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Examination of large scale, alluvial estuarine morphology and associated time evolution is of particular im-
portance regarding management of channel navigability, ecosystem, etc. In this work, we analyze morphological
evolution and changes of the channel-shoal system in the Changjiang Estuary, a river- and tide-controlled coastal
plain estuary, based on bathymetric data between 1958 and 2016. We see that its channel-shoal pattern is
featured by meandering and bifurcated channels persisting over decades. In the vertical direction, hypsometry
curves show that the sand bars and shoals are continuously accreted while the deep channels are eroded, leading
to narrower and deeper estuarine channels. Intensive human activities in terms of reclamation, embankment,
and dredging play a profound role in controlling the decadal morphological evolution by stabilizing coastlines
and narrowing channels. Even though, the present Changjiang Estuary is still a pretty wide and shallow system
with channel width-to-depth ratios > 1000, much larger than usual fluvial rivers and small estuaries. In-depth
analysis suggests that the Changjiang Estuary as a whole exhibited an overall deposition trend over 59 years, i.e.,
a net deposition volume of 8.3 x 108 m®. Spatially, the pan-South Branch was net eroded by 9.7 x 108 m?
whereas the mouth bar zone was net deposited by 18 x 10® m®, suggesting that the mouth bar zone is a major
sediment sink. Over time there is no directional deposition or erosion trend in the interval though riverine
sediment supply has decreased by 2/3 since the mid-1980s. We infer that the pan-South Branch is more fluvial-
controlled therefore its morphology responds to riverine sediment load reduction fast while the mouth bar zone
is more controlled by both river and tides that its morphological response lags to riverine sediment supply
changes at a time scale > 10 years, which is an issue largely ignored in previous studies. We argue that the time
lag effect needs particular consideration in projecting future estuarine morphological changes under a low se-
diment supply regime and sea-level rise. Overall, the findings in this work can have implications on management
of estuarine ecosystem, navigation channel and coastal flooding in general.

1. Introduction

Morphological evolutions are critical for socio-economic and eco-
logical environmental development, especially in estuaries where most
of the world's famous mega cities and harbors locate. The combined
action of fluvial discharge, tidal flows, and waves generally controls the
long-term estuarine morphological changes, resulting in a feedback
loop between estuarine morphology and hydrodynamics through sedi-
ment transport (Cowell and Thom, 1994; Freire et al., 2011; Wang
et al., 2013). Morphological evolution of large estuaries influenced by
more than one primary forcing are insufficiently understood owing to
inherent complexity in terms of large space scale and strong spatial and
temporal variations. In addition, anthropogenic activities, such as
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waterway regulation project, dredging, embankment, reclamation, and
dam construction, have profound effects on estuaries and human in-
terventions play an increasingly important role in driving estuarine
morphological changes (Milliman et al., 1985; Syvitski et al., 2005;
Wang et al., 2013). Centennial bathymetric data of estuaries are rare
while data at decadal time scales are readily more available, enabling
quantitative examinations of medium- to long-term (decades to cen-
turies) estuarine morphological evolution in response to natural forcing
and human influences.

Morphological evolution and channel pattern changes in rivers,
tidal basins, estuaries, and coasts have been broadly discussed at
varying time scales. The depositional and morphologic patterns can be
quite different under varying single or multiple primary forcing
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Fig. 1. A sketch map of the study area and division of different branches in the Changjiang Estuary with its bathymetry (depth in meters) in 2016. The whole study area is divided into
three parts by brown solid lines, i.e., region A (the South Branch (17)), region B (the South Channel (2%) and the upper section of the North Channel (5%)), and region C (the North Passage
(3"), the South Passage (47), and the lower section of the North Channel (67)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

including river, tides, waves, etc. (Wright, 1977). A meandering
channel pattern with coexisting flood and ebb channels is observed in
tide-dominated systems, such as the Dutch Western Scheldt Estuary
(Van Veen et al., 2005; Van den Berg et al., 1996; Toffolon and Crosato,
2007) and the Chesapeake Bay in the USA (Ahnert, 1960). Distributary
channels with multiple bifurcations are observed in river-controlled
estuaries and/or delta systems (Andrén, 1994; Edmonds and
Slingerland, 2007; Wang and Ding, 2012). Large scale morphodynamic
behavior under combined river and tidal forcing, such as the Chang-
jiang Estuary in China, is insufficiently examined (Guo et al., 2014,
2015).

