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As the interface between the fluvial upland system and the open coast, global estuaries are facing serious chal-
lenges owing to various anthropogenic activities, especially to the Changjiang Estuary. Since the establishment
of the Three Gorges Dam (TGD), currently the world's largest hydraulic structure, and certain other local hydrau-
lic engineering structures, the Changjiang Estuary has experienced severe bathymetric variations. It is urgent to
analyze the estuarine morphological response to the basin-wide disturbance to enable a better management of
estuarine environments. North Channel (NC), the largest anabranched estuary in the Changjiang Estuary, is the
focus of this study. Based on the analysis of bathymetric data between 1880 and 2013 and related hydrological
data, we developed the first study on the centennial bathymetric variations of the NC. It is found that the bathy-
metric changes of NC include twomainmodes, with the first mode representing 64% of the NC variability, which
indicates observable deposition in the mouth bar and its outer side area (lower reach); the second mode
representing 11% of the NC variability, which further demonstrates channel deepening along the inner side of
the mouth bar (upper reach) during 1970–2013. Further, recent erosion observed along the inner side of the
mouth bar is caused by riverine sediment decrease, especially in relation to TGD induced sediment trapping
since 2003, while the deposition along the lower reach since 2003 can be explained by the landward sediment
transport because of flood-tide force strengthen under the joint action of TGD induced seasonal flood discharge
decrease and land reclamation induced lower reach narrowing. Generally, the upper and lower NC reach are re-
spectively dominated by fluvial and tidal discharge, however, episodic extreme floods can completely alter the
channel morphology by smoothing the entire channel. The results presented herein for the NC enrich our under-
standing of bathymetric variations of the Changjiang Estuary in response to human activities, which can be well
applied to other estuaries subject to similar interferences.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

As the interfaces between fluvial upland systems and wave-or tidal-
dominated regimes of the open coast (Wright and Coleman, 1974; Liu
et al., 2007), estuaries with continuously migrating channels and bars
are commonly of great ecologic and socio-economic significance and, as
such, their management is of crucial importance. However, estuarine sys-
tems are being put under increasing pressure by natural and anthropo-
genic disturbances, which have substantially affected their bathymetric
evolution (Anthony et al., 2014, 2015; Fagherazzi et al., 2006; Syvitski
and Saito, 2007). An in-depth knowledge of estuarine bathymetric varia-
tions and the governing mechanisms of their morphodynamic evolution
arine and Coastal Research, East
is essential for the sustainable management of estuarine environments
and related policy making (Coco et al., 2013; Anthony et al., 2014; Dai
et al., 2014).

Naturally, bathymetric variations of an estuary strongly depend on
the relative influence of the river, waves and tides at the river mouth
(Wright and Coleman, 1973). However, basin-wide hydrologic engi-
neering, notably large-capacity dams, can dramatically affect estuarine
morphology by changing the fluvial water and sediment supply to the
estuary. For instance, Wolanski et al. (2001) observed considerable sil-
tation in the East Arm of Cambridge Gulf, Australia, as a result of dam-
induced suppression of large river floods and hence a greater amount
of marine sediment delivery into the East Arm. Similarly, the sedimen-
tation rate in the Keum River Estuary, southern Korea, increased by a
factor of 1.9, after dam construction in the upper reaches (Kim et al.,
2006). There are alsomany examples of estuaries and deltas undergoing
erosion problems caused by damming induced riverine sediment load
reduction. A typical example is the Mississippi River, which lost 25% of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2017.11.014&domain=pdf
https://doi.org/10.1016/j.geomorph.2017.11.014
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its deltaic wetlands to the ocean because of dam construction in the
river basin (Blum and Roberts, 2009). The construction of reservoirs
has also contributed to the severe shoal erosion and coastline retreat
in rivers of the Mediterranean coast (Bergillos et al., 2016).

