 0417 —3.36%
C10 0.610 4.06% 0.392 2.73% 0400 —7.23%

to 4.016 x 10°t, but still maintained a similar pattern
(Figure 7B and Figure 8A). The net flux along the sea-
ward transects reduced by 17.81% to 0.126 x 10 t, while
the outflow to the North Passage increased by 3.79% to
0.916 x 10° t (Figure 8B-C). The sediment budget in net
trapping sub-zones, i.e. sub-zones Z1-Z4, were reduced
by —0.74%, —1.82%, —18.03%, and —0.59%, respectively

South shoal Main channel North shoal
Scenario Total (10°1) (106 ¢) (106 ¢) (106 ¢)
co1 0.155 3.580 —3.440 0.015
02 0.126 3.563 —3.435 —0.002
03 —0.072 3.526 —3.531 —0.067
Co4 —0.118 3.512 —3.550 —0.080
o5 0.058 3.481 —3.462 0.039
C06 0.111 3.293 —3.403 0.221
co7 0.598 3.235 —3.194 0.557
o8 1.396 3.281 —2.992 1.107
09 0.079 3.288 —3.417 0.208
c10 1.350 3.275 —-3.019 1.094

Note: Positive and negative values represent the net flux entering and outflow-
ing from the study area, respectively.

(Figure 8D-G). In the sub-zones with an initial net sedi-
ment export, i.e. sub-zones Z5-Z76, the export increased
by 0.98% and 23.23% (Figure 8H-I).

In Scenarios C03 and C04, following the further
reduced SSC inputs from the Changjiang River, the over-
all net suspended sediment budgets decreased by —7.35%
and —8.67% to 3.841 x 10° t and 3.786 x 10° t compared
to Scenario C01 (Figure 7C-D and Figure 8A). Suspended
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Figure 7. Modeled net suspended sediment fluxes through different transects, and the corresponding sediment budgets within all
divided sub-zones in Scenarios C01-C04 (with gradually reduced riverine SSC). Arrows and associated values on the transect between
different sub-zones indicate the direction and amount of net suspended sediment transport.

sediment transport along the seaward transects shifted
from net landward import (in scenarios C01 and C02)
to net export to the offshore areas, as the total flux
reached 0.072 x 10° tand 0.118 x 10° t (Figure 7C-D and
Figure 8B; Table 4). Export to the North Passage reduced
by —6.13% and —6.34% in Scenarios C03-C04 compared
to Scenario CO1 (Figure 8C). In total, net suspended sedi-
ment budgets in sub-zones Z1-74 decreased in Scenarios
C03-C04 (Figure 8D-G). The net output of suspended
sediment from sub-zone Z5 and Z6 further increased by
2.52% and 60.88% in Scenario C03 and 3.47% and 74.23%
in Scenario C04 (Figure 8H-I).

In general, with reduced riverine SSC supply, the trap-
ping efficiency of suspended sediment in the accreting
sub-zones declined while exports from eroding sub-
zones increased (Figures 7 and 8). In particular, in the

south shoal, the reduction in net suspended sediment
deposition reduced —1.70% from Scenario CO1 to Sce-
nario C04. The net export from the north shoal increased
by 111.27% (Figure 8] and L). Moreover, the net depo-
sition decreased in the upstream sub-zone Z2 and net
output increased in the downstream sub-zone Z5, which
resulted in reduced trapping efficiency in the main chan-
nel (Figure 8K).