Morphological evolution of the Changjiang Estuary has been ex-
amined by calculating erosion-deposition volumes and analyzing
movements of isobaths, shorelines, and thalwegs (Chen et al. 1985 and
1999; Yun, 2004; Wang et al., 2013; Luan et al., 2016). Riverine sedi-
ment source availability and human activities are widely seen as two
important factors in controlling morphological evolution in the
Changjiang Estuary, which is also true in other estuaries and deltas such
as Niles, Mississippi, and Colorado (Syvitski and Kettner, 2011). Note
that previous examinations of the morphological changes in the
Changjiang Estuary were mainly at regional scale without taking the
estuary as a whole into consideration. For instance, owing to riverine
sediment supply reduction, regional erosion was detected in the South
Branch (Wang et al., 2013) and the delta front regions (10 m deep
nearshore) (Yang et al.,, 2003, 2005, 2011) in the recent decades,
whereas the examination of a larger region including the sand bars in
the mouth bar zone indicates continued deposition (Dai et al., 2014).
Moreover, the time scale of large scale estuarine morphodynamic
adaptation in responding to external forcing changes is very much
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ignored in previous studies. The morphological impacts of human ac-
tivities such as reclamations (Chu et al., 2013; Wei et al., 2015) and the
Deep Waterway Channel Project along the North Passage (De Vriend
et al., 2011; Jiang et al., 2012, 2013) can also vary in a large space and
time scales depending on their location, implementation time, and
scales. Sea-level rise is also another factor needs consideration (Wang
et al., 2013; Wang et al., 2014; Wei et al., 2015). So far, a compre-
hensive and quantitative investigation of morphological evolution in
the entire Changjiang Estuary is still very much needed.

This study analyzes the morphological changes in the Changjiang
Estuary as a whole based on the bathymetric data collected in the
period between 1958 and 2016. We will focus on the erosion-deposition
processes, changes of hypsometry, and cross-section configuration of
different branches in the estuary to elaborate the channel patterns and
the spatial and temporal variability of the estuarine morphology. The
controls of the morphological changes are discussed in terms of natural
processes and human activities. The insights obtained from this study
are helpful for management and restoration opportunities in the
Changjiang Estuary.

2. Data and methods
2.1. Brief introduction to the Changjiang Estuary

The Changjiang River and its estuary is one of the biggest on earth
with respect to its quantity such as river discharge, sediment load, and
space scales. The annual mean river discharge is approximately
28.3 x 10°m%/s (1950-2015) and annual sediment load is
3.7 x 108tons (1953-2015) (CWRC, 2015). The river and sediment
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Annual mean river discharge and sediment load at Datong and the erosion or deposition parameters (net rates, area and net thickness) in region A, B, C, and whole study area (A + B + C)
during different periods (1958-1973, 1973-1986, 1986-1997, 1997-2002, 2002-2010, 2010-2016) (positive values stand for deposition while negative values stand for erosion).

Location Unit 1958-1973  1973-1986  1986-1997  1997-2002  2002-2010  2010-2016
Annual-mean Datong River discharge 108 m®/year 8632 8925 8805 10,018 8401 8588
Annual-mean Datong Sediment load 108 t/year 4.88 4.53 3.60 3.36 1.84 1.28
Erosion/deposition parameters Region A Net rates 10° m®/year 19.2 -0.4 —35.9 16.0 -37.7 —28.8
area 10®m? 6.9 6.8 6.6 6.7 6.3 6.3
Net thickness mm/year 27.7 -0.5 —-54.3 23.9 —59.6 —45.8
Region B Net rates 10°m®/year 5.5 -11.1 8.4 —-23.5 -23.7 -31.7
Area 10® m? 3.6 3.6 3.5 3.5 2.9 2.9
Net thickness mm/year 15.1 -31.1 24.4 —-67.8 —-81.9 —-110.8
Region C Net rates 10°m®/year  73.5 2.3 83.7 —-32.5 75.3 -115.3
Area 108 m? 29.0 28.9 28.6 27.9 27.3 25.4
Net thickness mm/year 25.3 0.8 29.3 -11.6 27.6 —45.3
A+B+C  Rates 10°m®/year ~ 98.2 -9.2 56.3 —40.0 13.9 -175.7
Area 108 m? 39.6 39.3 38.7 38.1 36.5 34.6
Thickness mm/year 24.8 -2.3 14.5 -10.5 3.8 -50.8

discharges exhibit markedly seasonal variations, with about 71% of
water flux and 87% of sediment load flushed in the wet season between
May and October (Chen et al., 2007). Mean tidal range decreases from
about 3.2 m nearshore to 2.4 m at Xuliujing, the present delta apex, and
further to be insignificant 500 km upstream of Xuliujing. The tidal
prism varies between 1.3 x 10° and 5.3 x 10°m®, with a mean tidal
discharge almost 9 times as much as the mean river discharge (Chen
and Li, 2002). Thus the Changjiang Estuary is dominantly a partially-
mixed, meso-tidal system (Chen and Li, 2002). The waves in the
Changjiang Estuary are mainly wind waves with a mean wave height of
0.9m at Yinshuichuan in the river mouth area (Wu et al., 2009; Wang
et al., 2013). River and tides are the main forcing conditions though
wind and waves can affect hydrodynamics and sediment transport over
the shallow tidal flats. The present Changjiang Estuary has four prime
inlets connecting to the sea, namely the North and South Branch, North
and South Channel, and North and South Passages (Fig. 1). The estuary
mouth is as wide as 90 km and the width decreases to approximately
6 km at the apex of the funnel-shaped estuary, i.e., Xuliujing. Overall
the Changjiang Estuary is a complex large scale system with few com-
parable cases in the world.