While river damming can alter the morphology of river estuaries,
other human activities, such as channel deviation, dredging, deforesta-
tion, or land reclamation, have also significantly modified the estuarine
environment. For example, many estuaries in Spain experienced a dras-
tic reduction of their intertidal zones in the nineteenth and twentieth
centuries due to drying and filling of these areas (Jiménez et al., 2012).
UK estuaries have been affected to varying degrees by embanking,
land reclamation, dredging under various tidal and wave conditions,
which thereafter adjusted quickly to present sedimentary infilling or
erosion and sediment loss (Pye and Blott, 2014; Robins et al., 2016).
Thomas et al. (2002) and Lane (2004) indicated that the volume of
the Mersey Estuary decreased by 10% between 1906 and 1997 owing
to the combined effects of trainingwall construction and dredging activ-
ity in the sea approach channels. Garel et al. (2014) indicated that the
Guadiana estuary (southern Portugal) is in an immature state and
Fig. 1. Map showing the study area, with A) the Changjiang River's location in relation to Chin
C) North Channel.
stressed that the estuary's geomorphic response to jetty construction
must be considered at multiple temporal and spatial scales. Estuarine
systems therefore show complex bathymetric responses to hydraulic
engineering projects.

The Changjiang Estuary (Fig. 1), as the largest bifurcated estuary in
Asia, has been subject to extensive human interferences from both the
upstream drainage basin, and within the estuary itself over the past
50 years. N50,000 dams have been constructed along the Changjiang
River, which have resulted in a dramatic decline in riverine sediment dis-
charge into the estuarine environment (Chen et al., 2010; Lai et al., 2017).
In particular, following the establishment of the ThreeGorges Dam (TGD)
in 2003, currently the world's largest river engineering project, riverine
sediment from the Changjiang River to the East China Sea has decreased
by approximately 70% relative to the period 1950–1968 (Yang et al.,
2015; Dai et al., 2016a, 2016b). Meanwhile, local human activities, such
as land reclamation, sand extraction, marsh planting and navigational
projects, provide additional pressure to the estuarine system (Wang
et al., 2008a; Jiang et al., 2012). Although several studies have investigat-
ed the morphological evolution of the Changjiang Estuary in response to
a and the location of the Three Gorges Dam and Datong station; B) Changjiang Estuary;



Table 1
Details about the bathymetric data of the North Channel, Changjiang Estuary.

Survey date Scale Data sources

1880;1906;1920;1959;1965;1971;1973; 1980;
1982; 1989; 1994; 1997

1:50,000 MSBS

2002; 2004 1:25,000 CJWAB
2007; 2009; 2010; 2012; 2013 1:10,000 CJWAB

Note:MSBS: Maritime Survey Bureau of Shanghai (MSBS), Ministry of Communications of
China.
CJWAB: Changjiang Estuary Waterway Administration Bureau (CJWAB), Ministry of
Transportation of China
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these basin-wide anthropologic activities, their results are still under de-
bate. For example, Yang et al. (2010) indicated that 50,000dams through-
out the Changjiang River watershed resulted in erosion of the river's
subaqueous delta. Luan et al. (2016) showed that the inner estuary al-
tered from a state of sedimentation to a state of erosion in response to
the river sediment decline while the mouth bar area showed continued
accretion under the dominance of tidal forcing. In contrast, Dai et al.
(2013, 2015, 2016) detected infilling in the North Branch, North Passage
and South Passage, three distributaries of the Changjiang Estuary.
Consequently, there is no consistent conclusion on the estuarine
evolution in response to the engineering interferences and, in particular,
to the North Channel (NC), which is still poorly understood.

