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a b s t r a c t

The southeastern portion of the Yangtze River Estuary (or Yangtze Estuary) was considered to be the
deposition center and the mudbank of the Yangtze River Delta. As the fluvial sediment supply began to
decline in the 1980s and the reduction accelerated after the completion of the Three Gorge Dam in 2003,
more fluvial sediment was trapped decreasing the suspended sediment concentration (SSC) environment
in the river mouth area. Moreover, the accretion rate of the mudbank has slowed down in recent decades.
In fact, the mudbank shrank and has faced a regime shift from sediment sink to source. A better un-
derstanding of the tidal-scale dynamics and spatial variability of the system is essential to explore the
conversion of the sediment sources and sinks in the Yangtze Estuary affected by natural variations and
human activities. Flow velocity, salinity, and suspended-sediment concentration during spring and neap
tides were measured at three sites on the mudbank in July 1982 and July 2013. The variation in flow was
not significant at all the sites measured in the study area from 1982 to 2013. However, the sediment
dynamics changed remarkably over these three decades. The temporal distribution of the SSC increased
in the bottom layer. The SSC was much larger during the early flood tide period in 2013. The tidal range
increased by nearly 10% and the flood dominance increased in the study area from 1982 to 2013. The
salinity dynamics underwent a transition from a stratified system in 1982 to a well-mixed system in
2013. The landward sediment budget increased remarkably from 1982 to 2013. The decreased fluvial
sediment supply, increased flood dominance, well-mixed salinity, and increased tidal range were directly
responsible for the larger landward sediment budget and more severe erosion in the mudbank in 2013.
The current results reveal the flow and sediment dynamics during the conversion of the sediment sink to
source. Furthermore, it was determined that the sediment-starved process in the estuarine environment,
which occurred due to the reduction in the fluvial sediment, leads to an increased landward transport of
sediment. The current study provides a clear understanding of the mechanisms governing the delta
system transition in the mudbank of the Yangtze Estuary, which is useful for delta protection in the
future.
© 2021 International Research and Training Centre on Erosion and Sedimentation/the World Association

for Sedimentation and Erosion Research. Published by Elsevier B.V. All rights reserved.
1. Introduction equilibrium state at an appropriate timescale. However, natural var-
Estuaries and deltas connect rivers with open oceans and repre-
sent an important component of the global sediment source and sink
system. Riverine sediment is transported and deposited mostly in
estuaries and deltas, which are either a final sedimentary sink or a
passageway to the oceans (Guo et al., 2019; Stanley & Warne, 1994;
Syvitski et al., 2009). Under natural conditions, the sediment source
and sink system in estuaries and deltas can always reach an
.
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iations and humanmodifications have reached unprecedented levels
during the last decades, thereby breaking the equilibria and modi-
fying the evolution processes in estuaries and deltas. Many rivers
worldwide have experienced a reduction in sediment flux primarily
due to reservoir construction and other factors (Guo et al., 2018;
Milliman & Farnsworth, 2011; Walling & Fang, 2003). For example,
fluvial sediment entering the sea has now decreased to almost zero
for theNileDelta (Frihyet al., 2003); theMississippiDelta has also lost
about70%of itsfluvial sediment input (Milliman& Farnsworth,2011).
Human impacts, including the construction of navigational channels
and reclamations, havegreatlymodified thephysical environmentsof
estuaries and play increasingly important roles in the delta evolution
ation/the World Association for Sedimentation and Erosion Research. Published by
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(Cai et al., 2012; Luan et al., 2016; Ralston et al., 2019; Syvitski& Saito,
2007; Vellinga et al., 2014; Winterwerp et al., 2013). These changes
introduce feedback that additionally alter hydrodynamic and sedi-
mentary processes and lead to a regime shift to sediment source and
sink systems in estuaries and deltas (Winterwerp et al., 2013).

The Yangtze River Estuary (or Yangtze Estuary) in China is ideal
for examining estuarine regime shifts that occur in response to
changes in both the upstream reach and deltaic regions. The
Yangtze Estuary connects the longest river in China with the East
China Sea, with an estuary width of almost 100 km. Chongming
Island, Changxing Island, Hengsha Island, and the Jiuduansha
Shoaldivide the estuary into four channels: the North Branch, North
Channel, and North and South Passages (Fig. 1) (Xie et al., 2009). In
the past century, estuaries have been developing seawards (Chen
et al., 1985). For example, the 5 m isobath of the Nanhui Shoal
has gradually expanded toward the sea at approximately
0.5e1.2 km/yr. During this progradation, the profile, slope, and
curvature remained similar (Chen, 2007; Chen et al., 1985). A large
flat area on the outskirts of the South Passage functions as the main
conduit for the water and sediment of the Yangtze River (Milliman
et al., 1985). This is because the tidal current force was relatively
lower on the Nanhui Shoal. Therefore, sediment easily deposit
when passing the area in the ebb or flood tides and part of the
sediment that exited the Yangtze Estuary during ebb tide re-
entered the Nanhui Shoal and entered the Yangtze Estuary during
flood tide (Yun, 1983). Therefore, there is a mudbank outside the
Nanhui Shoal, with a high sediment exchange ratio between the
near-bottom suspended and sea-bottom sediments. The Nanhui
Shoal is considered as one of the deposition centers and sediment
sinks of the Yangtze River Delta (Liu et al., 2010; Stanley & Chen,
1993; Wei et al., 2017).