2.2. Data and methods

We collect bathymetric data in 1958, 1973, 1986, 1997, 2002,
2010, and 2016, covering the entire regions seaward Xuliujing until
10-15m deep waters (Fig. 1). The North Branch (NB), nowadays tide-
dominated and limitedly influenced by fluvial processes, is excluded in
this study due to data scarcity. The bathymetry data in 1958, 1973, and
1986 are obtained from digitization of historical marine charts with a
resolution 1/50000 and data in other years are from field sounding
measurements with an accuracy of 1-2% for depths < 2m and < 1%
for depths > 2m (Wang et al., 2011, 2013). All depth data are refer-
enced to the same datum, the Theoretical Lowest Astronomical Tide
(TLAT), which is basically below local mean water level by a half
maximum tidal range (~2m). A digital elevation model (DEM) by
20 x 20m is created using Kriging interpolation.

Considering spatial variations of hydrodynamics, sediment proper-
ties, and morphological features (Fig. 3), we divide the study area into
three regions for the benefit of clarification. Region A includes the
South Branch (SB) and region B includes the South Channel (SC) and
the upper section of the North Channel (NC), while region C indicates
the mouth bar zone (MBZ) which includes the lower section of the
North Channel, the North Passage (NP), and the South Passage (SP).
Regions A and B together are also named pan-South Branch (PSB) re-
gion as a counterpart of region C (Fig. 1). Erosion and deposition vo-
lumes of different regions and the estuary as a whole are calculated for
different time intervals. Hypsometry curves are also derived by linking
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channel volumes and planar areas at different depths. The hypsometric
curves help to uncover morphological change of channels and shoals in
the vertical direction. Moreover, we also estimate variations of width,
depth, and width-to-depth ratio and examine cross-section profile var-
iations in different regions.

3. Results
3.1. Overall morphological evolution (1958-2016)

We see that there is no new channel bifurcation in the Changjiang
Estuary since 1958. The three-level bifurcation and four-outlet config-
uration persists and the channels and shoals develop toward mature
conditions by strong erosion and deposition evolution (Fig. 4). The
middle-channel channel-shoal pattern is featured by meandering
channels and sand bars. The entire estuary becomes narrower and
deeper owing to deposition over the shoals and tidal flats and erosion
along the channels.

3.2. Erosion and deposition patterns

The study area as a whole (including regions A, B, and C) had ex-
perienced deposition from 1958 to 2016. The total net deposition
amount of the study area reached 8.3 x 108 m® over 59 years, which
equals a net deposition rate of 14.3 x 10° m3/year.

Temporally, the estuary did not exhibit directional persistent de-
position or erosion over 59 years (Table 1, Fig. 4). The entire study area
first experienced fast deposition in 1958-1973 (98.2 x 10°m>/year),
followed by slight erosion in 1973-1986 (9.2 X 10°m®/year), deposi-
tion in 1986-1997 (56.3 x 10° m>/year), erosion in 1997-2002 again
(40 x 10°m®/year), slight deposition in 2002-2010 (13.9 x 10°m?/
year), and recently fast erosion in 2010-2016 (175.7 x 10° m®/year).

Spatially, the net erosion volume was 9.7 X 10° m® in the pan-South
Branch between 1958 and 2016. Approximately 52% of that occurred
in region A and 48% in region B. To the contrast, the MBZ was de-
posited by 18 x 108 m? in the interval, indicating that the MBZ is a
major sediment sink. The erosion and deposition patterns are different
in different regions (Table 1). Region A had changed from deposition
(1958-1973, 19.2 x 10°m>®/year) to erosion (2010-2016,
28.8 x 10° m3/year). Similar variation behavior was also observed in
region B by slight deposition (1958-1973, 5.5 X 10°m®/year) and
moderate erosion (2010-2016, 31.7 x 10° m®/year). However, region
C showed a strong deposition trend from 1958 to 2010 and the de-
position rates reached up to 75 x 10°m?>/year most of the time, fol-
lowed by significant erosion of 1.15 x 10® m®/year since 2010.
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3.3. Changes of hypsometry