NC, the largest bifurcated estuary of the Changjiang River,was in fact
in a natural state over a long period of time until the 2003 closing of the
TGD. Study of the NC's evolution have detected the relative dominance
of natural forcings, such as fluvial discharge, tidal discharge and
asymmetry between the flood and ebb tides. Moreover, around 50% of
the riverine water and sediment discharge flows into the East China
Sea throughNC, bathymetric variation of theNC therefore can effective-
ly reflect the influence of TGD induced water and sediment variations
on estuarine morphology. Further, the NC suffered local human
interferences since 2007, such as Qingcaosha Reservoir regulation and
land reclamation, which will further alter the estuarine morphology.
Accordingly, NC is a perfect place to study the natural processes
governing estuarine evolution as well as the effects of the historically
recent human impacts. Besides, previous studies have mainly focused
on the decadal morphological evolution of the Changjiang Estuary
since the 1950s (e.g. Luan et al., 2017; Dai et al., 2014), however, little
work has been conducted at centennial scale. The current study there-
fore aims to assess the long-term bathymetric variations of the NC dur-
ing the period 1880–2013 to address this research gap and add to the
knowledge base on the geomorphologic system of the Changjiang
Estuary.

2. Geographical setting

The Changjiang Estuary, with a length of 120 km and a width of
90 km at its outer limit, has developed a three-order bifurcation and
four-outlet configuration over the past millennia (Chen et al., 1979).
Specifically, the first order bifurcation consists of the South and North
Branch, separated by Chongming Island. The South Branch is further di-
vided into the South and North Channel by Changxing and Hengsha
islands, serving as the second order bifurcation. The South Channel
thereafter is followed by the South and North Passage as the last bifur-
cation, separated by the Jiuduansha Shoal (Fig. 1B). Currently, the
North Branch, North Channel, North Passage and South Passage are
the four main entrances open to the East China Sea.

As thenorthdistributary of the second order bifurcation, theNC is al-
most purely natural in its conditions, with the least disturbance from
human influence. The channel can be further divided into two sub-
areas: the upper reach from approximately 6 km above Baozhen to
around 5 km below Xijiagang, namely, the inner side of the mouth
bar, and the lower reach around 5 km below Xijiagang to 5 km below
Sheshan, the mouth bar and its outer side area (Fig. 1C). Hengsha Pas-
sage, located between Changxing and Hengsha islands, is a typical ebb
channel that connects the NC with the North Passage.

3. Data and methods

3.1. Data acquisition

The bathymetric data of the NC, in uneven intervals over the period
1880–2013, were collected from different sources, with the map from
1880 to 1997 monitored by Maritime Survey Bureau of Shanghai
(MSBS) and the chart since 2002 provided by the Changjiang Estuary
Waterway Administration Bureau (CJWAB) (Table 1). Dual-frequency
echo sounders was used for depth information, with a vertical error of
0.1 m. Theodolite and GPS devices were respectively adopted over
1880–1987 (with an error of 50 m) and 1988–2013 (with an error of
1 m) for positioning. The map scale ranged from 1:50,000 to 1: 10,000
with a data density of 8–20 points per km2. Monthly river discharge at
Hankou (1865–2013), monthly river discharge (1950–2013) and sedi-
ment load (1954–2013) atDatong station, themost downstreamhydro-
logic station in the Changjiang River, were obtained from the
Changjiang Water Resources Commission. In addition, tidal flow and
suspended sediment concentration (SSC) measurements were carried
out during spring tide at locations BG1 (2006.8, 2010.8, 2011.8,
2015.7) andBG2 (2012.8, 2015.7), respectively (Fig. 1C). Besides, a thor-
ough survey was conducted along the NC in August 2012, when a series
of parameters, includingwater discharge and SSC are obtained at BG2–5
(Fig. 1C). It needs to be mentioned that BG1 was initially set around
3 km upstream of its present location in 2006, but moved to its current
location in 2010. In view of the similar hydrodynamic conditions be-
tween the two locations, the measurements in 2006, 2010, 2011 and
2015 can be classified into one group to demonstrate the flow and sed-
iment features around the NC head.