After the construction of more than 80,000 dams, the fluvial
sediment supply has now decreased to less than 140 Mt/yr, which
was 450 Mt/yr from 1969 to 1985 (Yang et al., 2018). Meanwhile,
many deltaic engineering projects have been constructed in the
Yangtze Estuary during recent decades for navigation, freshwater
Fig. 1. Map of the Yangtze Estuary showing the locations of the sa
consumption, and wetland management purposes. There is serious
siltation in the deep-water navigation channel along the North
Passage, which requires extensive dredging every year.

Channels and shoals in the Yangtze Estuary were not isolated.
Water and sediment exchanges frequently occurred between
different channels and shoals, including the North Passage and the
Nanhui Shoal. In the current study, the directions of the net sediment
fluxes suggest that a large amount of sediment was transported to
the South Passage (the turbidity maximum zone) from the study
area. Previous studies have shown that the sediment deposited in
the North Passage was delivered from the submerged delta. When
sediment in the North Passage was dredged to the eastern Hengsha
Shoal, more sediment would be delivered from the submerged delta
to the North Passage to maintain the turbidity maximum zone. Due
to the construction of training walls, the North Passage experienced
net accretion of 17.2 Mm3/yr in 1998e2011. The annual dredging
volume was 47.2 Mm3/yr in 2000e2012 and a considerable portion
of the dredged sediment was used for siltation promotion of sedi-
mentation and land reclamation at the adjacent shoals (Luan et al.,
2016). The annual accretion volume at East Nanhui Mudflat
reached 12 Mm3/yr in 1998e2013 due to land reclamation. The
fluvial sediment decreased while more sediment particles were
delivered from the mudbank or the subaqueous delta to the shoals.
Moreover, previous studies suggested that training walls enhanced
the scouring capacity of tidal currents at the subaqueous delta, and,
thereby, accelerated the erosion of the mudbank (Luan et al., 2018).
Eroded sediment is transported to the North Passage by flood tide
currents and erosion areas appeared around the delta front zone,
including the mudbank (Zhu et al., 2016).

Previous studies have found that more sediment was deliv-
ered to the mudbank through channels during ebb tide periods
as compared to the sediment transported away from the shoals
during flood tide periods (Thomas et al., 2002; Yun, 1983). These
processes resulted in sediment deposition in mudbanks. More-
over, increasing local engineering projects in the Yangtze Estuary
were considered to play a dominant role compared to riverine
mpling sites and the study area of bathymetric data analysis.
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impacts on morphological changes of the river delta at a short-
term timescale (year to decade) (Fan et al., 2017; Wei et al.,
2017). However, the average suspended sediment concentration
(SSC) has changed little in recent decades (Liu et al., 2014), which
is not consistent with the severe morphological changes of the
Yangtze Estuary (Luan et al., 2016; Zhu et al., 2019). A better
understanding of the variation in sediment dynamics under new
natural conditions and human impacts is still lacking and is
indeed needed to explore the reason why the mudbank is con-
verting from a sediment sink in the Yangtze River Estuary to a
sediment source.

In the current study, two field datasets were collected in the
mudbank of the Yangtze Estuary over a 31-year interval (in 1982 and
2013) to characterize its hydrodynamics and sediment dynamics
(Fig. 1). Better understanding of the tidal-scale dynamics and spatial
variability of the system are sought. The objectives of this study are
to: (a) quantify the changes in hydrodynamics and calculate the
residual sediment flux at different spatial and temporal scales; (b)
discuss how the changing tidal asymmetry, salinity stratification,
and sediment flux affect the deposition-erosion shift; and (c)
determine the unsaturated sediment transport process in the
mudbank, which was derived from the fluvial sediment reduction,
and its role in the regime shift of the sink and source. The results of
the current study can be used to understand sediment redistribution
in estuaries when fluvial sediment loads decrease and assess the
impact of the river reservoir and estuary projects on the water and
sediment transport in the mudbank area, while providing guidance
for other estuaries worldwide that exhibit similar conditions.

2. Study area

The Yangtze River is the longest river in Asia and the third-longest
river in theworld. The river forms fourmain distributarieswithin the
delta. More than 95% of the water and sediment fluxes into the sea
through the South Branch (Yang et al., 2018). The Yangtze Estuary
receives an average of 893 km3/yr of runoff and 368 Mt/yr of sedi-
ment load in the period 1950e2015 (Fig. 2). The variation in annual
water runoff can be omitted in the past half-century, while the
annual fluvial sediment supply declined continuously after the
1980s. The fluvial sediment supply has dropped to a notably low
level in recent years (2003e2016, 135 Mt/yr), which is only 40% of
that in 1982e2002 (Luan et al., 2018; Yang et al., 2018). The mean
tidal range and wave height at the Yangtze River mouth are 2.67 m
and 0.9 m, respectively (Yun, 2004). The seabed at the mouth bar
area is dominated by cohesive sediment, which can be frequently
resuspended by tidal currents (Liu et al., 2010).

Many engineering projects have been constructed in the estuary
in recent decades. The largest one is the deep navigation channel
project (DNCP), which comprises training wall construction and
intensive channel dredging (Fig. 1). The DNCP was implemented
from 1998 to 2010 and had important impacts on estuarine
processes.

3. Methods

3.1. Data collection

Two vessel-based surveys of flow velocity, salinity, and SSC
were done during the spring and neap tide periods in July 1982
and July 2013 (Table 1, Fig. 2). Each survey included three
measuring sites (S1, S2, and S3) in the mudbank of the Yangtze
Estuary, which is located outside the South Passage (Fig. 1) and
has been reported as a fluvial sediment sink over the long term
(Yun, 1983). The three sites in 1982 and 2013 almost overlapped.
At each measuring site, the survey was operated continuously for
approximately 27 h.

