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Abstract: Deltaic channels are significant landforms at the interface of sediment transfer from land
to oceanic realms. Understanding the dynamics of these channels is urgent because delta processes
are sensitive to climate change and adjustments in human activity. To obtain a better understanding
of the morphological processes of large deltaic channels, this study assessed the evolution and
response mechanism of the South Channel and South Passage (SCSP) in the Yangtze Estuary between
1983 to 2018 using hydrology, multibeam echo sounding and historical bathymetry datasets. Decadal
changes in riverbed volume and erosion/deposition patterns in the SCSP were assessed. The results
showed that the SCSP experienced substantial deposition with a total volume of 26.90 x 107 m?
during 1983-2002, but significant bed erosion with a total volume of 26.04 x 107 m3 during 2003-2010.
From 2011 to 2018, the estuarine riverbeds shifted from erosive to depositional, even though the
deposition was relatively marginal (0.76 x10” m3). We inferred that the SCSP have most likely
changed from a net erosion phase to a deposition stage in response to local human activities including
sand mining, river regulation project, and Deep Water Channel Regulation Project). The channel
aggradation will possibly continue considering sea level rise and the ongoing anthropogenic impacts.
This is the first field evidence reporting that the lowermost Yangtze River is reaching an equilibrium
state in terms of channel erosion and, in fact, the Yangtze River Estuary channels are beginning to
aggrade. The findings have relevant implications for the management of the Yangtze River and other
lowland alluvial rivers in the world as global sea level continues rising and human intervention on
estuarine systems persists.

Keywords: channel dynamics; sediment transport; microtopography; anthropogenic stresses; deltaic
channel; Yangtze River

1. Introduction

Suspended sediment loads in many rivers in the world have declined sharply in
the past century due primarily to dam construction, river engineering, and soil conser-
vation practices [1-3]. A reduction in riverine sediment can lead to an increase in the
river’s sediment-carrying capacity, which will cause river channels to adjust to the new
flow-sediment conditions. Several studies reported channel adjustment following river en-
gineering, e.g., channel erosion in the lower Yangtze River after the Three Gorge Dam (TGD)
construction [4] and in the upper Atchafalaya River after a Mississippi River diversion
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control was built [4,5]. The channel erosion resulted in substantial riverbed downcutting
and large quantities of bed material moving downstream in these alluvial rivers. Collec-
tively, these studies have increased our knowledge on river channel dynamics in response
to human activities. However, less is known about how river reaches in their deltaic areas
respond to the upstream adjustment to the sediment load reduction.

Deltaic channels present the final link of terrestrial sediment transport into the oceans,
playing a significant role in coastal systems [6,7]. The geomorphic evolution of deltaic
channels is of great significance in terms of infrastructure safety, navigation maintenance,
and ecological service function. However, most of the world’s river deltas are at risk
of sea levels rising and land subsidence [8]. Thus, the geomorphological dynamics and
behavior of deltaic channels in response to dramatic climatic and anthropogenic stresses
are receiving increased attention [9-14]. For example, sediment trapping in the Missis-
sippi River basin has led to severe inundation of the delta plain and the loss of marsh
habitat [15,16]. However, the Yellow River delta [17] and the Pearl River delta [18] in China
converted to net erosion at the subaqueous deltas due to insufficient sediment supply and
human activities. To maintain the erosion-deposition balance in the delta, a certain amount
of fluvial sediment transport is required [19], and it has been reported that a portion of
this supply is increasingly sourced by scouring from the upstream channel, given severe
decreases in sediment caused by river damming [5,20]. Hence, some case studies of deltaic
channels with the latest data are required to better understand the processes of geomorphic
evolution under fluvial sediment decline and anthropogenic interferences.

Similar to other large rivers, the Yangtze River, the third longest river in the world,
has been remarkably affected in its sediment transport and channel dynamics by upstream
dam constructions, especially the Three Gorges Dam. Yang et al. [21] postulated that the
50,000 dams built in the Yangtze River Basin have caused significant erosion of the river’s
subaqueous delta. While a recent study showed that erosion only occurred locally and
there is no obvious trend of erosion within the Yangtze River Delta (YRD), even with a
sharp decline in sediment load [22]. Consequently, there is no consistent conclusion on the
evolution of the deltaic channel in response to engineering interferences. A study by Xie
and others [23] predicted the morphodynamic evolution of the Yangtze River Estuary at a
decadal timescale by applying a process-based model system (Delft3D), but their study only
considered sand—mud mixtures and the variations of river water discharge and sediment
discharge. A recent study noted that the 1-D modeling has difficulties in estimating actual
sediment transport due to the meandering pattern of the river and emerging channel
bars [24]. Such modeling work cannot be successful without detailed bedform information,
which is essential for determining roughness and resistance of bed in modeling studies.
Li et al. [25] found an average sediment inflow of 139 Mt/yr and an average sediment
outflow of 32 Mt/yr from the Three Gorges Dam, showing an annual sediment trapping
of 107 Mt (i.e., 77%) by the dam. The modeling study by Xie et al. [26] reported that the
last 500 km reach of the Yangtze River (from Datong to Xuliujing) had not yet achieved a
hydro-morphological equilibrium and the riverbed down-cutting was going to continue.
However, the study did not analyze channel dynamics downstream of Wusongkou, i.e., the
South Channel and South Passage. In the past, the South Channel and the South Passage
(SCSP) were studied separately [27,28], though little work has been conducted on the entire
channel. Although, according to [29], they determined the riverbed erosion/deposition
rate of the South Channel and South Passage at a decade scale from 1997 to 2007. However,
it is unclear what changes have taken place in the SCSP in the last decade. Therefore, the
SCSP offers a typical case to determine a morphological adjustment in the deltaic channel
with near-end engineering and basin dams for the current Yangtze delta.