4.3. Suspended sediment budgets under SLR
scenarios

4.3.1. Modeled hydrodynamics

Increased mean sea levels by 5, 15, 25, and 100 cm (Sce-
narios C05-C08), lead to increases in the mean of mod-
eled depth-averaged velocities, by 0.40%, 1.20%, 2.02%,
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and 4.06%, respectively, compared with Scenario C04
(no SLR) (Table 3). The spatial pattern of modeled flow
velocity within the channel and shoals remained rela-
tively stable (Figure S2). Results of Scenario C08 and
Scenario C04 showed that the most increase in velocity
(over 0.03 m/s) was located in the south Nanhui Shoal
and most of the Jiuduansha Shoal (Figure 9A). The minor
reductions (0-0.04 m/s) were mainly concentrated in the
deepest upper South Passage channel and downstream
of the mouth bar (Figure 9A). In addition, the modeled
bed shear stress grew by 0.25%, 0.80%, 1.35% and 2.73%,
respectively (Figure S3; Table 3). Here, the difference was
that the extent of increased bed shear stresses receded
within the Nanhui Shoal, Jiuduansha Shoal, and offshore
areas, but the extent of reduced bed shear stress widened
also bounded by the mouth bar (Figure 9B).

In addition, the modeled mean SSCs following SLR
reduced by —0.95%, —3.07%, —4.27%, and —7.00% in the

channel-shoal complex in Scenarios C05-CO08, respec-
tively (Figure S4; Table 3). The comparison between
Scenario C08 and C04 suggested that the most obvious
reduction occurred in the main deeper South Passage
channel, its intensity gradually weakened towards the
mouth bar and offshore areas (Figure 9C). Areas of reduc-
tion over —0.06 kg/m? stretched downstream along the
seaward edge of the Nanhui Shoal (Figure 9C). SSCs
increased on the tail of the Jiuduansha Shoal, which were
located in the sheltered areas adjacent to the south train-
ing wall of the Deep-water Navigation Channel Project in
the North Passage (Figure 9C).

4.3.2. Variations in the suspended sediment budgets

After an SLR of 5cm in Scenario CO05, the modeled net
aggradation in the study area declined by —1.11% to
3.744 x 10° t relative to Scenario CO04, following simi-
lar trends from SSC input reductions (Figure 8A and
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Figure 9. Differences in modeled mean depth-averaged velocity, bed shear stress and SSC between Scenario C08 (SLR of 50 cm) and

Scenario C04 (no SLR).

Figure 10A). In particular, the total sediment fluxes
along seaward transects shifted from the previous out-
put to input from the sea, reaching 0.058 x 10° t; the
flux exported to the North Passage increased by 14.30%
to 0.943 x 10° t (Figure 8B-C; Table 4). The net depo-
sition in sub-zones Z1 increased by 1.47%, which was
the opposite of that caused by reduced SSC (Figure 8D
and Figure 10A). However, the net deposition of the
previously trapped sub-zones Z2 and Z4 continued to
decrease by —1.65% and —1.59%, respectively, mainly
corresponding to the locations of increased velocity and
bed shear stress (Figure 8E and G). The suspended sed-
iment budget in sub-zone Z3 turned from slight depo-
sition to net export, and net outputs in sub-zones Z5
and Z6 lowered by —1.86% and —9.39%, respectively
(Figure 8E-I).

With the SLR of 15 and 25 cm in Scenarios C06 and
CO07, the net trapped suspended sediment was further
decreased by —4.18% and —4.16% to 3.628 x 10° t and
3.629 x 10° t (Figure 8A). Although the total difference
between two scenarios within the overall complex was
small, variations in different sub-zones were distinct.
Herein, the net landward transport along seaward tran-
sects was 0.91 and 9.31 times greater than that in Scenario
C05; the net transport amounts to the North Passage
increased by 19.67% and 57.58%, respectively (Figure 8B-
C and Figure 10B-C). Suspended sediment trapping in
Sub-zone Z1 lowered by 4.85% and 7.72% (Figure 8D).
SLR resulted in an exacerbated decrease in net deposition
in sub-zones Z2 and Z4; increased the output in sub-
zone Z3 by 4.68 and 7.87 times compared to Scenario
CO05 (Figure 8E-G). The net exports from sub-zones Z5
and Z6 also weakened (Figure 8H-I). In Scenario C08,
the net trapped suspended sediment was further reduced
by 14.79% to 3.226 x 10° t (Figure 8A and Figure 10D).
Correspondingly, the landward flux through seaward