3.2. Data processing and analysis

The morphodynamic processes of the NC during the period 1880–
2013 are explored based on the bathymetric data through a series of
analyses, including morphological changes, water depth and channel
volume variations (Van der Wal et al., 2002; Blott et al., 2006). The 19
charts were firstly transformed into depth points relative to Beijing 54
coordinates and calibrated into ‘Wusong Datum’ using ArcGIS. Thereaf-
ter, the vector bathymetric point data from each survey were gridded
using the Kriging scheme into 50 × 50m resolution to produce a digital
elevation model (DEM) (Burrough and McDonnell, 1998). Deposition
and erosion patterns were then obtained by subtracting the two subse-
quent morphological surveys.

Empirical Orthogonal Functions (EOF) provide an efficient means of
extracting the dominantmodes of variability from a given DEM data set
(Dai et al., 2015). This was achieved here by isolating the temporal and
spatial dependence of the data through a series of linear combination
functions in time and space (Miller and Dean, 2007):

y x; tð Þ ¼
Xn
k¼1

akck tð Þek xð Þ ð1Þ

Where ek(x) and ck(t) are referred to as the spatial and tempo-
ral eigenfunctions, respectively. n is the lesser of nx and nt, the
number of spatial and temporal samples. ak is a normalizing factor,
given by:

ak ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λknxnt

p
ð2Þ

Where λk is the eigenvalue of the kth eigenfunction.



Fig. 2. Bathymetric maps of the North Channel over the period 1880 to 2013.
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Mathematically, the spatial eigenfunction ek(x) and eigen-
values λk can be obtained through the Lagrange multiplier
approach.

Aek xð Þ ¼ λkek xð Þ ð3Þ
Where A is ameasure of the spatial covariability of the data, which can
be taken as the correlation or sum of squares and cross products matrix

A ¼ 1
nxnt

YYT
� �

nx;nt½ � ð4Þ



Fig. 4. Yearly variation of channel volume below 0 m isobath, with A) the upper reach;
B) the lower reach; C) the entire reach.
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Where Y is made up of the individual elements of y(x, t) and YT is the
transpose of Y.

The temporal eigenfunctions can be calculated directly through an
analogous procedure. Thus the relative contribution of mode k to the
total variability can be calculated according to:

pk ¼
� λkXK

k¼1

λk

�
� 100 ð5Þ

Monthly water discharge at Datong from 1865 to 1949 were recon-
structed through a regression method (Yang et al., 2010). Specifically,
for each month of the year, linear equations between the discharge at
Hankou and Datong are established based on observations during the
period 1950–2002 (Supplementary Fig. S1), excluding the effects of
the TGD. Then the monthly discharge at Datong for themissingmonths
(1865–1949) can be calculated using the regression equation with the
corresponding observed discharge at Hankou. Monthly sediment dis-
charge at Datong from 1865 to 1953 were reconstructed using a similar
approach. Firstly, for eachmonth of the year, power-law relationships to
relate water sediment to water discharge were established for Datong
station based on observationsmade during 1955–1968 (Supplementary
Fig. S2), when the effects of human disturbance were nearly negligible
(Wang et al., 2008b). The unknown monthly sediment loads from
1865 to 1953 were thereafter estimated through the rating curves and
the corresponding monthly discharge. Thus the yearly water and sedi-
ment discharge can be extended to 1865–2013 by summing themonth-
ly value.

At each hydrographic station, the coefficient of flow/sediment dom-
inance was calculated (Simmons, 1955) using:

A ¼ Qe

Qe þ Q f

� �
� 100% ð6Þ

Where A is the coefficient of flow/sediment dominance, Qe is the
cross sectional averaged ebbflow/sediment rate,Qf is the cross sectional
averaged flood flow/sediment rate. When A N 50%, the flow/sediment is
ebb dominant, otherwise, it is flood dominant.
Fig. 3. Yearly variations of mean water depth, for A) upper reach; B) lower reach; C) the
entire reach.
4. Results