This study focused on three questions: (1) Is there any recent change in channel
dynamics of the lowermost Yangtze River, especially below Wusongkou in the Yangtze
Delta? (2) Where is the eroded sediment from the Yangtze River deposited (in the esturine
channels or nearshore)?; (3) How long will the previously reported erosion in the Yangtze
deltaic channel continue till an equilibrium state? To answer these questions, we combined
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historical bathymetric surveys, high-resolution multibeam echo sounder data, discharge
flow, tidal level, and sediment load to analyze recent morphodynamic evolution of the
SCSP and the possible impacts of anthropogenic forcing on the evolution. Specifically,
the objectives of the study were to: (1) investigate changes in the elevation and slope
gradient along the channel thalweg in the SCSP during 1983-2018; (2) quantify changes in
sediment volume along the channel before and after the closure of the Three Gorges Dam;
(3) quantify the bed microtopography and basic flow properties along the channel thalweg
of the SCSP; and (4) discuss the possible dominant factors of the transition in the modern
Yangtze deltaic channel. Beyond its scientific purpose, the investigation of spatiotemporal
geomorphic adjustment of the SCSP from this study has practical implications for the
response of deltaic channels to the combined effects of changes of upstream water-sediment
regimes and intensive human activities. It can also serve as an example for the remediation
and development of other estuaries under similar natural and anthropogenic stresses.

2. Study Area

The Yangtze River is the world’s fourth-largest river in terms of annual sediment load
with a total draining area of 1.8 million km? [30] (Figure 1A). The Yangtze River Delta
(Figure 1B) is one of the world’s largest river-tidal systems with rapidly changing hydrology
and morphology after the construction of many dams upstream. The Yangtze River Estuary
is a multi-channel estuary with a three-level bifurcation and four distributaries separated
by islands or banks [31]. Specifically, it is divided first into two branches separated by the
Chongming Island: The North Branch and the South Branch (Figure 1B). The South Branch
is further divided into the North and South Channels by the Changxing Island and the
Hengsha Island. The South Channel (SC) is, again, further divided by the Jiuduansha Shoal
into the North Passage and the South Passage (Figure 1B). The South Channel and South
Passage are important shipping channels with intensive marine engineering equipment.
The channels are developed from the South-North Channel bifurcation to the lower reach
of the South Passage with a total length of about 80 km. The South Channel is a major
conduit for Yangtze riverine sediment and flux with several canals including Changxing
waterway, Waigaogiao waterway, and Yuanyuansha waterway. The South Passage is a
vital channel for vessels reaching the Shanghai Port. Datong Hydrological Gauging Station
is located about 600 km upstream of the river mouth (Figure 1A), with the long-term
discharge averaged at 29,300 m3/s [32].
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Figure 1. (A) Geographical location of the Yangtze River Basin in China. (B) the Yangtze River
Estuary. (C) The study area: The South Channel and South Passage (SCSP).

3. Materials and Methods
3.1. Bathymetric Data Acquisition and Processing

In order to assess the morphological changes in the Yangtze River Estuary before and
after the closure of the TGD, we gathered bathymetric records compiled by the Chinese
Maritime Safety Administration (China MSA) in five different years from the past nearly
four decades. These survey maps dating from 1983, 1998, and 2002 represent the bathy-
metric maps before the construction of TGD, while the charts from 2010 and 2018 reflect
the geomorphic response after the closure and operation of TGD. The scale of the survey
map in 1983 is 1:75,000 and the rest of the survey maps are on the scale of 1:25,000. These
data built the foundation for the development of a digital elevation model (DEM) of the
channels as described below. The coordinate system of raw bathymetric data was corrected
to the ‘Wusong Datum’. Subsequently, the bathymetric data was georeferenced in Arc-GIS
10.5 software. To obtain a detailed estimation for channel elevations, the entire channel
was divided into multiple sub-reaches, which represented a 1.6 km long reach in bankfull
width. The kriging interpolation method, a widely used method in morphological change
analysis of estuaries [4,12,33], was used to create DEMs with 50 x 50 m spatial resolution.

The bathymetric surveys were used to construct along-channel profiles. The location
of the channel changed as it evolved, so the profiles were constructed along the position
of the thalweg in that survey. These different along-channel profiles were normalized
before comparison. Channel thalweg was defined as the lowest elevation point in each
cross-section, which can be automatically acquired by the RBT tool in ArcGIS 10.5 [34].
Patterns of erosion and deposition are visualized using bathymetric difference maps,
calculated by subtracting two survey maps by a plug-in software—Geomorphic Change
Detection 7 in ArcGIS 10.5 software [35]. These difference maps were then used to estimate
volumes of different erosional processes. The computed changes in riverbed topography
were classified as depositional or erosional, depending on whether elevation increased or
decreased, respectively.