transects amounted to 1.393 x 10° t, which is 23.07 times
that of scenario C05 (Figure 8B and Figure 10D). Hence,
the downstream sub-zones Z5 and Z6 experienced a sig-
nificant reduction in net output of —24.52% and 78.82%,
respectively (Figure 8H-I). While the trapping efficien-
cies in sub-zones Z2 and Z4 diminished by —20.42% and
56.07% (Figure 8D-E and G).

Overall, the SLR simulations indicate a decrease in the
net suspended sediment trapping in the entire channel-
shoal complex, which is similar to the tendency with
reduced riverine SSC inputs (Figure 8A). Differences
remain. (1) A lower SSC resulted in a gradual reduc-
tion in suspended sediment deposition in sub-zones
Z1-74, whereas SLR enhances deposition in sub-zones
Z1 (Figure 8D-G). (2) Sediment gains in sub-zone Z2 and
sub-zone Z4 were further weakened with SLR; especially
in sub-zone Z3 in the upper Jiuduansha Shoal, which
shifted from a slightly weak net input to an increased out-
put (Figure 8E-G and Figure 10). (3) SLR lowers the net
export of suspended sediment to downstream sub-zones
Z5-76 (Figure 8H-I and Figure 10).

4.4. Superimposed effects with lower SSC

The combined effects of SSC reduction and SLR result
in a further lowering of the SSC. When the SSC input
at Datong station was reduced to 0.06 kg/m?, the mean
of modeled SSC in Scenarios C09 and C10 was lower by
—0.30% and 0.25% relative to Scenarios C06 and C08
(Table 3). The greatest reduction in SSC was concen-
trated at the upstream entrance of the South Passage, the
magnitude gradually weakened toward the mouth bar
and strengthened again in the offshore areas (Figure 5).
Therefore, the net suspended sediment trapping amount
was 3.579 x 10° t and 3.206 x 10° t, respectively, which
was —1.36% and —0.63% less relative to scenarios C06
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Figure 10. Modeled suspended sediment fluxes and net budgets within different sub-zones in Scenarios C05-C08 (SLRs of 5, 15, 25 and

50 cm, respectively).

and CO08 (Figure 11). The total landward sediment flux
along the seaward transect was reduced by —2.83% and
—3.30% (Table 4). Only the output from sub-zones Z3
and Z6, close to the south training wall of the Deep-water
Navigation Channel Project in the North Passage, was
reduced; the net input or net output in other sub-zones
was weakened or enhanced (Figure 11) (Table 5).

5. Discussion
5.1. Impact of reduced riverine sediment supply

Since the Holocene, large amounts of river-derived
sediments have accumulated in fluvial-tidal environ-
ments (Bianchi & Allison, 2009; Goodbred & Kuehl,
1999). For instance, about 80% of riverine sediment

Table 5. Variation in net suspended sediment budgets in the
entire study area and three sub-regions under the impact of SLR
(C06 and C08) and superimposed further lower SSC (C09 and C10).

South shoal Main channel North shoal
Scenario Total (100 1) (1001) (1001) (10°1)
C04 3.786 3.151 0.925 —0.290
C06 3.628 3.096 0.905 —0.372
08 3.226 2.849 0.795 —0.417
C09 3.579 3.088 0.883 —0.392
C10 3.206 2.843 0.787 —0.424

was captured in the Mekong Delta over the past three
millennia, which allowed it to grow and become a
place of great socio-ecological importance (Szczucinski
et al., 2013; Xue et al., 2010). Maintaining stability in
these mega-deltaic channel-shoal complexes is therefore
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Figure 11. Modeled suspended sediment fluxes and corresponding net budgets within different sub-zones in Scenarios C09-C10 (SLRs
of 15 and 50 cm with the riverine SSC is further reduced to 0.06 kg/m3).

paramount (Allison, 1998; Anthony et al., 2014; Syvit-
ski et al., 2009). Recent enhanced variability of the ter-
restrial sediment supply and associated declining SSC
triggered by global climate change and human activities
strongly affect sediment budgets and deltaic geomorphol-
ogy (Blum & Roberts, 2009; Dai et al., 2014; Nienhuis
et al., 2020; Raff et al., 2023).