In 1982, the annual fluvial water and sediment fluxes into the
sea were 957 km3 and 467 Mt, respectively, which was close to the
mean values for 1980e1984 (963 km3 and 497 Mt). By contrast, the
annual fluvial water and sediment fluxes into the seawere 787 km3

and 117 Mt, respectively, in 2013 which was also close to the mean
values for 2011e2015 (853 km3 and 117 Mt). The results demon-
strated the representativeness of the two measuring years of con-
ditions in their respective time periods. Moreover, the study area
was found to be the mudbank and the deposition center of the
Yangtze Estuary by previous studies (Liu et al., 2010). The three
measuring sites spatially covered the study area and could repre-
sent the mudbank of the Yangtze Estuary.

During the survey in 1982, all parameters at each station were
measured in six layers (0.0h, 0.2h, 0.4h, 0.6h, 0.8h, and 1.0h, where h is
the water depth). The velocity was recorded at intervals of 30 min.
Salinity and SSCweremeasuredusingwater sampleswith an interval
of 30 min. During the survey in 2013, the salinity and SSC at each
station were measured using an optical backscatter sensor (OBS,
Campbell Scientific) for six layers (0.0h, 0.2h, 0.4h, 0.6h, 0.8h, and1.0h)
at intervals of 30 min. Velocity was recorded using an acoustic
Doppler current profiler (ADCP, TeledyneMarine) with an interval of
30 min. The field measurements captured the decadal variability in
the hydrodynamics and sediment dynamics in the mudbank.

Four sets of bathymetric maps were compiled (1978, 1986, 2010,
and 2016) at uneven intervals to evaluate the morphological im-
plications of the hydrodynamics and sediment dynamics. The maps
were based on echo sounder measurements, with a vertical error of
approximately 0.1 m (Zhao et al., 2018).

3.2. Data processing

During the survey in 1983, water samples were filtered, dried,
and weighed to calculate the SSC. During the survey in 2013, the
OBS data were calibrated by regressing against the measured SSC
for each of the surveys. The quality of the OBS calibrations was
suitable, with an average coefficient of determination (R2) value
of 0.94 at the three measuring sites. Digital elevation models
(DEMs) with 100 m � 100 m grid resolutions derived from the
bathymetric maps were produced using Kriging interpolation in
the ArcGIS mapping software package (Xie et al., 2017).

3.3. Residual sediment flux calculation

The sediment fluxes were computed over the 27 h tidal cycles to
interpret decadal variability. The study area is located in the open
sea area; therefore, the velocity also was decomposed into east-
west (E) or north-south (N) directions to better calculate sedi-
ment fluxes. Positive values along the east-west direction indicate
eastward flow, while positive values along the north-south direc-
tion indicate flow toward the south.

The residual transport of water (Trw) and sediment (Trs)
through a unit width along the east-west (E) or north-south (N)
direction at the layer i (i ¼ 1, …, 6) can be defined as

TrwiðEÞ¼
1
T

ðT

0

VðEÞi,Dzdt (1)

TrwiðNÞ¼
1
T

ðT

0

VðNÞi,Dzdt (2)



Fig. 2. (a) Annual runoff and sediment load in the Yangtze Estuary. The bars present the 10-year average annual sediment load. Measured water level during (b) spring tides in 1982,
(c) neap tides in 1982, (d) spring tides in 2013, and (e) neap tides in 2013.
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Tr ðEÞ¼ 1
ðT
VðEÞ ,SSC ,Dzdt (3)
si T

0

i i

TrsiðNÞ¼
1
T

ðT

0

VðNÞi,SSCi,Dzdt (4)
Table 1
Summary of the tidal surveys in the study area. The locations of the measuring sites
are shown in Fig. 1.

Year Site Period

Spring tide survey Neap tide survey

1982 S1 Jul 7 9:00 e Jul 8 11:00 Jun 30 10:00 e Jul 1 12:00
S2 Jul 7 9:00 e Jul 8 11:00 Jun 30 9:00 e Jul 1 11:00
S3 Jul 7 9:00 e Jul 8 11:00 Jun 30 10:00 e Jul 1 12:00

2013 S1 Jul 24 7:00 e Jul 25 9:00 Jul 30 14:00 e Jul 31 16:00
S2 Jul 22 15:00 e Jul 23 17:00 Jul 29 7:00 e Jul 30 9:00
S3 Jul 22 15:00 e Jul 23 17:00 Jul 29 7:00 e Jul 30 9:00
where VðEÞi or VðNÞiis the current velocity along the east-west
(E) or north-south (N) directions, respectively, at the ith layer,
Dz ¼ H/6 is the thickness of layer i, H is the total water depth
that fluctuates with the tidal wave propagation, and SSCi is
the sediment concentration at the ith layer. If T represents
the period of flood-ebb tidal cycles, then TrwðsÞiðEÞ is the
residual substance (water or sediment) transport of the ith layer
(Wu et al., 2006).

3.4. The Richardson number calculation

To quantify the stratification of water, the Richardson number
generally is used to characterize the stratification. The Richardson
number (Ri), which is the ratio of buoyancy to shear production,
signifies the degree of stratification and mixing in estuaries. Ri can
be calculated as follows (Geyer & Smith, 1987):

Ri¼ �ðg=rwÞðvrw=vzÞ
ðvu=vzÞ2 þ ðvv=vzÞ2

(5)

where g is the gravitational acceleration, rw is the density of
estuarine water, z is the height above the bed, and u and v are the



Table 2
Tidal range (m), tidal period (h), tidal average velocity (m/s), suspended sediment
concentration (SSC; g/L), and salinity (ppt) at themeasuring sites in the study area in
1982 and 2013. SSC data during spring tide and salinity data during neap tide at S3
in1982were unavailable. This was because of the damage of thewater sample bottle.