Hypsometric curve is a concise and quantitative way to understand
vertical morphological characteristics. According to the hypsometric
curves of the study area as a whole from 1958 to 2016 (Fig. 5D), both
the total water volume and area of the study area decreased due to
deposition and human activities. Specifically, the total water volume of
the region below +2m isobaths was 31.6 x 10°m?® in 1958. It de-
creased to 30 x 10°m® in 2016, indicating 5% reduction compared to
1958. The total area at + 2 m isobaths also decreased by about 514 km?
from 1958 to 2016, i.e., 13% of that in 1958, mainly owing to re-
clamations and embankment for the Qingcao Shoal reservoir.

In the vertical direction, the erosion and deposition patterns of the
sand bars and shoals and the deep channels were quite different from
each other during the past 59 years. By comparing the water volumes
and areas of the channels under different isobaths in both 1958 and
2016 (Fig. 5D), we see that the entire study area was confined by —8 m
isobaths. The water volume of the region above —8m (-8~ + 2m)
isobaths reduced from 28.1 x 10° m® in 1958 to 25 x 10°m® in 2016,
and the area decreased from 2.76 x 10°m? to 2.15 x 10° m? Deposi-
tion took place in the sand bars and shoals, which includes intertidal
zone (0~ + 2 m). The water volume of the region below —8 m isobaths
(=8~ — 20m) increased by about 1.49 x 10°m® and the area in-
creased by 0.1 x 10°m?. In the deep part of the channels below —12m
isobaths, the water volume and the area increased by 0.9 x 10° m® and
0.11 x 10°m?, respectively. Thus the channels, especially the deep
parts of them, were continuously eroded from 1958 to 2016.

For three regions of the estuary, deposited sand bars and shoals and
eroded deep channels were also detected from 1958 to 2016, but the
depth thresholds for shallow (deposited) and deep (eroded) areas were
different. Region A as a whole was separated by —7 m isobaths while
region C was separated by —8 m isobaths. The shape of the hypsometric
curves in different years was similar to each other, for both regions A
and C (Fig. 5A and B). However, region B was separated by —1m
isobaths. The hypsometric curves in region B had significantly changes
during the past 59 years, especially after 2002, mainly owing to em-
bankment for the Qingcao Shoal reservoir (Fig. 5C).

3.4. Changes of cross-section

The width of the cross-sections in region C increases in the seaward
direction. The depth of the cross-sections has a significant seaward
decrease trend and has a minimum value on the top of the mouth bar.
They are quite different from those in regions A and B which do not
have such a significant seaward depth variation along the river.

For the chosen 6 cross-sections in the Changjiang Estuary (Fig. 6),
the width and average depth at 0 m of the cross-section 1 in region A
were 11.1 km and 8 m in 1958, respectively. They changed to 11.5km
and 8.6 m in 2016. And the width to depth ratio (B/H) reduced by 4%
from 1958 to 2016. The average depths of the cross-sections 2 and 3 in
region B both increased by 0.2 m and 3.1 m, respectively. The width of
the former increased by about 5% while the latter reduced by 16%. The
B/H of the cross-section 2 in the South Channel had no obvious change,
but that of the cross-section 3 in the upper section of the North Channel
significantly decreased by 40%, due to embankment for the Qingcao
Shoal reservoir. The above-mentioned parameters of cross-sections 4, 5
and 6 in region C also had a similar variation tendency as those in the
upper section of the North Channel. From 1958 to 2016, the mean
width and width to depth ratio of the three cross-sections in region C
reduced by 42% and 60%, respectively, while the mean depth increased
by almost 50%. The reclamations in both East Nanhui shoal and East
Hengsha shoal and the Deep Waterway Channel Project in the North
Passage were the main reasons for such changes (Fig. 6B and C).

So far, the width at 0 m of the most cross-sections in the Changjiang
Estuary had a decreasing trend while the average depth had an in-
creasing trend from 1958 to 2016, especially in the regions where
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human activities occurred frequently. Thus the mean width to depth
ratio of the cross-sections decreased obviously during the past 59 years.
It indicated that the cross-sections in the Changjiang Estuary became
much narrower and deeper from 1958 to 2016, corresponding to de-
position in the sand bars and shoals and erosion in the deep channels.