For example, in the mega Ganges-Brahmaputra Delta,
modern sediment dispersal patterns were similar to those
in the past; although continuous deposition occurred in
disparate depocenters, and parts of the delta are eroding
(Akter et al., 2021; Goodbred & Kuehl, 1999). The Red
River Delta was rapidly growing owing to the abundance
of climate-driven sediment. Nhuan and Van Ngoi (2012)
indicated that the upstream construction of hydraulic
projects would reduce sediment availability and exacer-
bate erosion-stressed geomorphic stability. In the mega-
Mekong, over 50% of the coastline experienced erosion
and land loss between 2003 and 2012; the tidal intru-
sion will advance landward over 50 km in the next two
decades due to channel erosion after reduced river SSC,
which will most likely be worsened by sediment starva-
tion and SLR (Anthony et al., 2015; Vasilopoulos et al.,
2021). In deltas overall, the reduced upstream sediment
supply, sand mining, and land reclamation will intensify
the shift in sediment budget from deposition to export,
alter hydrodynamic conditions and runoff-tidal equilib-
rium locations between the deep channel and tidal shoals
(Chen et al., 2022; Cox et al., 2021).

In the Changjiang Delta, tides are the dominant
driver controlling the development of the channel-shoal

morphology but accelerated progradation over the past
2000 years of BP can be attributed to the increased river-
ine sediment supply (Chen et al., 1979; Gao et al., 2019;
Hori et al., 2001). However, since the Three Gorges Dam
was constructed in 2003, the sediment retention rate in
the entire Changjiang Delta has been reduced to the
30% (0.49 x 108 t/yr) of the average during the previ-
ous two millennia (Hori et al., 2002; Wang et al., 2018b).
The mean SSC at Datong dropped from 0.53 kg/m?
between 1965 and 1988 to 0.122kg/m? between 2014
and 2022 (Text S1). Consequently, the sediment budgets
and geomorphic change within the channel-shoal com-
plex shifted to achieve a new equilibrium (Dai et al.,
2014; Liu et al., 2007 & 2018a). Studies have indicated
that the distributary channels and tidal shoals are already
experiencing erosion due to lowered water discharge and
that the extent of sediment sinks turning into sources
is expanding (Gao et al., 2019; Xie et al., 2017). The
Changjiang Delta was eroding at —5.59 cm/yr between
2007 and 2019, in particular, channels deeper than —10 m
eroded while tidal shoals shallower than —5m experi-
enced accretion (Guo et al., 2021).

The results of this study confirmed that the strong
incision in the upper South Passage and enhanced ero-
sion of the mouth bar and offshore areas over the past
40 years (Figures 3 and 4). Both the measured net
deposition rate and the modeled suspended sediment
trapping efficiency gradually decreased, which can be
attributed largely to the continued reduction in SSC from
the Changjiang River (Dai et al., 2015; Wei et al,, 2017;
Yang et al., 2005). Geomorphic evolution of the South
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Passage shifted from an erosion state before 2003 to par-
tially infilling and formed a two-channel configuration,
this tendency was enhanced by the full operation of the
Three Gorges Dam (Dai et al., 2015; Luo et al., 2023;
Mei et al., 2021). Moreover, with the continued erosion
in the Changjiang Delta and net export of fine-grained
sediments, the sediment coarsening in the delta-shelf
transition zone also provided sedimentologic evidence
for delta degradation resulting from its sediment deficits
(Zhan et al., 2020; Zou & Gao, 2019).