Site Period 1982 2013

Spring Neap Spring Neap

Tidal range (m) S1 e 3.97 3.12 4.80 2.41
S2 e 3.38 2.42 3.98 2.66
S3 e 3.97 2.03 3.88 2.20

Tidal period (h) S1 Flood 4.50 5.25 4.75 6.00
Ebb 7.50 6.75 7.25 6.00

S2 Flood 5.00 5.75 5.75 5.50
Ebb 7.00 6.25 6.25 6.50

S3 Flood 4.50 5.25 6.00 5.75
Ebb 7.50 6.75 6.00 6.25

Tidal average
velocity (m/s)

S1 Flood 0.90 0.64 0.84 0.60
Ebb 0.85 0.56 0.81 0.63

S2 Flood 0.76 0.44 0.77 0.56
Ebb 0.69 0.51 0.83 0.58

S3 Flood 0.72 0.36 0.72 0.50
Ebb 0.68 0.45 0.71 0.54

SSC (kg/m3) S1 Flood 1.33 0.28 1.45 0.36
Ebb 1.33 0.41 1.38 0.39

S2 Flood 0.51 0.25 0.67 0.18
Ebb 0.50 0.24 0.54 0.14

S3 Flood e 0.13 0.29 0.09
Ebb e 0.12 0.24 0.08

Salinity (ppt) S1 Flood 7.98 7.11 19.96 16.28
Ebb 7.99 8.87 20.45 16.95

S2 Flood 15.30 15.59 26.76 22.31
Ebb 16.00 14.37 27.74 22.59

S3 Flood 24.72 e 31.10 27.54
Ebb 24.10 e 32.06 27.64
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eastern and northern velocity components, respectively. Both
theory and observations indicate that in a stratified shear flow
with Ri < 0.25 or log10(Ri�1) > 0.60, the flow is unstable and the
turbulent mixing is enhanced; however, when Ri > 0.25 or
log10(Ri�1) < 0.60, the flow is stable and the mixing is inhibited.
In other words, the threshold can be used to separate two
different turbulent regimes: strong and weak mixing. (Peters,
1997). The density of estuarine water can be calculated by
considering salinity and SSC in the water column as follows
(Winterwerp, 2001):

rw ¼ r0 þbSr0 þ
�
1� r0 þ bSr0

rs

�
c (6)

where r0 is the density of fresh water, rs is the sediment density
(2650 kg/m3), b is a constant (7:8� 10�4), S is salinity (ppt), and c is
the mass sediment concentration (kg/m3).

4. Results

Table 2 lists an overviewof the data derived frommeasurements
at the three measuring sites in 1982 and 2013. SSC data during
spring tide and salinity data during neap tide at S3 in1982 were
unavailable. This was due to the damage of the water sample bottle.
The mudbank is a flood-dominant tidal environment. However,
tidal asymmetry decreased seaward in both years. The tidal
asymmetry at the three measurement sites showed a declining
trend in recent decades (Table 1). Both spring and neap tides were
present in 1982 and 2013.

In the study area, the mean tidal range in 2013 was larger than
that in 1982, particularly for S1 and S2. The maximum tidal range
appeared at S1 in spring tides, which were 3.97 and 4.80 m in 1982
and 2013, respectively.

4.1. Currents

From 1982 to 2013, the variation in currents was negligible at
all three measurement sites in the mudbank (Figs. 3 and 4). The
current velocity during flood periods was higher than that
during ebb periods. The maximum velocity exceeded 2 m/s, which
always appeared during early flood and the late ebb stages. The
tidal currents in the study area are displayed as rotary currents
(Fig. 5), which were very different from the tidal currents in the
channels. The current directions ranged from 260� to 360� during
the flood tides. During ebb tides, the current direction changed
from 50� to 150�.

The current velocity measurements showed an increasing
trend landward (Table 2). The tidal average velocity in 1982 was
0.74 m/s, 0.60 m/s, and 0.55 m/s at S1, S2, and S3, respectively. In
2013, the average velocity was 0.72 m/s, 0.69 m/s, and 0.62 m/s at
S1, S2, and S3, respectively.

4.2. Suspended sediment concentration

At the most landward site S1, SSC was highest compared to of
the SSC at the other sites (Table 2). The SSC during the spring tide
was much larger than that during the neap tide for all three
measuring sites in 1982 and 2013 (Fig. 6). The average SSC was 1.33
and 0.50 g/L at sites S1 and S2, respectively, during the spring tide,
while it was only 0.35 and 0.25 g/L at sites S1 and S2, respectively,
during the neap tide in 1982. In 2013, the average SSC was 1.42,
0.60, and 0.27 g/L at sites S1, S2, and S3, respectively, during the
spring tide, while it was only 0.37, 0.16, and 0.08 g/L at sites S1, S2,
and S3, respectively, during the neap tide.
However, the difference in the temporal distributions of SSCwas
large between 1982 and 2013, particularly for spring tides (Figs. 6
and 7). At site S1, the temporal distribution of SSC was uniform
with a higher SSC in the bottom layer during the entire spring tide
in 1982 (Fig. 6); however, in 2013, the SSC was much larger during
early flood periods. In 2013, the average SSC during the flood period
was larger than that during the ebb period for all the measuring
sites (Table 2).