3.2. Field Measurements

Field observations were made in the South Channel (Figure 1C). Measurements along
the channel thalweg approximately 25 km long were taken over a semi-diurnal tidal cycle
on 7 July 2018 (flood season) with the instrument assembly system including a small
boat, the Seabat 7125 multibeam echo sounder (MBES), a dual-frequency acoustic Doppler
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current profiler (ADCP, Rowe Technologies Inc.) and the EdgeTech 3100 sub-bottom profiler
(Figure 2A). The operational frequency of MBES is 200 kHz /400 kHz. The central beam
angle is 0.5°, and the maximum ping rate is (50 = 1) Hz. It has 512 beams, and the
theoretical depth resolution of 6 mm. The ADCP is used to obtain current velocity with
the operational frequency of 200 kHz /400 kHz and the measuring range is =5 m/s. The
high-resolution EdgeTech 0512i Chirp Sonar Subbottom Profiler was employed to obtain
seismic data in the frequency range 0.5-7.2 kHz, at a ship speed of 4-5 kn (~7-9 km/h). The
position at a decimeter level of accuracy during the surveys was measured by a real-time
Differential Global Positioning System (DGPS, Trimble) tied to a local navigation beacon
with sub-meter accuracy. The horizontal accuracy is about 1 m and positioning accuracy is
about 0.75 degrees. Surface sediment samples (about 3-10 cm) were collected from the SC
during the survey using a grab (clamshell) sampler. In total, 6 riverbed sediment samples
were analyzed in this study. The boat conducted the measurement along the survey line,
which is the thalweg of the SC (Figure 1C), and the speed was controlled to be as steady as
possible at 2.5 m/s. The weather conditions were good during the survey period.
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Figure 2. (A) Schematic diagram of instrument assembly related field measurements. (B) Definition
of dune parameters.

The final multi-beam data was processed by draft correction, sound velocity correction,
and roll, pitch, and yaw correction. The abnormal beam was removed in the editing module
by PDS 2000 software (Teledyne RESON, Slangerup, Denmark). Tidal data at Wusong
station were used for tidal correction. The collection mode was equidistant to ensure data
uniformity in the acquisition module of the Teledyne PDS control center after considering
and analyzing the above factors, the mapping resolution was 0.5 x 0.5 m. The grain size
of sediment was determined in the laboratory using a Mastersizer 2000 laser analyzer
(Malvern, Worcestershire, UK). The 10% H;Q, and 10% were used to remove Organic
matter and CaCOjs in the samples.

3.3. Evaluation of the Dune Characteristics

We collected parameters of dunes in this study including (1) dune length (L): the
distance between two consecutive troughs (Equation (1)); (2) dune height (H): the distance
of the crest from a straight line connecting two troughs, determined as a vertical line
through the crest; (3) stoss-side slope length (L;); (4) lee-side slope length (L;), (5) dune
index (L/H), and (6) the asymmetry (A), which is defined as the difference of the distance
between the trough north of the crest and the distance between the crest and the trough
south of the crest divided by the dune length (L) (Equation (2)) (Figure 2B).

LD = L1 + L2 (1)

A=(L; — L)/L )
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Bed roughness (Ks) of a river channel is mainly affected by form drag in sand, gravel, or
sand-gravel bed rivers [36]. We estimated Ks associated with dune dimension by Van Rijn’s
(1984) approach (Equation (3)) examining the spatial distribution of bed roughness [36].

Ks=1.1xHp (1 _ (25 HD/LD)) 3

where Hp is the average dune height in m, and Lp is the average dune length, in m.

3.4. Calculation of the Threshold Velocity of Dune and Bedload Transport Rate along the
Channel Thalweg

The threshold velocity of sediment particles is one of the basic conceptions of river
sediment dynamics. It is significant to the research on sediment movement and riverbed
deformation [37]. There have been numerous formulas developed for estimating the initial
velocity of sediment [38,39]. Zhang [40] developed the threshold velocity for granular
and cohesive sediment, which is suitable for both coarse and fine. In a recent study, Guo
et al. [41] estimated the initial velocity of the dune at the Yangtze River Estuary using
Zhang’s equation. In this study, we estimated the initial velocity of different dune groups
along the channel thalweg with the equation developed by Zhang’s formula, which is given

as follows:

0.14 B 1/2
Vo = (;) [17.6PSPPD5O +0.000000605 2+ 1 @)

50 D572

where V) is the initial velocity of the dune; H is water depth; D5 is median grain size; ps
and p represents the density of water and sediment, respectively; in the natural sediment,
(os — p)/p = 1.65. U is the average velocity.

Bedload transport is an important mechanism for sediment flux that could be used
to examine the relationship between bedform evolution and net sediment transport [42].
There are numerous formulas for the bedload transport rate available, including Meyer—
Peter’s formula [43], Einstein’s formula [44], and Ackers-White’s formula [45]. They are
concerned with the bedload transport rate, generally based on flume experiments under
steady flow conditions or observations of natural rivers close to a uniform flow. Besides,
Dune migration is the main form of bedload transport, bedload transport rate could be
estimated via dune migration [41].

Zhang proposed a numeric relationship of relative wave height with Froude number
and relative smoothness (Equation (5)) [41].
Hp u (H\*
i 0.086 JeH <D50> ®)
where H is the water depth, U is the average velocity; g is the gravitational acceleration
(9.8 m/s?), and D5 is the average median grain size.