4. Discussion
4.1. Spatially varying hydrodynamics and sediment characteristics

The Changjiang Estuary covers so large area that hydrodynamics
and sediment transport dynamics present strong spatial variations from
upstream to downstream due to the combined effect of river and tides
(Liu et al., 2010; He et al., 2015). Most of the main channels in the
Changjiang Estuary are ebb-dominated with stronger ebb currents than
flood currents (Fig. 3A). The ratios of river discharge to tidally mean
discharge (Q,/Q,) present an obvious decreasing tendency in the sea-
ward direction. For instance, the Q,/Q; ratios are 0.44 and 0.12 in re-
gions A and C, respectively (Fig. 3B). From the South Branch to the
MBZ, the Q,/Q, ratio reduces by 73%. It indicates that the South Branch
is more river-influenced while the MBZ is much more tidal-influenced
than the South Branch.

The suspended sediment concentration (SSC) exhibits an increasing
trend from upstream (region A) to downstream (region C). For example,
the mean SSC was only 0.43kg/m> between 2003 and 2007 in the
South Branch (region A), while the mean SSC increased to 0.99 kg/m3
in the South Passage (region C), which is twice more than that in the
South Branch (Fig. 3C; Liu et al., 2010; He et al., 2015).

The grain size of suspended sediment presents an increasing trend
from the South Branch to the MBZ (Fig. 3D). In 2003, the median grain
size of suspended sediment in region A was 6.5um while it was
8-9.5um in the MBZ. In contrast, the grain size of bottom sediments
decreases seaward along the river. In the main channel of the South
Branch, the median grain sizes of bottom sediments were > 200 pm
while such values were far =50 um in the main channel of the MBZ in
2003 (Fig. 3E).

All these differences between regions A and C (region B is in tran-
sition between them) suggest that they are controlled by different hy-
drodynamic conditions thus potentially explaining different morpho-
logical behavior between them.

4.2. Spatially varying morphodynamic behavior of the Changjiang Estuary

Riverine input is a major source of water and sediment fluxes that
influence the estuarine morphological evolution. Sediment source re-
ductions below pristine conditions are observed in many estuaries
creating new challenges to estuaries and deltas under sea level rise
(Syvitski and Kettner, 2011). For the Changjiang Estuary, it was ob-
vious that the morphological changes were influenced by riverine se-
diment load reduction (Yang et al., 2005, 2011; Kuang et al., 2013;
Wang et al., 2008, 2013; Wang et al., 2014), but some parts of the
estuary, such as the MBZ, had little response to riverine sediment load
reduction within a short time (Dai et al., 2014), owing to the complex
spatio-temporal variations of hydrodynamics and sediment characters
in such a large estuary. The effects of sediment source reduction caused
by the Three Gorges Dam in the watershed on estuarine morphological
change are still in dispute. How different branches in the Changjiang
Estuary responded to sediment source reduction needs further clar-
ification.

It is widely known that river discharge acting on the Changjiang
Estuary did not show significant decreasing or increasing trend from
1958 to 2016, but the sediment load at Datong had significantly re-
duced since the mid-1980s, mainly attributed to dam constructions in
the drainage basin. The annual river discharge at Datong remained
about 890 x 10°m>/year in the total six periods while the annual se-
diment load had continuously reduced from 4.82 x 10%t/year
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Fig. 2. (A) Annual river discharge and sediment load at
A Datong from 1950 to 2015 (Blue dotted line: annual river
discharge from 1950 to 2015, Brown solid line: annual se-
diment loads from 1951 to 2015, Brown dotted lines: the
annual mean sediment loads during different periods which
6 indicated the riverine sediment load reduction mainly due
to dam constructions in the Changjiang River basin
(4.7 x 10%t/year 1953-1984, 3.4 x 10%t/year
1986-2002, 1.4 x 108 t/year 2004-2015), Green square
solid points: the years that catastrophic floods happened in
both 1954 and 1998). (B) The number of the days that daily
water discharge is > 60,000m>/s (blue), 65,000 m>/s

n

Sediment load (108¢/year)

7 . - (red), and 70,000 m*/s (green) each year at Datong from
600 Danjiangkou Gezhou 3 1958 to 2015. (For interpretation of the references to colour
Damn Dam in this figure legend, the reader is referred to the web
version of this article.)
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(1958-1973) to 1.28 x 10° t/year (2010-2016), a 2/3 reduction
(Fig. 2A; Chen et al., 2008; He et al., 2015). However, there was no
directional deposition or erosion trend of the entire study area in the
estuary (Table 1), suggesting that estuarine morphological changes are
not linearly or simply correlated with riverine sediment supply changes
as widely documented in previous studies. We will discuss potential
factors acting on the inconsistent change behavior, including spatially
varying estuarine morphological response behavior, time lag effect, etc.