4.3. Salinity

Salinity measurements showed an increasing trend seaward
(Table 2). The average salinity in 1982was 7.99,15.32, and 24.41 ppt
at S1, S2, and S3, respectively. In 2013, the average salinity was
18.41, 24.85, and 29.59 ppt at S1, S2, and S3, respectively. The dif-
ference in the average salinity was small between the flood period
and ebb period for all measuring sites (Table 2). The salinity during
the spring tide was larger than that during the neap tide.

From 1982 to 2013, the variation in salinity was large at all three
sites in the study area (Figs. 7 and 8). The salinity in the study area
markedly increased from 1982 to 2013 (Table 2). The vertical distri-
bution of salinity was markedly stratified for all measuring sites in
1982, particularly for spring tides (Fig. 8aee). However, the vertical
distribution of salinity changed to well mixed in 2013 (Fig. 8gel).

4.4. Sediment flux

On average, the volume of residual sediment flux at the three
measuring sites in 1982wasmuch smaller than that in 2013 (Fig. 9).
In 1982, the direction of residual sediment flux at site S1 was to-
ward the river channel and the rate was 0.40 kg/(m$s) during the
spring tide. The direction of residual sediment flux changed to
seaward during the neap tide and the rate was 0.28 kg/(m$s)



Fig. 3. Time series of velocity in 1982. Eastern component at (a) S1, (b) S2, and (c) S3 during the spring tide; Northern component at (d) S1, (e) S2, and (f) S3 during the spring tide;
Eastern component at (g) S1, (h) S2, and (i) S3 during the neap tide; and Northern component in (j) S1, (k) S2, and (l) S3 during the neap tide.
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(Table 3). The residual sediment flux at sites S2 and S3 were
different from site S1, the directions of which were toward the
south, even during spring tides (Fig. 9).

During the spring tide in 2013, the rate of residual sediment flux
at site S1 increased greatly to 1.40 kg/(m$s) and the direction was
still toward the river channel. This means that over the spring tides,
there was a large net import of sediment from site S1 to the river
mouth. The direction of the residual sediment flux at site S1 was
also toward the river channel, even during the neap tides in 2013, at
a rate of 0.05 kg/(m$s). At site S2, a large amount of sediment was
transported southwest to Hangzhou Bay during both the spring and
Fig. 4. Time series of velocity in 2013. Eastern component at (a) S1, (b) S2, and (c) S3 during
Eastern component at (g) S1, (h) S2, and (i) S3 during the neap tide; and Northern compon
neap tides, the rates were 1.08 kg/(m$s) and 0.30 kg/(m$s),
respectively (Fig. 9 and Table 3). The variation in the residual
sediment flux at site S3 was small between 1982 and 2013.

Analysis of the surface and bottom residual sediment fluxes
revealed that the surface residual sediment flux was significantly
smaller than that of the bottom sediment. This is because the
sediment in this area is mainly concentrated in the lower part of the
water column. In 1982, the residual sediment flux at the bottom
was very different and the residual sediment flux at the bottomwas
much larger than that at the surface, which corresponded to the
distribution of the SSC at the bottom in 1982. In comparison, the
the spring tide; Northern component at (d) S1, (e) S2, and (f) S3 during the spring tide;
ent in (j) S1, (k) S2, and (l) S3 during the neap tide.



Fig. 5. Time series of average velocity and direction at (a) S1, (b) S2, and (c) S3 during the spring tide in 1982; (d) S1, (e) S2, and (f) S3 during the neap tide in 1982; (g) S1, (h) S2, and
(i) S3 during the spring tide in 2013; and (j) S1, (k) S2, and (l) S3 during the neap tide in 2013.
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difference in the amount of sediment transported between the
surface and bottom layers in 2013 was much smaller, which is
related to the fact that the bottom sediment is more likely to be
suspended in the middle water layer.

4.5. Morphological change

Fig. 10 shows the topography of the study area in 1978, 1986,
2010, and 2016. In general, there was a landward increase in
elevation from S3 to S1. The erosion and deposition patterns were
Fig. 6. Time series of SSC over water depth at (a) S1, (b) S2, and (c) S3 during the spring tide
(d) S1, (e) S2, and (f) S3 during the neap tide in 1982; (g) S1, (h) S2, and (i) S3 during the
obtained from the DEMs derived from the bathymetry by differ-
encing the elevations from 1978, 1986, 2010, and 2016 (Fig. 11). The
results indicated that the study area experienced critical changes
during the recent decades from 1978 to 2016 (Table 4).

During 1978e1986, both erosion and depositionwere observed
in the study area (Fig. 11). Considerable deposition occurred in the
area where the measurement sites were located. However, during
2010e2016, more severe erosion occurred throughout most of the
study area, and the net erosion rate reached a very high rate of
7.2 cm/yr (Table 4).
in 1982, the SSC data was unavailable at S3 due to the damage of water sample bottle;
spring tide in 2013; and (j) S1, (k) S2, and (l) S3 during the neap tide in 2013.



Fig. 7. Time series of average SSC and salinity at (a) S1, (b) S2, and (c) S3 during the spring tide in 1982, the SSC data was unavailable at S3 due to the damage of water sample bottle;
(d) S1, (e) S2, and (f) S3 during the neap tide in 1982, the salinity data was unavailable at S3 due to the damage of water sample bottle; (g) S1, (h) S2, and (i) S3 during the spring tide
in 2013; and (j) S1, (k) S2, and (l) S3 during the neap tide in 2013.