4.1. Morphological configuration of the North Channel

Over the study period 1880–2013, the NC retains essentially the
same configuration, with the inner side of the mouth bar exhibiting a
112° clockwise configuration, consistent with the main direction of
the ebb tide and the mouth bar and its outer side area, which indicates
an angle of 108° clockwise. Specifically, its morphological evolution ex-
hibits variant characteristics in different periods. In 1880, the NC has a
single morphological state, with scattered sandbars located in the
upper reach around Qincaosha shoal and a large cluster of shoals less
than −5 m around the mouth bar area (Fig. 2A). Thereafter, the previ-
ously isolated sandbars gradually grow larger while the lower reach
formed Chongming Shoal and Hengsha Shoal in 1906 due to continuous
Fig. 5. Yearly variations of channel volume below the −5 m isobath, for A) the upper
reach; B) the lower reach; C) the entire reach.
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sediment accumulation from upstream (Chen, 2007). In the meantime,
sandbars (higher than −2 m) occur around Chongming and Hengsha
Islands. Hengsha Passage appears in the south of theNC,which connects
NCwith theNorth Passage (Fig. 2B). Then in 1920, sandbars in the upper
reach further developed and adopted a fist-shape with fingers pointing
downstream, thus producing three flood tidal channels under the dom-
inance of tidal flood current (Fig. 2C). In 1959, the irregular sandbars in
the deep channel suddenly become smooth after the catastrophic 1954
flood (Fig. 2D). In the following years, NC changes repeatedly, switching
from a condition with sandbars aggregating and flood tidal channel de-
veloping (Fig. 2E-F, H-I, K-L, N-S) to a configuration in which the chan-
nel is completely smooth (Fig. 2G, J, M) following the occurrence of
extreme floods.
Fig. 6. Yearly erosion/deposition patterns of the North C
4.2. Variations of the mean water depth and volumes along the North
Channel

Mean water depth over the NC has a value of around 5 m over the
past 130 years, with a deeper depth of 6.9 m in the upper reach and a
shallow depth of 4.2 m in the lower reach (Fig. 3). Water depths of
both the entire reach and lower reach have exhibited a statistically sig-
nificant downward trend during the period 1880 to 2013 (p b 0.001), in
spite of a high volatility during the period 1982–2012 (Fig. 3B-C).Mean-
while, no significant temporal trend is detected in the water depth of
the upper reach (Fig. 3A).

The channel volume below 0 m shows similar trends as the water
depth. Both the entire reach and the lower reach indicate a smaller
hannel at un-uniform intervals from 1880 to 2013.



Fig. 7. Temporal bathymetric variations of the North Channel from 1842 to 2013. The location of the longitudinal section is shown in Fig. 1.
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storage below 0 m with jumpy volume variations during the period
1980 and 2013 when the fluctuation is as high as 0.2 × 109 m3

(Fig. 4B-C). Channel volume below −5 m, however, exhibits different
processes, with the upper, lower and entire reach all indicating insignif-
icant variations (Fig. 5). It needs to be stressed that the volume below
−5 m increases significantly by 0.5 × 109 m3 during 1994–2013 for
the entire reach, which is mainly contributed by the upper reach
(Fig. 5A–B).

4.3. Bathymetric changes between 1880 and 2013

North Channel exhibits a relatively moderate erosion/deposition
pattern during 1880 to 2013, with yearly elevation variations ranging
between−2 m and 2 m (Fig. 6). Specifically, the channel is in a net de-
positional state from 1880 to 1989, followed by overlays of slight ero-
sion and slight deposition from 1994 to 2013. Such variations are in
accordance with the changes of channel volume below the 0 m isobath
(Fig. 4C).

However, the erosion/deposition pattern of the NC indicates signifi-
cant spatial differences. While the lower reach from Xijiagang to the
Fig. 8. EOF analysis of the bathymetric records in the North Channel, with (A, C) two d
channel mouth remains on a state of continuous deposition of 0.3 m
per year, dramatic erosion is detected in the deep channel of the
upper reach, which exhibits observable erosion as deep as 4 m during
1880–1906, 1920–1959, 1971–1973, 1982–1989, 1997–2002 and
2004–2007 (Fig. 6A, C, F, I, L, N). Besides, deposition frequently occurs
in the middle zone where the upper and lower reach are connected. A
series of time intervals, such as 1906–1920, 1959–1965, 1965–1971,
1971–1973, 1982–1989 and 2004–2007, all exhibit accretion around
the middle zone (Fig. 6B, D, E, F, I, N). The spatial morphological evolu-
tion can be also reflected by the channel thalweg, which has an observ-
able bulge in the zone 10–20 km away from the beginning point, where
the large scale mouth bar is located (Fig. 7). The outer side of themouth
bar, approximately 35–40 km away from the beginning point, indicates
observable deposition since 2007, with an annual accumulation of 0.2m
(Fig. 7D).