Both regions A and B were featured by an obvious switch change
from deposition to erosion over time. A positive linear relationship was
found between the annual mean erosion or deposition rates in region A
(R% = 0.48) and region B (R? = 0.56) and the annual mean sediment
load at Datong (Fig. 7A and B), indicating that the morphological
changes of these two regions had a good relationship with riverine
sediment source variations. We infer that the pan-South Branch is more
fluvial-influenced that its morphology is sensitive to riverine sediment
supply reduction. On the other hand, the MBZ presented a persisting
deposition trend prior 2010 and turned to be afterward erosion. The

Table 2

annual mean erosion or deposition rates of the MBZ had poor re-
lationship with the annual mean sediment load at Datong over 59 years
(R? = 0.19) (Fig. 7C). We think the MBZ is controlled by both river and
tides that its morphological changes can have resilience to sediment
source changes and/or are out of phase of sediment source changes.
Specifically, region A turned to be moderately eroded from 1986 to
1997, but region B still showed a slight deposition at that time and
shifted to moderate erosion from 1997 to 2002. The response of the
South Branch and region B to riverine sediment source reduction thus
did not occur simultaneously. We see that both the mean annual erosion
or deposition rates of region A and region B are positively correlated to
the annual mean sediment load at Datong, suggesting erosion happened
in these zones due to riverine sediment source reduction. For region A,
the correlationship changes little (R? < 0.48) when considering a
2 year time lag between estuarine morphology and riverine sediment
supply. The correlationship significantly improves (R? = 0.77) in re-
gion B considering a time lag of 5 years (Table 2). It indicates that there
is a “5years of time lag for the response of morphological changes in

Linear correlation coefficients between the mean annual erosion/deposition rates in region A (A) (i.e., the South Branch), region B (B), and region C (C) (i.e., the MBZ) and the mean

annual sediment load at Datong in current periods or 1-5 years before the current periods.

RZ

Region Corresponding year Previous 1 year Previous 2 years Previous 3 years Previous 4 years Previous 5 years
A 0.48 0.48 0.45 0.35 0.28 0.23

B 0.56 0.58 0.63 0.71 0.73 0.77

C 0.19 0.23 0.29 0.38 0.51 0.53
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region B, while the time lag of region A is in the order of ~2 years,
which is shorter than that in region B. The annual mean erosion or
deposition rates of region C (the MBZ) has little (R% = 0.19) relation-
ship with the annual mean sediment load at Datong. The correlation-
ship also improves (R* = 0.53) considering a time lag of 5years
(Table 2). Though limited data about sediment load at Datong before
1953 is available, we believe that the time lag of morphological
changes in the MBZ can be > 10 years considering its large scale and
tidal influence.

The presence of a time lag between large scale estuarine morpho-
logical responses to riverine sediment supply variations is under-
standable. The Changjiang Estuary is primarily controlled by river and
tides. River discharge transports a large amount of suspended sediment
seaward and flushes bottom sediments downward. Tidal waves and
currents propagate landward and create stratification and gravitational
circulations particularly in region C, which have effects in trapping
sediment in the mouth bar (turbidity maximum zone) and even indu-
cing landward sediment transport in the bottom layers. Tidal asym-
metry and tidal pumping can also favor landward sediment transport
though it may be of secondary importance due to high river discharge
(Guo et al., 2014, 2015). Sediment redistribution within the estuary,
e.g., by channel erosion and flat accretion, explains the large scale
morphological resilience to external source changes (Guo, 2014). Spa-
tially, region A is overall well-mixed and more river-influenced and its
sediment source and transport processes are directly affected by river
forcing first (He et al., 2015), explaining why the South Branch is
sensitive to riverine input and a small time lag. Region C is dominantly
partially-mixed and both river and tides are of equal importance. Re-
gion C is strongly affected by density currents, horizontal circulations,
tidal asymmetry, etc. (Guo, 2014; Wu et al., 2010, 2012; Jiang et al.,
2013), that its morphology has large resilience and inherent buffering
effects to riverine sediment source changes. Region C, facing to the
open sea, is also influenced by wind and waves which can rework tidal
flats sediments to be transported and deposited in channels. Overall
these processes explain why a large time lag is present in the MBZ
compared to the inner estuary, e.g., the South Branch.

The time scale of sediment transport in such a large estuary system
may also play a role though it is difficult to quantify accurately. The
riverine sediment flux monitored at Datong, 600 km upstream of region
C, may take quite a while to be transported seaward step by step while
along river morphological changes have buffering effects. It can explain
the seaward increasing time lag. The SSC in both regions A and B had
decreased significantly over time. For instance, the depth-averaged SSC
in the South Branch and the South Channel reduced by 84% and 64%
from 2003 to 2013, respectively (Fig. 3C). However, the depth-aver-
aged SSC in the MBZ was still high (> 0.5kg/m®) and even increased
by 36% in the North Passage and 75% in the lower section of the North
Channel (Fig. 3C). It suggests that the response behavior in region C is
quite different from regions A and B.