5.2. Effect of SLR on deltaic suspended sediment
budgets

Global mean SLR was 2.6mm/yr during the past
two decades. With likely future accelerating SLR, the
resilience of coastal zone populations and ecosystems is
severely tested (Cazenave & Cozannet, 2014; Nicholls
et al,, 2021). Sea-level change can make or break mega
fluvial-tidal deltas, and with future SLR the channel-shoal
geomorphic complex of the Changjiang Delta is more
vulnerable to transgression (Nienhuis et al., 2023; Poreb-
ski & Steel, 2006). SLR can also change waves and tidal
forcings and further increase delta inundation and shore-
line migration (van De Lageweg & Slangen, 2017). For
instance, by 2100, SLR might trigger a 67% increase in
tidal amplitude along the northern Gulf of Mexico and
accelerate the propagation rate of tidal currents in the
bays and estuaries (Passeri et al., 2016). In the Mekong
delta, the combined effects of channel incisions caused by
reduced river sediment supply and SLR led to an increase
in M, tidal amplitude of 1.1-2.0 and 2.0 cm/yr in the off-
shore and inland areas, respectively, which enhanced salt-
water intrusion into the delta along distributaries (Erban
et al., 2014; Eslami et al., 2019).

In general, SLR-induced increases in the relative tidal
energy will result in altered sediment transports and bud-
gets in most mega-deltas (Allison, 1998; Khan et al.,
2020). These changes then work their way through delta
morphologic changes, and, in many cases, result in
stronger tides that may locally amplify the threat of SLR
(Finotello et al., 2019; Ibafiez et al., 1997). For example,
the Eastern Scheldt Estuary will shift to ebb dominance
when SLR increases up to 2.0 m, which will accelerate
tidal currents and promote a net export of sand (Jiang
et al., 2020). In the mesotidal Deben Estuary, SLR will
intensify hydrodynamic-geomorphic changes around the
ebb delta (Yin et al., 2019). Overall, SLR-enhanced tidal
currents could be the critical driver of erosion in a deltaic
channel-shoal system; with a shift of sediment deposition
upstream toward the fluvial sediment source because of
the greater flood tide dominance (Elmilady et al., 2022;
van Maanen et al., 2013).

In the mega-Changjiang Delta, changes in the relative
strength of river discharge and tides can lead to variations
in the transport patterns, with the offshore depocenter
moving northward due to stronger tidal forcings (Dai
et al., 2014; Yun, 2004; Zhu et al., 2020). In addition,
SLR can increase tidal levels in the Changjiang Delta
and accelerate the propagation of tidal currents toward
the upstream deltaic channels, which may enhance tidal
shoal erosion (Kuang et al., 2014). Numerical modeling
suggested that SLR lowers the net sediment export in the
mouth bar of the Changjiang Delta, while an increased
M, tidal component led to increased output (Chu et al.,
2020). Tidal skewness (y) (Eq. 12) can quantify the
changes in tidal forcing due to SLR, with the positive
and negative values representing flood-dominance and
ebb-dominance:

_ ﬁ Zthl (x — %)
= 3/2
[ 75 2L o - 97]

where x; is the derivative of the water level with respect
to time t, and x is the mean water level. Model scenar-
ios C04-C08 indicated mostly ebb-dominant conditions
along the thalweg of the South Passage, and a decrease
in ebb-dominance toward the sea. SLR reduces the ebb-
dominance and leads to flood-dominant conditions off-
shore of the South Passage (Figure 12). Therefore, SLR
generates stronger flood tides and suppresses the prevail-
ing ebb-dominance (Kuang et al., 2014; Shen & Li, 2011;
Wang et al., 2023). The effect of SLR on the tidal skewness
is further illustrated by modeled total suspended sedi-
ment flux through three seaward transects herein. The
flux shifted from negative to positive due to SLR in this
study, suggesting that more suspended sediment is being
imported into the upper deltaic channel from the offshore
areas (Figure 8B).