Zhang also proposed the relation between relative dune migration velocity and aver-
age velocity by field-measured data as follows [41]:

2
% = 0.0144;H (6)

where C is dune migration velocity.
The volume of a dune (V) in a single width can be expressed as follows:

V= DCLDHD (7)

where « is the volume coefficient, which is 0.5 due to the dune profile being approximated
as a triangle.
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Assume that the time required for the dune to migrate a distance of the length of the
dune (L) is T, and the dry density of sediment is p, then the bedload transport rate per
width in unit time (Gp)can be expressed as follows:

lXpLDHD

Gp = T 8)

Because the dune migration rate (C) can be expressed as follows:

Lp

c-=2 ©)

the bedload transport rate per width in unit time (Gp) can be expressed as follows
G D = DCpH DC (10)
Combining Equations (5) and (6), the bedload transport rate per width can be written as:

0.00124apU*

Gp = —rerioe e
gI5H025 D5 025

(11)
where Gp is the bedload transport rate per width, U is the average velocity, g is the
gravitational acceleration (9.8 m/s?), p is the dry bulk density, 2650 kg/m?, and Dsj is the
average median grain size.

4. Results
4.1. Changes in Channel Thalweg and Channel Slope Gradient

The longitudinal profile of the SCSP showed an antislope, steady channel during the
past three decades. The average thalweg elevation in the SCSP was —11.32 m, —10.04 m,
—10.26 m, —10.04 m, and —11.05 in 1983, 1998, 2002, 2010, and 2018, respectively. Concur-
rently, the average riverbed slope gradient of the SCSP was 0.09°, 0.04°, 0.06°, 0.06°, and
0.09° in 1983, 1998, 2002, 2010, and 2018, respectively. Compared with the seaward slopes
(0.03°, 0.03°, 0.02°, 0.03°, and 0.04°) of the SCSP in the five years, the landward slopes
were much greater (i.e., 0.12°, 0.07°, 0.1°, 0.09°, and 0.16°) (Figure 3A-E). The longitudinal
changes of thalweg in the SCSP have undergone great changes during 1983-2018. These
changes were mainly manifested in the substantial deposition in the upper sections of the
SCSP with a maximum silt depth of ~ 7.5 m. Conversely, the largest riverbed degradation
occurred in its middle reach which is 38-40 km from the starting point, specifically, a 3.9 m
deepening from —6.2 m in 1983 to —10.1 m in 2018. However, the morphology of the
thalweg in the lower reach exhibited no significant change compared with the upper or
middle reaches in the SCSP (Figure 3F).
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Figure 3. (A-E) The longitudinal profiles (black line) (left axis) and channel slope along the channel
thalweg (green line) (right axis) of the Yangtze River Estuary during 1983, 1998, 2002, 2010, and 2018.
(F) Changes in thalweg elevation of the Yangtze River Estuary during 1983-2018. The starting point
of the horizontal axis is 4 km upstream of Wusong station (Figure 1C).

4.2. Spatiotemporal Variation of the SCSP Bed Elevation and the Riverbed Erosion and
Deposition Patterns

Based on the survey charts between 1983 and 2018, a 3D contour map for the average
bed elevation of the SCSP was constructed by kriging interpolation of average bed elevation
values during the study period (Figure 4A) and the longitudinal profiles of the SCSP at
different time are shown in Figure 4B. We found that there is no significant change in
average bed elevation in the past 35 years along the entire 80 km deltaic channel. Specifically,
the average bed elevation of the SCSP is —6.90 m, —6.67 m, —6.36 m, —6.83 m, and —6.84 m,
respectively. However, we found that the upper boundary of maximum turbidity moves
seaward (Figure 4B,C). Our assessment also shows that the SCSP has undergone excess
riverbed deposition from 1983 to 2018 and the total amount of aggradation in the past
35 years over the entire length of the active channel is 1.62 x 10”7 m>. Specifically, there was
a slight deposition with a net deposition rate of 0.91 x 107 m3/yr between 1983 and 1998
(Figure 5A). During 1999-2002, there was a sequential deposition with a net deposition
rate of 3.31 x 107 m3/yr (Figure 5B). However, after 2002, the SCSP experienced significant
erosion with a net erosion rate of 3.26 x 107 m?/yr during 2003-2010, and almost the entire
river channel showed scouring except for the lowermost reach of the SCSP (Figure 5C).
The riverbed shows slight bed aggradation with a net deposition rate of 0.09 x 107 m?/yr
between 2011 and 2018 (Figure 5D).
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Figure 5. The SCSP channel dynamics over time. (A) Chanel volume change in the SCSP from 1983
to 1998. (B) Chanel volume change in the SCSP from 1998 to 2002. (C) Chanel volume change in the
SCSP from 2002 to 2010. (D) Chanel volume change in the SCSP from 2010 to 2018.

4.3. Bed Microtopography along the Channel Thalweg in the South Channel

Our multibeam data show that dunes were the most common microtopography,
accounting for 60.8% of the study area, while the flatbed accounts for approximately
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35.6%. The rest is erosional topography (approximately 3.6%). Dune was the most widely
developed riverbed micro-topography in the upper reach of SCSP. There is a dune group
with a 7.5 km length in the upper reach of the SCSP (Figure 1C). The dune was well-
developed in water depth between —11.8 m and —13.5 m. Small and medium dunes
accounted for 99.2% of the dunes in the study reach (Figure 6B-G). In addition, scouring
microtopography also was found and there is an amount of regular and oval regular
sandpits located in the upper reach of the SC (Figure 1C). The multi-beam data showed
that illegal sand mining holes are usually distributed on the margin of the navigation
channel (Figure 7A). The length of the sandpit group is about 200 m, and they displayed an
elliptical shape with a maximum diameter of 50 m and a maximum volume of 16 x 103 m?
(Figure 7B). These regular sandpits were about 1.8 m deeper than the surrounding bed
surface (Figure 7B,C).