4.4. Erosion/accretion patterns

The EOF decomposition of the bathymetric survey in NC produces
two distinct modes, which take up over 75% of the total variability
istinct modes of bathymetric variability and their (B, D) eigenweighting vectors.



Fig. 10.A)Yearly suspended sediment discharge (SSD) into the Changjiang Estuary; B) the
relationship between SSD and channel volume of the upper reach.
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(Fig. 8). In view of the small contribution of the remaining EOF modes,
only the first two modes are considered afterwards to characterize the
NC's morphological evolution during 1880–2013.

As expected, the first mode explains the majority of the variability
(over 64%). The spatial eigenfunction indicates positive covariance in
most parts of the shoal and channel, except the deep channel adjacent
to the entrance of the upper reach (Fig. 8A). The associated temporal
variability exhibits a significant upward trend with p b 0.01 (Fig. 8B),
which mainly describes the continuous deposition along the lower
reach of NC.

The second mode represents N11% of the overall variability in the
DEM data. The spatial covariability shows a large scale of negative
values along the NC, especially for the deep channel of the upper
reach, where the negative value reaches −20 m (Fig. 8C). Meanwhile,
the temporal vectors show a shift from positive to negative values
around 1983 (Fig. 8D). The increasing trend in temporal eigenweighting
vectors during 1880–1982, coupled with the spatial eigenfunction fea-
tures, indicate that the deep channel of the upper reach is in an erosion-
al state. Such a phenomenon coincides well with the channel capacity
variation below the−5 isobath of the upper reach (Fig. 9). Accordingly,
the second mode mainly explains the morphological evolution of the
deep channel below the −5 m isobath of the upper reach, which ex-
hibits an overall trend of erosion.

5. Discussion

In view of its geographical location, morphodynamic processes of
the NC are affected by both riverine and coastal sediments, local hydro-
dynamics, and extreme climate events. Their potential influences are
further discussed in this section.

5.1. Sediment availability from upstream

The erosion/accretion pattern along the NC depends on the sediment
availability and transport from the upland river system. Yearly riverine
sediment from the Changjiang River into the estuary shows a notable
step decrease during the period 1865–2013. Specifically, the yearly
suspended sediment discharge is relatively stable from 1865 to
1968, with a mean value of 504 × 106 t/yr, which decreases slightly to
427 × 106 t/yr during 1969–1990 and further to 326 × 106 t/yr during
1991–2002, but sharply to 143 × 106 t/yr during 2003–2013 (Fig. 10A).
Such trends can be explained by dam constructions and soil conservation
in the upstream basin, especially the construction of the TGD in 2003
(Chen et al., 2010; Dai et al., 2016a, 2016b).
Fig. 9. The relationship between eigenweighting of the second EOF mode and channel
volume below the −5 m isobath of the upper reach
The decrease in riverine sediment is apparently inconsistent with
the decreases in channel volume below the 0m isobaths (Fig. 4C), espe-
cially to that of the lower reach (Fig. 4B), which indicates that there is
more sediment entering into the NC. Therefore, the decreasing sedi-
ment supply from upstream has no apparent significant contribution
to the channel volume variation of the entire reach. On the contrary,
the upper reach of NC exhibits a statistically significant increase in chan-
nel volume below the −5 m isobaths coinciding with the recent dra-
matic decrease in riverine sediment availability during 1970–2013
(Fig. 10B). More specifically, the average yearly channel volume in-
creases suddenly from 0.68 × 109 m3 in the 1990s to 0.82 × 109 m3 in
the post-TGD period, while the riverine sediment load decreases by
over 50%, suggesting that the morphology of the upper reach is domi-
nated by thefluvial sediment from the upland Changjiang River. This co-
incides well with the SSC variation along the upper reach, where the
Fig. 11. A) Vertical averaged SSC during flood and ebb tides at the BG1 station; B) Vertical
averaged maximum SSC during flood and ebb tides at the BG1 station.