D. Zhang et al. / International Journal of Sediment Research 37 (2022) 97e109104
5. Discussion

5.1. Controls of sedimentary processes

5.1.1. Salinity stratification
Between 1982 and 2013, there were differences in the vertical

distribution characteristics of SSC and salinity within the tide cycle,
resulting in large differences in water layering. The stratification
intensity indicated by Ri of water in the study area has changed
over the past 30 years. The log10(Ri�1) at S1 in 1982 mostly was less
than 0.6, indicating that strong stratification and weak mixing
Fig. 8. Time series of salinity over water depth at (a) S1, (b) S2, and (c) S3 during the spring
unavailable at S3 due to the damage of water sample bottle; (g) S1, (h) S2, and (i) S3 durin
occurred at S1 in 1982, which was also consistent with the distri-
bution of the SSC. The high SSC was mainly concentrated in the
bottom layer. The log10(Ri�1) during the high tide at S1 in 2013
changed with water levels, and was less than 0.6 near the slack
water, indicating the strongest stratification. The stratification at S2
was weaker than at S1 both in 1982 and 2013. In summary,
log10(Ri�1) (red dotted line in Fig. 12) in 1982 was generally smaller
than that in 2013, indicating that the stratification intensity of the
water body in 2013 was weaker compared to 1982.

During tidal periods in 1982, the SSC in the mudbank was not
correlated with velocity on both flood and ebb tides (Fig. 6aef),
tide in 1982; (d) S1, (e) S2, and (f) S3 during the neap tide in 1982, the salinity data was
g the spring tide in 2013; and (j) S1, (k) S2, and (l) S3 during the neap tide in 2013.



Fig. 9. Residual sediment flux in the study area during the spring tide and the neap tide: (a) vertical average residual sediment flux in 1982 and (b) vertical average residual
sediment flux in 2013, (c) residual sediment flux of the surface and bottom layers during spring tide in 1982, (d) residual sediment flux of the surface and bottom layers during neap
tide in 1982, (e) residual sediment flux of the surface and bottom layers during spring tide in 2013, and (f) residual sediment flux of the surface and bottom layers during neap tide in
2013. Flux result during spring tide at S3 in1982 was unavailable. This was because of the damage of the water sample bottle and SSC data during spring tide was missing.
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with higher values being observed in the bottom layer owing to the
strong salinity stratification. The salinity stratification shielded the
seabed from high bed stresses, and the SSC in the upper layer was
substantially lower than that in the bottom layer (Scully et al.,
2011). This SSC distribution meant that sediment from local
resuspension was rarely transported to other places but deposited
in the study area. Meanwhile, the fluvial sediment easily settled in
the study area because of the well-stratified environment (Geyer
et al., 2001). In contrast, during tidal periods in 2013, the SSC in
themudbank was closely related to velocity (Fig. 6gel), with higher
SSC values appearing in early flood and late ebb tide periods owing
to the higher velocities. The salinity was well mixed vertically over
the water depth, indicating that high turbulence and strong bed
Table 3
Sediment flux per unit length [kg/(m$s)] and direction (Dir., �) at the measuring sites in
unavailable. This was because of the damage of the water sample bottle and SSC data du

Site Period

S1 Flood Flux [kg/(m$s)]
Dir. (�)

Ebb Flux [kg/(m$s)]
Dir. (�)

Per tidal cycle Flux [kg/(m$s)]
Dir. (�)

S2 Flood Flux [kg/(m$s)]
Dir. (�)

Ebb Flux [kg/(m$s)]
Dir. (�)

Per tidal cycle Flux [kg/(m$s)]
Dir. (�)

S3 Flood Flux [kg/(m$s)]
Dir. (�)

Ebb Flux [kg/(m$s)]
Dir. (�)

Per tidal cycle Flux [kg/(m$s)]
Dir. (�)
shear stress occurred, leading to remarkable local sediment
resuspension (Wu &Wu, 2018). Moreover, the value of the SSC was
lowat the beginning of the tidal period in 2013, indicating that little
sediment was delivered from the area adjacent to the study area
(Fig. 6). This sediment sourcing meant that the seabed in the study
area was eroded and that the sediment was transported and
deposited to other places such as Hangzhou Bay or tidal flats in the
river mouth area. Weak salinity stratification resulted in more
sediment resuspension in 2013 than in 1982.

5.1.2. Tidal asymmetry and tidal range
Tidal asymmetry, depending on the difference between flood

and ebb tides, is important for sedimentary processes in estuaries
the study area in 1982 and 2013. Flux results during spring tide at S3 in1982 were
ring spring tide were missing.

1982 2013

Spring Neap Spring Neap

9.70 1.66 11.83 2.18
274.92 252.85 278.18 257.16
7.91 1.91 9.98 2.19
92.50 87.72 85.42 75.47
0.40 0.28 1.40 0.05
301.09 135.07 331.87 294.44
4.02 1.32 6.29 1.43
278.11 261.11 277.89 266.42
3.38 1.29 4.73 1.06
100.01 99.41 115.93 110.00
0.11 0.21 1.08 0.30
245.88 176.43 234.21 220.43
e 0.77 3.31 0.88
e 275.24 287.14 274.77
e 0.89 2.68 0.81
e 101.77 114.36 116.68
e 0.05 0.32 0.16
e 176.58 254.54 201.08



Fig. 10. Bathymetric maps at the study area in 1978, 1986, 2010, and 2016.
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(Dronkers, 1986; Scully & Friedrichs, 2007; Wang et al., 2002). The
flood dominancy was colculated using the following formula below
(Chen et al., 1988).

RQ ¼
h
Qf

.�
Qe þQf

�i
� 100% (7)

whereQf is the flood tide discharge and Qe is the ebb tide discharge,
RQ > 50% indicates flood dominancy while RQ < 50% represents ebb
dominancy.