Results in Table 3 and Figure S5 show that in sce-
narios C09-10 although the SSC from the Changjiang
River has been further reduced to 0.060 kg/m?, the over-
all means of SSC in the channel-shoal complex only
slightly lower than that of scenarios C06 and C08 with
the same SLR. This is partly related to its location in
the Maximum Turbidity Zone in the Changjiang Delta,
where the SSC is higher due to the mixing effect and
stratification of fresh and saltwater (Chen et al., 1988;
Li et al., 1994; Shen et al,, 1992 and 2010). Some stud-
ies have suggested that SLR can favor the formation of
Maximum Turbidity Zone in mega-deltas and weaken
the ebb-tide dominance, thereby reducing net sediment
transport to the sea (Allison et al., 2017; Chu, 2019; van
Maanen et al., 2013). Moreover, it needs to be stressed
that with global/regional climate change and enhanced
human disturbances (damming, water withdrawals, etc.)

(12)
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shown.

in the basin, water discharge entering into the Changjiang
Delta is most likely to decrease gradually along with
rising sea levels, which possibly aggravating the lack
of terrestrial sediment supply (Dai, 2021; Luan et al.,
2017). Thus, deltaic sediment transport and geomorphic
changes affected by coupled changing river and marine
drivers are attracting global attention (Hoitink et al.,
2017; Nienhuis et al., 2018; Raff et al., 2023).

Studies have indicated that fine-grained sediments
accumulated in the delta front and subaqueous areas
can be re-transported landward by SLR-enhanced tides,
which will be an important and new sediment source
to feed the growths of delta shoals (Akter et al., 2021;
Fagherazzi et al., 2020; Kuehl et al., 1986; Szczucinski
et al., 2013). Thus, sediment redistribution and geo-
morphic adjustments in the delta channel-shoal system
have attracted more widespread attention (Leonardi et al.,
2021; Nienhuis et al., 2018; Passeri et al., 2015; van Maa-
nen et al., 2013). For example, model results from Cal-
ifornia suggest that SLR and reduced sediment supply
may move the primary location of sediment deposition
from the San Francisco Bay to the San Pablo Bay fur-
ther upstream (Elmilady et al., 2019; van der Wegen et al,,
2017). This is similar to the findings in this study, where
SLR led to an increase in overall sediment export, but net
seaward exports from the downstream sub-zones Z5-726
declined (Figure 8). One reason for this could be the
duration of the flood tide. An SLR of 0.5m resulted in
an increase in this duration of 1.18%, 1.23%, and 3.64%
at the three sites (H1, H2, and H3) in the South Passage
(Figure 13; Table 6). Mean bed shear stress increased by
0.30% and 0.39% during the flood tide at the H2 and H3

Table 6. Variations (magnitude, angle and duration) in modeled
bed shear stress during the flood and ebb tides under the influ-
ence of SLR at five sites.

Bed shear

stress (N/m2) Angle (°) Duration (%)
Site  Scenario Flood Ebb  Flood Ebb  Flood Ebb
H1 C04 0.80 0.84 329.68 149.13 46.81% 53.19%

o6 079 087
o8 0.78 093
C08vs.C04 —1.41% 9.62%

330.21 149.03 47.09% 52.91%
329.67 14844 47.37% 52.63%
0.00% —0.47% 1.18%—1.04%

H2-N Co4 016  0.16 267.46 12049 54.85% 45.15%
o6 0.18 015 27958 119.67 53.74% 46.26%

o8 021 0.5 29262 116.86 52.35% 47.65%

C08vs. C04 24.96%—3.90% 9.41% —3.01%—4.55% 5.52%

H2 Co4 040 051 31362 12226 44.88% 55.12%
o6 040 050 31324 121.54 45.15% 54.85%

o8 040 049 31355 119.77 45.43% 54.57%
C08vs.C04 0.30%—3.97% —0.02% —2.04% 1.23%—1.01%