Fig. 12. A–D) Averaged SSC; E–H) coefficient of dominant flow; I–L) coefficient of dominant sediment along the NC in August 2012.

Fig. 13. A) The coefficient of dominant flow and sediment during the flood season at the
BG1 station; B) the coefficient of dominant flow and sediment during the flood season
at the BG2 station.

38 X. Mei et al. / Geomorphology 303 (2018) 30–40
vertical averaged SSC and vertical averaged maximum SSC respectively
reduce by 0.35 kg/m3 and 0.55 kg/m3 during flood tides from 2006 to
2015 (Fig. 11). The decreasing riverine sediment only directly affects
the area around the inner side of the mouth bar, which possibly results
from the buffering effect of mouth bar andmarine sediment compensa-
tion (Luan et al., 2016). The secondmode of the EOF function describes a
similar phenomenon, namely that the significant increase in channel
volume below −5 m isobaths of the upper reach is attributed to TGD-
induced riverine sediment reduction (Fig. 9). As for the morphology of
the lower reach, which, however, is likely dominated by other drivers.

5.2. Local influences

Themouth bar area is a natural barrierwith intensive interaction be-
tween the marine and fluvial zones, where the fresh and salt water
mixing is favorable for suspended sediment deposition owing to floccu-
lation (Liu et al., 2016), gravitation circulation (Uncles and Stephens,
1997) and tidal pumping (Mitchell et al., 2003). As an example, the
SSC distribution characteristics along the NC in August 2012 are de-
scribed in Fig. 12A-D. It is observable that the average SSC during the
flood and ebb tide respectively show maximum values at BG4 and
BG5, in particular, around the bottom surface, which increase by
4.07 kg/m3 and 3.05 kg/m3 in comparison with that of the upper NC
reach at BG2. The area with high SSC coincides well with the high depo-
sition zone as well as the turbidity maximum zone of the NC. Mean-
while, the coefficient of dominant flow decreases gradually along the
NC (Fig. 12E-H), especially for the area around the channel bed, where
the coefficient of dominant flow declines from 89% in the upper reach
at BG2 to 52% around the channel mouth at BG5. As a result of tidal
asymmetry (Dronkers, 1986), the sediment dominance switches from
ebb dominance to flood dominance in the lower reach at BG4
(Fig. 12I-L), indicating the occurrence of mouth deposition.



Fig. 14. A) Yearly water discharge into the Changjiang Estuarywith recent extreme floods
highlighted by the red cycles; B) Cyclic evolution of the North Channel relative to the
extreme floods
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Human interference along the NC mainly consists of the
Qingcaosha Reservoir construction around the channel head
(2007–2011), and tidal flat reclamation in the lower reach (2003–
2015) (Fig. 1C). Along with the seaward extension of the Qingcaosha
Reservoir, the upper reach of NC is narrowing gradually, which in-
creases the dominant current/sediment from 50 to 55% in 2006 to
around 90% in 2015 (Fig. 13A). In the meantime, local SSC decreases
from 0.42 kg/m3 to 0.07 kg/m3 (Fig.11A), which therefore results in
strong erosion along the frontal river bed of the reservoir (Sheng
et al., 2017). The significant erosion along the deep channel of the
upper reach has also been reflected by the second mode of the EOF
function (Fig. 9).