The results are listed in Table 5. Previous studies have also
demonstrated that the study area was in a flood-dominated envi-
ronment (Guo et al., 2015). The duration of the ebb tide period was
markedly longer than that of the flood tide period, particularly for
1982. However, tidal asymmetry reduced from 1982 to 2013
(Table 2). The duration of the ebb tide period was equal to that of
the flood tide period at site S3 in 2013. This had an important
impact on sedimentary processes.

The difference in the average velocity and SSC was small in the
study area from 1982 to 2013 (Table 2). In contrast, the residual
sediment flux in the study area varied markedly between the two
years. The residual sediment flux was small at all three sites in 1982
(Fig. 9). Clear evidence has shown that small variability in the SSC
occurred during the tidal period (Fig. 7). The flood tide period was
much shorter than the ebb tide period in a flood-dominated envi-
ronment. As a result, less sediment was delivered to the river
channel. In 2013, tidal asymmetry was reduced and flood domi-
nance was stronger. The longer flood duration combined with high
SSC values led to severe net sediment transport at S1 and S2 (Fig. 9).
The tidal asymmetry and increased flood-dominance led to more
sediment transport to the river mouth or Hangzhou Bay in 2013
compared to those in 1982.

Moreover, the tidal range increased in the study area from
1982 to 2013. The vegetation growth in the coastal wetlands
Fig. 11. Morphological changes in the study area during (a) 1978e1986 and (b)
2010e2016. The location of the study area is shown in Fig. 1.
always expands with an increasing tidal range, resulting in more
sediment being deposited in the shoals. Previous studies have
reported that coastal tidal flats experience accretion with
increasing tidal range, which implies that more sediment would
be transported from the adjacent sea to the coast (Kirwan &
Guntenspergen, 2010). This process could lead to erosion occur-
ring in the adjacent seabed.

5.1.3. Sediment carrying capacity
The sediment-carrying capacity was used to calculate the

amount of sediment transported for the given flow and boundary
conditions (Tan et al., 2018). Dou et al. (1995) introduced a
sediment-carrying capacity formula using a large amount of
experimental data obtained by the Nanjing Hydraulic Research
Institute (NHRI) and field data from the Yangtze Estuary

S* ¼ a
ggs

gs � g

n2U3

h4=3u
(8)

where a ¼ 0:023, S* is the sediment-carrying capacity, gs and g are
the specific weights for sediment and water, respectively, n is
Manning's roughness coefficient, which is 0.005 in the study area, U
is depth-averaged velocity, and h is the water depth. Additionally, u
is the sediment settling velocity, which can be calculated from the
modified formulation based on Stokes' law (Stokes, 1851):

u¼ 1
18

gs � g

g

gD2

n
(9)

where g is the gravitational acceleration (g ¼ 9.8 m/s2), D is the
median grain size of the suspended sediment, and n is the kine-
matic viscosity of water (n¼ 1.10� 10�6 m2/s). Field measurements
showed that the median grain size of the suspended sediment was
5 mm in the study area in 2013. The median grain size was 6 mm in
1982, based on previous studies (Chen et al., 1988).

The calculated sediment-carrying capacity, S*, increased by
13%e262% at the three measurement sites from 1982 to 2013
Table 4
Statistics of the erosion and deposition area and volume and net change rate in the
study area. Positive values represent deposition, and negative values represent
erosion.

1978e1986 2010e2016

Erosion Area (%) 70.1 89.7
Volume (106 m3/yr) �57.1 �129.1

Deposition Area (%) 29.9 16.0
Volume (106 m3/yr) 23.2 9.6

Net Volume (106 m3/yr) �33.9 �119.5
Rate (cm/yr) �2.0 �7.2



Fig. 12. Time series of Richardson number (Ri) at (a) S1, (b) S2, and (c) S3 during the spring tide; (d) S1, (e) S2, and (f) S3 during the neap tide, the Richardson number was
unavailable at S3 in 1982, this was because of the damage of the water sample bottle, the SSC data during the spring tide and salinity data during the neap tide in 1982 were missing,
and the density of estuarine water can't be calculated.

Table 5
The flood dominancy of the study area in 1982 and 2013.

Year S1 Spring S1 Neap S2 Spring S2 Neap S3 Spring S3 Neap

1982 53.2% 55.5% 54.1% 48.0% 50.7% 48.4%
2013 54.1% 50.8% 51.0% 49.3% 55.0% 48.0%
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(Table 6). A higher S* value led to a larger amount of sediment
transport, which indicates that more sediment was eroded and
transported in 2013 compared to the conditions in 1982. It should
be noted that the SSC increased by 3%e31% during spring tides from
1982 to 2013, while it decreased by 5%e42% during neap tides. In
1982, the direction of residual sediment flux at site S1 was toward
the river channel and the rate was 0.40 kg/(m$s) during the spring
tide. The direction of residual sediment flux changed to seaward
during the neap tide and the rate was 0.28 kg/(m$s). During the
spring tide in 2013, the rate of residual sediment flux at site S1
increased greatly to 1.40 kg/(m$s) and the directionwas still toward
the river channel. The direction of the residual sediment flux at site
S1 was also toward the river channel, even during the neap tides in
2013, at a rate of 0.05 kg/(m$s). More sediment was transported
from the mudbank to the river channel. Moreover, the larger
sediment-carrying capacity was accompanied by reduced SSC,
resulting in unbalanced sediment transport and erosion in the
study area in 2013. The reduction in fluvial sediment supply
accelerated the ‘sediment-starved’ process in the mudbank of the
Yangtze Estuary. More eroded sediment was transported from the
mudbank to the Nanhui Shoal and the river mouth area because of
the larger sediment-carrying capacity.