H2-S Co4 024 018 25729 67.76 38.23% 61.77%
06 025 0.18 25770  70.58 37.67% 62.33%

o8 024 0.17 25387 7145 39.06% 60.94%
C08vs.C04 0.41%—3.95% —1.33% 5.44% 2.17%—1.35%

H3 04 046 046 28651 10733 45.71% 54.29%
06 046 045 287.23 10737 45.98% 54.02%

o8 046 045 28690 106.29 47.37% 52.63%

C08vs.C04 0.39%—0.61% 0.13% —0.97% 3.64%—3.06%

sites, respectively (Figure 13; Table 6). Mean bed shear
stress at the site of the Jiuduansha Shoal and Nanhui Shoal
(H2-N, H2-S) also increased with SLR; and the former
resulted in a reduction of suspended sediment deposition
(Figures 8 and 14; Table 6).

5.3. Implications for future deltaic
morphodynamics

In the last centuries, high-intensity human activities
emerged as the critical drivers impacting hydrodynamics
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Figure 13. The vectors and changes of modeled bed shear stress during the spring-neap tidal periods at different five fixed sites in

Scenarios C04, C06 and C08.

and sediment budgets in mega-deltas (Anthony et al.,
2014; Ericson et al., 2006). Channelization works pre-
vented avulsions in the Rhone Delta and likely exac-
erbated erosion of the prodeltaic lobes (Sabatier et al.,
2009). Vellinga et al. (2014) found a human-driven reduc-
tion of extreme water levels in the Rhine-Meuse Delta
since 1940, despite the SLR. In addition, land recla-
mation might lead to marine sediment import, despite
sediment deficits in tide-influenced subaqueous deltas
(Angamuthu et al., 2018). For instance, in the Guayas
River Estuary, Gulf of Guayaquil, artificial reclamations
increased the flood tidal currents, thus leading to greater
input of seaward sediment (Barrera Crespo et al., 2019).
These examples are visible on a global scale. While not all
deltas have lost land over the past three decades, deltas
that shifted to a more pronounced tidal dominance were
gaining land (Nienhuis et al., 2020).

In the Changjiang Delta, the tidal flats on both sides
of the South Passage channel, i.e. the Nanhui Shoal and
Jiuduansha Shoal, both showed relatively natural states
until 1990 (Figure 14A—C). However, the construction of
the Deep-water Navigation Channel Project in the North
Passage since 1998 has dramatically altered flow and sedi-
ment transport in the Jiuduansha Shoal, with affected the
bathymetry and the marshes (Li et al., 2016; Wei et al,,
2016). The added effect of the diversion works of the
Deep-water Navigation Channel Project also resulted in

a higher flow entering the South Passage channel, and
the south training walls obstructed the propagation of
flood tides toward the North Passage (Jiang et al., 2012).
Together with the increased runoff and lower SSC feeding
the delta, this caused erosion in the upper South Passage,
which expanded downstream toward the mouth bar and
offshore areas (Figures 3 and 4). In addition, the progra-
dation rate in the Nanhui Shoal accelerated because
of substantial intertidal-subtidal enclosures, meanwhile,
seaward erosion induced steeper topographic gradients
(Wang et al., 2018; Wei et al., 2017; Zhang et al., 2018b;
Wang et al,, 2022a).