It needs to be stressed that the riverine discharge is characterized
by a ‘no flood in flood season’ management regime since the con-
struction of the TGD (Mei et al., 2016), which reduces the occurrence
of high flow discharge and thus in turn enhances the flood-tide force
along the estuary (Swenson et al., 2005). Meanwhile, the reach
around the mouth bar exhibits a width contraction of 0.9 km owing
to the tidal flat reclamation project during 2003–2015 (Fig. 1C),
which results in the flood-tide being further strengthened. Thus a
tendency can also be manifested by the variation in the coefficient
of flow and sediment dominance around the lower reach, which re-
spectively decreased by approximately 8% and 5% from 2012 to
2015 (Fig. 13B). The increasing flood-tide force following the TGD-
induced riverine discharge decrease and land reclamation induced
lower reach narrowing is likely resulting in net sediment import
(Chu et al., 2015) and large scale accretion along the lower reach,
which has been clearly demonstrated in the channel thalweg re-
sponse along the lower reach during 2007–2013 (Fig. 7D) and the
first mode of the EOF function (Fig. 8A).

5.3. Episodic extreme floods

Coastal areas are prone to storms and extreme floods (Fig. 14A),
which may have significant influences on the estuarine and delta mor-
phological evolution (Törnqvist et al., 2006; Luan et al., 2016). Naturally,
the geomorphology of theNC is characterized by scattered sandbars and
a narrow and curving deep channel along the upper reach (Fig. 2C, I).
Following the extreme flood of 1954, 1983 and 1998, the NC becomes
smoother and wider immediately (Fig. 2D, J, M), suggesting extensive
geomorphic variations. Thereafter the channel gradually readjusts to
its pre-flood morphology during years of low peak flow with scattered
sandbars developing and channel narrowing and curving (Fig. 2E, N).
Evaluation of the NC morphology suggests that the NC is in an infinite
loop between flood and reset (Fig. 14B): the channel changes markedly
during each extreme floodwith rapid and extensive morphological var-
iations, thereafter, it returns to its original state by self-adjusting over
decadal timescales. The cycle of NC reset followed by channel smooth-
ing and expansion is a typical episodic disequilibrium (Nanson and
Erskine, 1988).

6. Conclusions

Estuaries, located at the transition zone between rivers and the open
sea, are under the influence of more frequent extreme climate events
and intensified human activities. In this study, North Channel, the larg-
est bifurcated estuary of the Changjiang River, is used as a case study to
explore estuarine bathymetric variations in response to natural and
human interferences, at centennial scale for the period 1880–2013.
The main conclusions are as follows:

1). Channel capacity of the entire NC has been decreasing during the
period 1880–2013. Although the upper reach (inner side of the mouth
bar) has exhibited significant erosion in channel volume below −5 m
during 1970–2013, this is overruled by the dramatic deposition in the
lower reach (mouth bar area and its outer side).

2) Bathymetric variations of the NC are dominated by both the up-
stream sediment availability and the relative strength between the
river discharge and local tidal force. While the recent period, erosion
in the upper reach is attributed to riverine sediment declining, particu-
larly since 2003 when the TGD was established. In contrast, deposition
along the lower reach since 2003 can be explained by landward
sediment transport due to the flood-tide force increasing under the
combined effects of a decrease in TGD-induced river discharge and
land reclamation induced lower reach narrowing.

3) Although fluvial and tidal discharge respectively shape the
morphology of the upper and lower NC reaches in general condition,
episodic extreme floods can alter NC through smoothing the entire
channel, which therefore also play an important role in the centennial
morphological evolution of the NC.

While previous investigations on morphodynamic evolution of the
Changjiang Estuary are still under debate, this study puts forward firstly
that the upper and lower reaches of theNC showed distinct bathymetric
variations at centennial scale in response to different natural forcings
and anthropologic disturbances. Such insights can greatly enrich
the estuarine science research and are highly significant to sustain-
able estuary management. We argue that taking pertinence mea-
sures in different areas of the estuary is a necessity for both the
Changjiang Estuary and other similar mega estuaries under changing
dynamic conditions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2017.11.014.
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