5.2. Conversion of the sink to source in the mudbank

Nearly 50m of modern sediment was deposited in themudbank
of the Yangtze Estuary, which was considered as the deposition
center and the sediment sink of the Yangtze River Delta (Liu et al.,
Table 6
Statistics of the sediment carrying capacity at the measurement sites in the study area in

Site Period

Sediment carrying capacity (kg/m3) S1 Flood
Ebb

S2 Flood
Ebb

S3 Flood
Ebb
2010; Stanley & Chen, 1993). As the fluvial sediment supply began
to decline in the 1980s because more fluvial sediment was trapped
in upstream reservoirs, in order to maintain a high SSC environ-
ment in the river mouth area, the accretion rate in the mudbank
slowed down in the 1990s (Luan et al., 2016). Generally, delta
deposition or erosion depends on the sediment budget between
the fluvial sediment supply and offshore dispersal (Syvitski & Saito,
2007). Under decreasing fluvial sediment supply and relatively
stable dispersal by coastal currents (Deng et al., 2017), the con-
version from deposition to erosion in the Yangtze River Delta seems
inevitable (Luan et al., 2018). This meant that the previous mud-
bank sediment sink would change to be the sediment source for the
mouth bar area.

The Yangtze River Delta has been heavily influenced by large-
scale estuarine engineering projects in recent decades, such as
the Deep Navigation Channel Project (DNCP) and Eastern Hengsha
Shoal Reclamation (EHSR). Previous studies have suggested that the
training walls of the DNCP enhanced the scouring capacity of tidal
currents at the subaqueous delta, thereby accelerating erosion of
themudbank (Luan et al., 2018). The annual dredging volume of the
DNCP was 47.2 Mm3/yr in 2000e2012 (Luan et al., 2016) and most
of the sediment was used for land reclamation in the project EHSR.
These processes subsequently accelerated the conversion of the
sink to source in the mudbank.

This conversion process of the sink to source led to correlated
changes in sedimentary processes in the study area. An integrated
conceptual model describing the sedimentary processes in
the study area (Fig. 13) has been developed here. In this
way, sedimentary processes in the study area can be inferred as
follows:

1) In 1982, the rich fluvial sediment was transported to the mud-
bank during the ebb tide period and deposited therein. The
duration of flood was short and the sediment could not be
delivered far away; consequently, it was deposited in the
1982 and 2013.

1982 2013

Spring Neap Spring Neap

11.38 4.30 12.89 4.91
12.12 3.33 14.48 6.12
5.01 0.98 6.66 2.56
4.51 1.72 9.50 3.07
2.41 0.31 3.48 1.13
2.23 0.64 3.67 1.52



Fig. 13. Conceptual model for the sedimentary process in the mudbank of the Yangtze
Estuary (a) in 1982 and (b) in 2013.
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adjacent shoals. This resulted in the sedimentation on the
mudbank and the coastal tidal flats.

2) In 2013, reduced fluvial sediment wasdelivered to the mudbank
during the ebb tide period. However, the increasing scouring
capacity of tidal currents and the well-mixed salinity environ-
ment made it difficult for sediment to settle down. Instead, the
seabed was eroded. Due to the reduced ebb-dominance, more
sediment was transported landward during the longer flood
period and deposited in the coastal tidal flats, the deep navi-
gation channel, and Hangzhou Bay.

6. Conclusions

The current study presented water column and sediment time-
series of field observations for the mudbank of the Yangtze River
Estuary. Two vessel-based surveys were done in July 1982 and July
2013 to reveal the hydrodynamics and sediment dynamics during
recent decades, and the measurements included flow velocity,
water level, salinity, and SSC. Bathymetric data were analyzed to
evaluate morphological implications. The results expand the pre-
sent understanding of the conversion of the sediment sink to a
source in large deltas under natural variations and human impacts.
The current findings are as follows:

1) In the study area, the mean tidal range in 2013 was larger than
that in 1982, particularly for site S1. The maximum tidal range
appeared at S1 in spring tides, which were 3.97 and 4.80 m in
1982 and 2013, respectively. The larger tidal range played an
important role in increasing sediment trapping and accretion of
coastal tidal flats. The ebb tide dominance in the study area
decreased from 1982 to 2013.

2) The variation in flow was negligible at all the sites in the study
area from 1982 to 2013. However, the sediment dynamics
markedly changed over the three decades. The temporal dis-
tribution of SSC was even higher in the bottom layer, while in
2013, the SSC was much larger during early flood tide periods.
The salinity dynamics underwent a comprehensive regime
change between 1982 and 2013. This change was highlighted by
the transition from a significantly stratified system in 1982 to a
well-mixed system in 2013.

3) The volume of sediment flux at the three sites in 2013 wasmuch
larger than that in 1982. The residual sediment flux at site S1 in
2013 was three times higher than that in 1982. This resulted in
more severe erosion in the study area. The bathymetric analysis
showed that the net erosion rate was �2.0 cm/yr in 1978e1986
while it was �7.2 cm/yr in 2010e2016.

4) The changing tidal asymmetry, salinity stratification, and tidal
range, which were deeply influenced by both natural variations
and human impacts, controlled the sedimentary processes and
convension of the sediment sink to source in the study area. The
reduction in fluvial sediment supply and local estuarine engi-
neering projects reshaped the delta environment and led to a
reduced ebb tide dominance, well-mixed salinity, and an
increased tidal range. The mudbank, which was the former
sediment sink, eroded to maintain a high SSC in the mouth bar
area and transitioned to the sediment source in recent years.
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