The overall erosion since 2010 in all the three regions may suggest
that the estuary undergoes a shift from overall deposition to erosion
after a time lag (Fig. 4, Table 1). Comparing with the previous period
(2002 —2010), the erosion rate of region A decreased while the erosion
rate of region B increased (Table 1). However, the MBZ sustained a high
deposition rate from 2002 to 2010, even the sediment load at Datong
had reduced by 2/3 since 2003. It suggests that the effects of riverine
sediment source reduction on the MBZ are only detectable in the very
recent years. It again supports the argument of a time lag =10 years for
the response of the morphological changes in region C to riverine se-
diment source reduction. The time lag effect is easily ignored in the
morphological examination in previous studies, which can explain why
the controversial conclusions reached.

So far the time lag is only quantitatively discussed due to large
bathymetric data interval. Future work by morphodynamic modeling
can help to better quantify the time lag and its spatial variability.
Actually a large estuarine morphodynamic adaptation time scale is
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reported in schematized long-term estuarine and deltaic morphody-
namic studies and it merits careful consideration in real world as well
when predicting future morphological changes in response to a low
sediment influx regime and sea level rise.

4.3. Spatially varying morphological changes under big river floods

Estuarine morphological evolution is so complex that it is influ-
enced by a variety of factors other than riverine sediment load changes.
River flow is just one prominent process governing estuarine morpho-
dynamics. Though the annually mean river discharge changes little and
is not expected to cause directional estuarine morphological changes
(Table 1), changes of the frequency and magnitude of episodic big river
floods can play a role in shaping morphological evolution (Yun, 2004;
Guo, 2014; Luan et al., 2016). At long-term time scales, catastrophic
river floods with a peak river discharge 70,000 m®/s were thought to
play an prominent role in stimulating new channel bifurcation in the
Changjiang Estuary, such as the formation of the North Passage due to
the big flood in 1954 (Yun, 2004). At decadal time scales, we identify
five years with flood peak discharges 70,000 m®/s from 1958 to 2016,
including a catastrophic flood in 1998. We see that most of the high
river discharges occurred in the period of 1997-2002 (Fig. 2B). Ac-
cordingly, the estuary displayed severe erosion in the same interval
(1997-2002) compared to other periods though net deposition was
detected in region A due to the accretion over the shoals (Fig. 4). This
change pattern was inconsistent with the long-term tendency between
1958 and 1997 (Table 1). Linear riverine sediment source reduction
since the mid-1980s failed to explain such intense changes.

We argue that enduring high river discharges exert strong influence
on estuarine morphological changes. The high river discharges
(> 70,000 m®/s) persisted 1-2 months in 1998 and 1999, and post-
flood discharges maintained at a relatively high level (> 45,000 m>/s)
for 2-3 months in these two years. The river discharge hydrographs
were quite different from normal conditions. It provided a continuous
strong river force in flushing sediment seaward. Moreover, based on the
historical data from 1951 to 1984, Yin and Chen (2009) found sig-
nificant sediment deficiency for river discharges > 60,000 m*/s at Da-
tong. High river flow has a larger sediment transport capacity but the
sediment source-limited condition in the river upstream Datong re-
stricts sediment availability to the estuary, thus triggering erosion in
the estuary considering further by enhanced sediment transport capa-
city thru river-tide interactions (Guo, 2014). The net deposition in re-
gion A in 1997-2002 reflects the imbalance between channel erosion
and shoal accretion which is very much related to channel migration
and shoal movement caused by big river floods as well. Overall we
think that it is not only the magnitude of the flood peak discharges, but
also its duration and associated sediment deficiency, matter in causing
strong estuarine morphological changes.

4.4. The influence of human activities

Extensive human activities in the estuary locally, such as the Deep
Waterway Channel Project, dredging, reclamation, and embankment
for reservoir construction, also exert strong impacts in estuarine mor-
phological evolution at decadal time scales (Fig. 8A).