Figure 6. Diagram of the dune in the SC of the Yangtze River Estuary. (A) is the distribution diagram
of the dune in SC with an inverse bed slope. D1-D6 represents the location of the dune group
(Figure 1C). (B—G) are images of the morphology of the dune.

Figure 7. Diagram of the sand mining in the SC of the Yangtze River Estuary. (A) The distribution
diagram of the dune in SC. S; and S; represent the location of the sandpit group (Figure 1C).
(B) and (C) The images of the morphology of sand mining.
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4.4. The Threshold Velocity of Dune and Bedload Transport Rate along the Channel Thalweg

The sub-bottom profile is about 12 km in the field measurement (Figure 8C). The result
shows that the erosion structure and sediment accumulation were distributed alternately
below a shallow depth of -13.5 m. During the survey period, the average flow velocity is
1.05 m/s, varying between 0.25 m/s and 2.85 m/s and the flow velocity increased from the
left channel to the right channel (Figure 8A). We counted the morphology parameters of
dune groups with the same interval (1.5 km). Morphological analysis of the dunes at the
study site showed a dune length of 4.25 to 21.86 m with an average value of 7.87 m. The
minimum, maximum, and average heights were 0.08, 0.65, and 0.36 m, respectively. The
length /height ratio (L/H) of dunes varied from 16.23 to 25.89, and the mean was 21.70
(Table 1). We found that the average length and height of dunes increase correspondingly
with the increase of water depth in the antislope channel. The threshold velocity along the
channel thalweg has been increased with a fluctuation from 0.57m/s to 1.08 m/s with the
decrease of water depth. Concurrently, the bedload transport rate has been increased from
0.05 kg /s to 0.19 kg /s with the decrease in water depth. The bed roughness (Ks) associated
with the dunes varied from 0.18 to 0.34 (Table 1). Dunes presented a greater value of Ks
(0.34) occurred in the deeper area across the river channel, while a much smaller value of
Ks (0.18) occurred in the shallow area. The sediment was collected simultaneously during
the field measurement and the analysis result shows that the grain size of the sediments
in the dune group channel becomes finer towards the section downstream of the channel
(Table 1).
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Figure 8. (A) Velocity profile along the SC (RK 15.5-RK 23.0). (B) MultiBeam echo sounder bathymetry.
(C) Sub-bottom profile in the part of SC.

Table 1. Characteristics of the riverbed dunes in the SC of the Yangtze River Estuary with inverse

bed slope.

Location RK H (m) Dgso (um) Lp (m) Hp (m) L/H A U @m/s) Gp (kgls) Vo (m/s) K,
D1 15.5 15.5 156 11.45 0.48 23.85 0.45 0.66 0.05 0.57 0.34
D2 17.0 14.9 115 9.36 0.40 23.40 0.41 0.68 0.03 0.71 0.29
D3 18.5 14.5 68 8.24 0.41 20.09 0.36 0.70 0.07 0.72 0.21
D4 20.0 13.6 49 6.82 0.33 20.67 0.32 0.71 0.08 0.81 0.26
D5 21.5 13.3 37 5.32 0.28 19.00 0.29 0.75 0.12 091 0.23
D6 23.0 13.1 25 5.80 0.25 23.20 0.26 0.83 0.19 1.08 0.18

Note: The location of the dune group is shown in Figure 1C. RK is the distance from the starting point. H is
the average water depth; Lp is the average length of the dune; Hp, is the average height of the dune; D5 is the
average median grain size; Gp is bedload transport rate per width; Vj is the threshold velocity of the dune; K; is
the average bed roughness.
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5. Discussion
5.1. Impacts of Variations in Flow and Sediment Regimes