Specifically, the upper intertidal Nanhui Shoal was
reclaimed (totaling 134km?) between 1994 and 2002
and increased sedimentation; the first stage of the Deep-
water Navigation Channel Project also allowed some sed-
iment to be trapped in groins and the south training
wall (Figure 14D-I). The second and third stage engi-
neering of the navigation channel and the latest siltation-
promoting projects (150 km?) in the Nanhui Shoal have
been carried out, thus resulting in more sediment reten-
tion, and further erosions in subaqueous areas (Figures 4
and 14D-I). Hence, the bathymetry in the deltaic chan-
nel and tidal shoals in the southern Changjiang Delta are
severely disturbed at present. Mei et al. (2023) suggested
that tidal flat accretion in the Nanhui Shoal may decel-
erate when available sediment falls below a threshold of
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Passage between 1998 and 2011, and the latest breakwater and dredging was carried out in the South Passage between 2019 and 2020.
(I) Recent reclamation areas along the Nanhui Shoal over the past 30 years reached 300 km?.

0.01 x 108 t/y, with enhanced erosion in the South Pas-
sage channel and south Jiuduansha Shoal (Dai, 2021; Gao
et al., 2019; Guo et al., 2021).

In the future, it is undeniable that the accretion and
progradation of tidal shoals in natural or semi-natural
states will be challenged (Ibafez et al., 1997). River-
ine sediment deficits, rapid SLR, and further anthro-
pogenic activity may lead to global deltaic land loss of
5% and 50% by 2100 and 2300 under the RCP8.5 Sce-
narios, respectively (Nienhuis et al., 2023; Nienhuis &
van de Wal, 2021). Moreover, new damming and coastal
infrastructure will further restrict sediment retention and
land elevation gain in 46 mega-deltas (Tessler et al.,
2018). In particular, hydrodynamic, geomorphologic,
and ecological responses induced by multiple threats are
interrelated in fluvial-tidal deltas; synergetic approaches
are needed to study sedimentary and morphodynamic

changes (Fagherazzi et al., 2020; Passeri et al.,, 2015;
Saintilan et al., 2022). Furthermore, there is also an
urgent need to develop effective nature-based solutions
to increase sediment accumulation and to strengthen
the resilience of channel-shoal geomorphic complexes to
cope with SLR in mega fluvial-tidal deltas (Raff et al,
2023; Schmitt et al., 2021; Tang, 2008).

6. Conclusions

Geomorphic changes in the South Passage, Nanhui Shoal,
and Jiuduansha Shoal of the Changjiang Delta between
1979 and 2020 were examined here using bathymetric
data. A process-based Delft3D numerical model was used
to analyze the variations in suspended sediment bud-
gets triggered by sediment reduction and SLR in this
channel-shoal environment. The main conclusions are:
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(1) After Three Gorges Dam-induced riverine SSC
reduced by 75% in several stages, the net depo-
sition rate within the entire complex decreased
from 4.20cm/yr in 1979-1990 and 3.21 cm/yr
in 1990-2003, to 2.21cm/yr in 2003-2013 and
0.40 cm/yr in 2013-2020.

(2) Channel erosion of over 2.0 m occurred along the
upper South Passage during the past four decades,
which extended longitudinally toward the mouth
bar and offshore areas. Sedimentation of over 1.0 m
accumulated in the bordering Nanhui Shoal and
Jiuduansha Shoal, both of which have been influ-
enced by engineering.

(3) Modeling results indicated that when the SSC from
the Changjiang River was reduced from 0.53, to
0.35kg/m>, to 0.16kg/m>, and finally 0.12kg/m?,
the net suspended sediment deposition herein
was lowered by 3.13%, 7.35% and 8.67%, respec-
tively. Sediment export increased from the northern
shoals.

(4) Suspended sediment trapping efficiency within this
complex was projected to continue to diminish by
1.11%, 4.18%, 4.16%, and 14.79% relative to present
with an SLR of 5, 15, 25, and 50 cm, respectively.

As a typical fluvial-tidal delta, the mega-Changjiang
Delta is affected by the superimposed effects of lower
riverine SSC input and SLR, which will cause greater
reductions in sediment budgets. The findings may pro-
vide insights into the broader morphodynamics and sed-
iment budgets of global deltaic channel-shoal complexes
that have to cope with sediment deficits and SLR.
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