Reclamation and embankment is one of the main factors in stabi-
lizing coastlines and narrowing channels in historic periods. The width
of the Xuliujing section narrowed from 15.7 km in 1958 to 5.7 km in
1970s due to reclamation and the narrowed Xuliuing section became a
controlling point in stabilizing the division between the South Branch
and the North Branch (Yun, 2004; Guo, 2014). As a result of it, the old
Baimao Shoal moved northward and merged with the Chongming Is-
land in 1970s and the entrance of the South Branch became much
narrower and deeper from 1958 to 1973. For the entire study area, a
reduction of 571 km? of the water surface area resulted from reclama-
tion and embankment from 1958 to 2016, accounting for almost 14% of
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that in 1958, which meant 11 man-made Hengsha Islands formed in the
Changjiang Estuary (Fig. 8A). Due to the reclamation and embankment,
the channels in the estuary become much narrower and deeper, espe-
cially around the regions reclamation or embankment occurred nearby.
For instance, the width and width to depth ratio of the cross-section 3
obviously decreased by 16% and 40%, respectively, especially after
2009 owing to embankment for the Qingcao Shoal reservoir (Fig. 6).
The Deep Waterway Channel Project was carried out in the North
Passage of the Changjiang Estuary since 1998 and almost
50-80 x 10°m? of sediment was dredged each year from the naviga-
tion channel (Fig. 8B). The morphological changes of the MBZ, in-
cluding the North Passage, were intensely impacted by these human
interventions. The North Passage tended to be a man-controlled
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bifurcation channel owing to the navigational works and dredging. The
cross-section of the North Passage also became narrower and deeper.
Taking cross-section 5 as an example, a 53% reduction in width and a
35% growth in average-depth were observed from 1958 to 2016 and a
dramatic change mainly occurred since 2002 because of the naviga-
tional works and dredging. Other changes such as local erosion in the
middle reach of the North Channel and the upper section of the South
Passage and reduced horizontal growth and enhanced vertical accretion
of the Jiuduan Shoal from 2002 to 2010 were also attributed to the
navigational works (Jiang et al., 2012).

Human activities play a more important role in driving abrupt
changes of estuarine morphology by stabilizing coastlines and nar-
rowing channels in relatively short time and their impacts can persist
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for long time, overlapped by slow changes under natural evolution 5. Conclusions
processes. Overall the Changjiang Estuary is becoming more con-
strained and human-influenced due to extensive reclamation, em- We analyzed and interpreted 59-year's morphological evolution of
bankment, and navigational works and the channel-shoal system of the the Changjiang Estuary as a whole from 1958 to 2016 and inferred the
estuary will be more stabilized under human interventions in the fu- causes and implications. We see that its channel-shoal pattern featured
ture. by meandering and bifurcated channels does not change over decades
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Fig. 5. Hypsometry changes of region A (A), region B (B), region C

A

(C), and entire study area (D) from 1958 to 2016.
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though there is strong erosion and deposition. The Changjiang Estuary
exhibits an overall deposition trend but with strong temporal and
spatial variations. The net deposition volume of the whole study area
was 8.3 x 108m?® from 1958 to 2016, or a net deposition rate of
14.3 x 10° m®/year.

Spatially both regions A and B, the inner part of the estuary, turned
from deposition to erosion, i.e., by totally 5 x 10°m® and 4.7 x 108 m®
eroded, respectively, over 59 years. However, there was 18 x 10% m® of
deposition in region C, i.e., the mouth bar zone, from 1958 to 2016.
Erosion had been also detected since 2010 in the MBZ. The strong
spatial variability can be explained by the differences in their hydro-
dynamic forcing and morphological features owing to along river dis-
tribution of river and tide energy. In the vertical direction, the hypso-
metric curves showed that deposition happened over the sand bars and
shoals, whereas erosion mainly occurred in the deep channels since
1958. As a result, the channels of the estuary became much narrower
and deeper.

The non-directional deposition and erosion trend of estuarine
morphological changes is consistent with directionally decreasing riv-
erine sediment supply. The morphological change of the pan-South
Branch had a good relationship with riverine sediment source reduc-
tion. We infer that the pan-South Branch is more fluvial influenced and
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its morphology is sensitive to riverine sediment supply reduction. The
mouth bar zone is controlled by both river and tides thus its mor-
phology does not show a clear linkage with sediment supply. Seaward
sediment flushing takes time and there is a time lag between estuarine
morphological changes and riverine sediment source variations in the
different regions. The time lag increases in the seaward direction and it
is > 10years in the mouth bar zone. Sediment redistribution has buf-
fering effect and the estuarine circulation, tidal pumping, waves, etc.
can also explain sediment trapping in the mouth bar zone which has a
large morphological resilience to external source changes. We argue
that the time lag effects need to be considered when examining large
scale estuarine morphological changes in response to riverine sediment
supply variations which is not well understood but an important issue
given projection of future changes.

Big river flows with long duration and sediment deficiency may also
explain the erosion in periods from the late 1990s to early 2000s.

Human activities such as the Deep Waterway Channel Project, re-
clamation, and embankment play an important role in driving mor-
phological evolution in the estuary by stabilizing coastlines and nar-
rowing channels. Overall the Changjiang Estuary is becoming more
constrained and man-influenced due to extensive reclamation, em-
bankment, and the navigational works and the channel-shoal system of
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the estuary will be more stabilized in the future.

Future work by using morphodynamic modeling is needed to better
quantify the time lag and explain the controls of spatial morphological
variability.
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