In recent decades, suspended sediment loads in the YR have changed
significantly [13,30,46,47]. In particular, following the closure of the Three Gorges Dam in
2003, the annual sediment load at Datong station showed a great decreasing trend by nearly
70% from 1955 to 2018, while the river discharge remained relatively unchanged (Figure 9A).
With substantial suspended sediment trapped in the Three Gorges Reservoir, downstream
sub-saturated flow caused remarkable erosion of the riverbed in the lower YR [4,48]. The
cumulative erosion volume in the bankfull channel was 468 x 10° m3 from 1998 to 2013 [4].
Nonetheless, the evolution processes of the SCSP during 1983-1998, 1999-2002, 2003-2010,
and 2011-2018 were (1) deposition, (2) significant deposition, (3) severe scouring, and
(4) light deposition. During 1983-1998, the SCSP displayed slight deposition with a net
deposition volume of 1.36 x 108 m® under an average annual sediment load of 3.74 x 10% t
at Datong (Figure 9B). During 1999-2002, the river channel still displayed a slight deposi-
tion with a net deposition volume of 1.32 x 108 m3. According to [49], this sediment value
was only 79.6% of the average value during 1951-1985 (4.70 x 108 t Mt). It indicates that
the decrease of sediment inflow from the upstream has no significant effect on the down-
stream channel during the period. During 2003-2010, the sediment load decreased quickly
due to the construction of the TGD in 2003, the average sediment load was decreased to
1.64 x 108 t (Figure 9A), which was 47.1% of the average sediment load (3.48 x 108 t) in
1983-2002. Subsequently, the SCSP exhibited a severe scouring with a rate of 2.60 x 108 m?
each year. Thus, it appears to be credible that the decrease in sediment load leads to the
natural erosion of the river channel. During 2011-2018, the average sediment load still
reduced to a low level (1.24 x 108 t) and the discharge at Datong station showed no obvious
charge (Figure 9A), however, the SCSP remain a stable state with a slight deposition of
with net deposition of 0.07 x 108 m3. According to [12], there is obvious erosion during
2012-2016 in the offshore area of the North Channel.
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Figure 9. (A) Average annual discharge (left axis) and suspended sediment load (SSL) (right axis)
at the Datong station from 1955 to 2018. (B) The correlation between the annual sediment load
at Datong and the annual volume change in the SCSP. The long-term suspended sediment loads
and river discharge were obtained from the Yangtze River Sediment Bulletin (published on http:
/ /www.cjh.com.cn, accessed on 1 January 2022). Note: TGD means the Three Gorges Dam.
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The ebb flow/sediment diversion ratio of the SC/SP during 1998-2017 showed that
there is little difference between the ebb flow diversion ratio and ebb sediment diversion
ratio in SC (Figure 10A). However, in the last 10 years, the ebb sediment diversion ratio
of the SP (i.e., 64%) is greater than the ebb flow diversion ratio (i.e., 57%) (Figure 10B).
This indicates that a lower flow ratio can result in bed silting in the mainstem channel
owing to insufficient stream power (Figure 5D). On the other hand, a larger diversion
flow ratio brought more sediment to this area, and the mouth bar had not yet been eroded
due to the lack of engineering projects, which maybe one reason why the bar in SP had
a large volume [27]. Previous research [21] has shown that the sediment in the Yangtze
Estuary comes from both the land and the sea by the analyses with the particle sizes of bed
materials. They also suggested that the available fine sediment supplied to the estuary from
the offshore area is abundant. Thus, the accretion of the SCSP could be reliant on sediment
sources from the upstream and offshore areas of the SC during the period. In combination,
it indicated that the deltaic channel evolution of the SCSP does not correspond to the yearly
riverine sediment and discharge at Datong station positively. It can be concluded that
although the reduction of sediment load can lead to the overall erosion of the river channel
at the macro scale, other causes need to be considered during the evolution of the SCSP.
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Figure 10. (A) Ebb flow/sediment diversion ratio of the SC during 1998-2017. (B) Ebb flow/sediment
diversion ratio of the SP during 1998-2017. (Note: The data about the ebb flow/sediment diversion
ratio of the SP during 1998-2017 were collected by the Changjiang Estuary Waterway Administration
Bureau CJWAB).

5.2. Impacts of Tidal Processes and Human Intervention

Global sea level has been rising, which can affect sediment transport in the backwater
zone of a lowland alluvial river [20]. Consequently, a high rate of deltaic sedimentation
can be a response to the accelerated sea-level rise in recent decades [50]. Cheng et al. [51]
reported that variations in annual mean sea level (MSL) from 1996 to 2011 at the main tidal
gauge stations in the Yangtze Estuary show a significant mean sea level rise (MSLR) ranging
from 8 cm to 10 cm. According to [52], the intrusion of the tide during low discharge can
also produce seasonal sediment deposition in a tidal estuary.
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The studied channel showed a downstream tract with seaward-decreasing depth,
mainly controlled by the tidal dynamics (Figure 3). Tidal processes tend to lead to a
landward net transport with sediment import, which is more effective during the low
discharge. The role of tides is also confirmed by the obvious landward net transport in
channels with low or no river discharge [53]. Gugliotta and Saito [53] pointed out that
with the increase of tidal energy, the channels of tide-dominated river deltas may become
shallower. In our study, the annual lowest tidal level in the Wusong, Changxing, Hengsha,
and Zhongjun stations (Figure 1C) along the SCSP presented a sharp increasing trend
(Figure 11). For instance, the lowest tidal levels at Wusong rose from 8 cm to 34 cm from
1993 to 2018 (Figure 11). Thus, the increased tidal energy may accelerate the siltation of
sediments in the lower reach of the SCSP. We suggest that in the future, hydrodynamic
modeling should assess the responses of the deltaic channel to tides.
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Figure 11. Annual lowest tidal level at Wusong, Changxing, Hengsha, and Zhongjun in the Yangtze
River Estuary from 1992 to 2018). Note: the tidal level was obtained from Shanghai Municipal
Oceanic Bureau (http://swj.sh.gov.cn/, accessed on 1 January 2022).

The influence of local engineerings on river channel evolution is mainly reflected by the
change in river channel boundary conditions and the dynamic sedimentary environment
of regional river channels [54]. For example, the construction of the Qingcaosha Reservoir
in the Yangtze River Estuary has narrowed the channel width and led to channel erosion
from 2002 to 2012 in the North Channel [12]. Xu et al. [6] reported that local engineering
projects on the Nanjing reach resulted in the siltation of the near bank in the tidal channel
of the YR. In the study, we also found significant erosion in the uppermost reach of SC
during 2002-2010 (Figure 5C). During 2007-2009, the North—-South channel bifurcation
control project (Figure 1) not only stabilized the pattern of the barbody in the North-South
channel bifurcation but also affected the flow-sediment ratio that run into the SC [55].
According to [56], the ebb flow ratio into the SC decreased from 56.2% in 2002 to 45.2%
in 2009, and the sediment ratio into the SC increased from 41.1% in 2002 to 56.5% in 2009.
These indicated that the sediment transport capacity of the flow is weaker in the SC than
in the NC, as a result, the uppermost reach of SC experienced a slight deposition with the
disproportional flow-sediment ratio (Figure 5D), Although the sediment load appeared to
have declined quickly (Figure 11). The SCSP has been affected by the Deepening Waterway
Project (Figure 1C) carried out between 1998 and 2010, which has narrowed the channel and
caused banked-up water over a large area of land reclamation by siltation [52]. Concurrently,
the SC has been continually dredged to the present 12.5 m using trailing-suction hopper
dredgers [57]. According to the [58], the back siltation increased obviously in the waterway.
To maintain a deep waterway, dredging must be carried out continually and a large of
dredging marks and hollows have become apparent in recent years in the SC (Figure 8B,C).
According to [53], the reported human-induced narrowing and deepening have certainly
changed the channel depth and width at numerous sites, but they have not altered the
general trends of constant width to seaward widening and seaward deepening to seaward-
shallowing trends, as these remain evident in data from different decades. Zheng et al. [4]
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pointed out that the change in channel width mainly occurred in the lower reach of the
Lowermost Yangtze River. Specifically, the channel width of the river reaches from RK
130 to RK 30 decreased by 1.6 km upstream of Wusong. In this study area, spur dike
construction and reclamation projects have narrowed the NP, leading to the discharge from
the SC tending to flow through the SP. Subsequently, the diversion ratio of the SP increased.
A study by [59] reported a sand mining volume of 10 million cubic meters from 1998 to
2006. In our study, the total volume of erosion in the entire SC was about 128 million cubic
meters during 1998-2010 (Figure 5B,C), suggesting that the mining effect on the erosion
of the upper reach of the SCSP is rather limited. During the study period, several severe
floods occurred during typhoon storms such as Typhoon Winnie in 1997 and Typhoon
Matsa in 2005, as well as during Typhoon Nepartak in 2016 [60]. Extreme events of storm
surges and frequent strong winds may have caused significant short-term fluctuations in
the erosion/deposition of the deltaic channel in the recent study [5].

5.3. Relationship between Dune Development and Channel Morphodynamics

Subaqueous microtopography is a general type of bedform in deltaic channels and
is closely related to local hydrodynamic conditions, water depth, and sediment grain
size [61-63]. We found numerous dune groups that had developed between the scouring
area and the sitting area in the middle reach of the SC (Figure 7). Wu et al. [27] also reported
a large area of dunes on the south side of the upper reach of the SP. As proposed by
Wang et al. [64], the channel-scale topography is related to the development of small-scale
topography. Thus, the stability of the channel can be reflected by the movement of dunes.
In this study, the threshold velocity of the dune at D1 gradually increases along the channel
from 0.57 to 1.08 at D6 (Table 1), while the sedimentary processes of the channel gradually
changed from siltation to scour (Figure 5D), which indicates that the threshold velocity
of the dune in the scouring area is smaller than that in the siltation area. Combining the
sediment transport rate, we found that the sediment in the scouring area was transferred
to the siltation area (Figure 6C). Paarlberg et al. [65] noticed that dune roughness was
linearly related to dune height. This may explain our finding why a much higher value
of ks occurred in the shallow water (0.34) when compared with dunes in the deep water
(0.18) (Table 1). Our study showed that the mean grain size of bed sediment decreases
downstream in the Yangtze River Estuary (Table 1), which may have resulted in the smaller
dunes in the channels. The finding is in good agreement with those recently reported by
Wu et al. [66] for the lower Lowermost Mississippi River.

The morphology of dunes can be related to several factors including flow conditions,
sediment supply, and bed materials. Dunes are generally formed in coarse particle depo-
sition areas [67,68]. In the past three decades, a total of approximately 1.11 x 10® m3 of
sediment was deposited within the SCSP (Figure 5), providing sufficient sediments for the
development of dunes. Unsworth et al. [69] stated that the dominant effect of dunes on
sediment transport direction is through their influence on near-bed flow direction, with
a secondary effect linked to their impact on the depth-averaged flow. The riverbed is flat
with a relatively low flow velocity. In contrast, bedform scouring occurs when the flow
velocity is considerably high [70]. The SCSP is affected by river flow and tidal currents
simultaneously. Thus, its hydrodynamic condition is highly complicated. The results of the
hydrodynamic along the channel thalweg show that the average flow velocity is 0.79 ms~!,
and the average velocity near the bed is about 1.57 m s ! (Figure 6C). These flow conditions
are also beneficial for the development of dunes according to [71]. River channels with
narrow, straight, and certain water surface slopes are facilitating the development of large
dunes by constraining stream power [68]. In this study, the deltaic channel has developed
an antislope channel of about 80 km in length (Figure 6). Concurrently, compared with the
seaward slope (0.03°, 0.03°, 0.02°, 0.03°, and 0.04°, respectively) in the SCSP, high slope
landward slope (0.12°, 0.07°, 0.10°, 0.09°, and 0.16°, respectively) obviously occurred in the
study year. (Figure 3A-E). According to Southard and Boguchwal [72], a larger riverbed
gradient may lead to channel incising, which may result in the coarsening of sediment
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and larger dunes. This may explain why the larger grain size of bed sediment occurred
mainly in the upper reach of the SCSP. Previous studies have also shown that the mean
grain size of bed sediment (Table 1) decreases along the channel thalweg in the SCSP [33].
Consequently, these may be closely related to the decrease in the length of dunes along
the channel thalweg in the SCSP (Table 1 and Figure 6B-G). Our results demonstrate that
the length of dunes depicts an increasing trend in the SCSP from upstream to downstream
and the general bed slope gradient is high. This verifies that the large bed slope is one of
the key factors in dune development; specifically, the inverse bed slope is more beneficial
to the development of dunes under the control of river flow, and this expands our new
understanding of the control factors of dunes morphology. Further studies on the correction
formula for the dune length are needed to help understand the deformation of dunes.

5.4. Implication for Other Deltaic Channels

Based on the evolution phases, we propose a conceptual model for the morphological
adjustment of the SCSP (Figure 12). The model identifies several distinct patterns, which
can be classified into the growing phase, erosion phase, and transformation phase. During
phase I from 1983 to 2002, massive sedimentation occurred in the entire channel. Bed
slope decreased rapidly due to channel progradation and the downstream-increasing sedi-
mentation rates (Figure 12). During phase II from 2003 to 2010, average annual discharge
and sediment load decreased by 6.9% and 61.5% compared with phase I, concurrently,
the landward slope decreased, yet the seaward slope increased during this time. The
main channel deepened rapidly under the impact of decreased sediment load due to the
closure of the Three Gorges Dam in 2003, highlighting channel responses to specific human
activities (Figure 11). At the final stage of becoming stable, the average annual discharge
increased by 4.6%, while the annual sediment load decreased by 24.6%. The SCSP did
not vary significantly, keeping the balance of scouring and silting, compared with fluxes
in phase II (Figure 11). Following the slower development pace of engineering projects
after 2010, the stable diversion ratio may have helped the SC remain in a stable state [54].
At the same time, with stronger tidal forcing and sea level rise (Figure 11), the volume of
the seaward reach of the SCSP kept slightly increasing. The evolution phases in Figure 12
may be different from those proposed by other experts, which considered evolution or
subaerial and subaqueous YRD [12,28,73]. For example, according to [12], another deltaic
channel (North Channel) in the Yangtze River Estuary experienced opposite erosion and
deposition patterns. Specifically, the river regime evolution processes of the NC during
1986-2002, 2002-2007, 2007-2012, and 2012-2016 were severe scouring, light deposition,
slight scouring, and scouring, respectively. However, a similar finding is that the NC has
been stable in the last 10 years, whose erosion rate is marginal (0.40 x 107 m?).

The geomorphologic process of the deltaic channels investigated in this study is com-
parable with other world large river deltaic channels, such as the Yellow River deltaic
channel, Mekong deltaic channel, Mississippi River deltaic channel, and Atchafalaya River
deltaic channel, where similar studies have been conducted [24,74-76]. As one portion
of a deltaic system, the evolution processes of deltaic channel are all highly impacted
by variations of discharge, sediment load, and human intervention. Phase I of the rapid
aggradation in the Yangtze River Estuary may be a common, immediate response for rivers
to abrupt avulsions, especially rivers with high sediment load [77]. However, different
from those studies, our findings indicate that the YRD channel has experienced the mor-
phology transformation from severe riverbed erosion to a stable state under anthropogenic
interferences (Figure 11). The difference can be explained by the fact that a large number of
near-end engineering projects have been built in the Yangtze Estuary over the past several
decades [12]. As a result, these engineering projects changed the river boundary of the
deltaic channels, and the morphological evolution of the deltaic channels has been impacted.
Concurrently, we found that dunes have the most common morphology in the SCSP, and
the inverse bed slope is more beneficial to the development of dunes under the control of
runoff, which expands our new understanding of the control factors of dunes morphology.
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In the 21st century, human activities are largely responsible for the vulnerability of deltaic
channels. The number of natural distributary channels on deltas has often been reduced
artificially to control deltaic channels’ location and protect populated areas by levees [78].
A common consequence is the super-elevation of the riverbed above the delta floodplain.
In combination, processes of delta subsidence and channel bed aggrading are a threat to
the societies and ecosystems that they support. Our results obtained from this study on the
redistribution of water and sediment load in the YRD can provide scientific guidelines for
water and sediment reallocation in the future.
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Figure 12. A conceptual model for the morphological adjustment of the SCSP. Note dV/dt = channel
volume change rate. Positive values mean deposition and negative values mean erosion. Ww and
WS = average annual discharge at Datong station and average annual sediment load at Datong
station. S = channel slope, SL = landward slope, SS = seaward slope. 1 and | denote the increase and
decrease of a geometric parameter, respectively.

6. Conclusions

Our long-term assessment on the morphologic changes in the Yangtze River Estuary
channels offers a field case study to inform the far-reaching impact of damming river.
The evolution of these estuarine channels can be characterized by three phases: Phase I
(1983-2002)—a channel aggradation of 1.4 x 10" m3/yr; Phase II (2002-2010)—a rapid
channel erosion of 3.26 x 107 m3/ yr; and Phase III (2010-2018)—a relatively steady tran-
sition showing a marginal deposition of 0.09 x 107 m3/ yr, implying the trend to a new
state of dynamic equilibrium. The closure of the Three Gorges Dam in 2003 has played
a key role in riverine sediment decline, forcing the deltaic channel to adjust at the macro
scale. The anthropogenic activities including the nearby river engineering project and
sand mining have exerted additional influences at the micro-scale, whereby dunes show
the most common morphology throughout the channel riverbeds. Based on the findings,
we conclude that the lowermost estuarine reach of the Yangtze River is transferring from
erosive to depositional, and that this trend will likely accelerate as the sea level continues
to rise. These findings advance our understanding of estuarine channel development in
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response to upstream human intervention, providing insights for developing sustainable
management of the Yangtze River Delta and other river deltas in the world.
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