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Abstract

The estuary is highly dynamic and sensitive to external and internal forcing. We examine a chain reaction of hydrody-
namic and morphodynamic responses to a series of land reclamation projects during the period 1997 to 2017 in the
North Branch of the Changjiang Estuary through the Digital Elevation Model (DEM) comparison and the numerical
simulation by the Finite Volume Community Ocean Model (FVCOM). The results show that tidal amplification was fur-
ther strengthened by the artificially reduced channel volume in the middle and upper segments of the North Branch
due to the implementation of several large-scale land-reclamation projects in the first stage (1997-2007), and the
channel siltation in the middle and upper segments was in turn further promoted by the increased tidal flows with
flood dominance. In the second stage (2007-2017), tidal amplification was relaxed by the channel narrowing project
at the lower segment and the waterway improvement project through channel dredging works at the middle and
upper segments. Contemporary erosion volume was almost balanced by the accretion volume in the North Branch
because of the weakening dominance of flood over ebb flows. Spatiotemporal variation in channel accretion and
erosion patterns in response to estuarine engineering projects was vividly mirrored by the change of simulated bed
shear stress in that the areas with increased (decreased) bed shear stress underwent severe erosion (accretion). These
findings highlight again the dynamic feature of tide-dominated estuaries and the importance of simulation tools to
the estuarine management.
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1 Introduction et al. 2020). A variety of human activities can be listed,

An estuary is the transition zone between the river and
the sea with complex interactions of river runoff, wave,
and tide. Estuaries play a key role in transferring terres-
trial and marine materials to support typical ecosystems,
which are increasingly vulnerable to human influence
because of rapid socioeconomic development (Syvitski
and Saito 2007; Fan et al. 2019; Kuenzer et al. 2020; Zhan
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e.g., dam construction, navigational work and dredg-
ing, land reclamation, groundwater extraction, and fos-
sil resource exploitation (Anthony et al. 2015; Fan et al.
2017, 2021; Ve et al. 2021). Sediment discharge from
numerous rivers in the world has decreased dramati-
cally in recent decades in the context of global climate
change and increasing human activities. These human
activities have reduced the setting velocity of sediment
and even caused erosion in some areas (Syvitski et al.
2005; Jiang et al. 2018). By profiling risk and sustainability
in coastal deltas of the world, Tessler et al. (2015) con-
cluded that human beings need to implement long-term
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countermeasures for sustainable development to protect
deltas. We should continuously strengthen our capability
of estuarine research and predicting the development of
estuarine deltas.

With rapid socio-economic development, land rec-
lamation has become an important way to expand land
space in coastal cities and countries. The intense tidal
flat utilization directly or indirectly changes the original
morphology and natural physical and chemical processes
of the coastal zone (Muller et al. 2020; Tian et al. 2016).
It also changes the dynamic geomorphology pattern of
estuaries and increases the potential risks of the coastal
zone. Estuarine engineering projects have been widely
reported to exert instant impacts on hydrodynamics,
and morphodynamics, consequently attracting intensive
research attention (Park and Park 1998; Li 2010; Shin
et al. 2019; Guo et al. 2021).

Altered estuaries have been widely evaluated by both
field observations and numerical modeling. Van der
Spek (1997) simulated hydrodynamic changes after rec-
lamation and dam construction in the Scheldt Estu-
ary based on a one-dimensional numerical flow model,
demonstrating that increased tidal velocity together
with the decreased predominance of flood tidal cur-
rent in response to the reclamation projects resulted in
enhanced siltation in the waterways. Nnafie et al. (2018)
employed the Delft3D model to simulate the decadal evo-
lution of estuarine channels by the reclamation of sec-
ondary basins in the Western Scheldt Estuary, elucidating
that the lateral displacement of channels was triggered by
the closure of secondary basins. Shen et al. (2018) used
the FVCOM Surface Wave Module to simulate the influ-
ence of reclamation on saltwater intrusion and storm
surge in the Pearl River Estuary, showing that tidal veloc-
ity and direction in the narrowed waterways were obvi-
ously changed by the engineering projects. Based on the
FVCOM simulating results, Lu et al. (2015) discussed the
influence of shoreline change on estuarine hydrodynam-
ics after large-scaled land reclamations in the Qiantang
River Estuary and the southern bank of Hangzhou Bay,
proposing that the ports in the bay will face the tolerant
siltation issue.

The North Branch had ever been the main waterway of
the Changjiang Estuary with a river runoff split ratio larger
than 50% before the 1840s, but the split ratio has declined
to ~25% in the 1910s, and then to < 5% after the 1950s (Wu
et al. 2016b; Zhang et al. 2007; Obodoefuna et al. 2020).
Meanwhile, the morphodynamics of the North Branch
has changed obviously from a broad runoft-dominated
distributary channel into a tide-dominated funnel-shaped
estuary. The upstream entrance of the North Branch has
undergone sustained obstruction by growing sandbars
and shoals and their ultimate reclamation by annexing to
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Jiangsu mainland or Chongming Island (see Fig. 9 in Obo-
doefuna et al. 2020). These processes have not only nar-
rowed the entrance sharply but also increased the angle
of incoming flow into the North Branch, and both retard
the river runoff entering the North Branch (Dai et al
2011; Zhang et al. 2019a, 2019b; Obodoefuna et al. 2020).
Many researchers have studied the spatiotemporal vari-
ations in subaqueous channel configurations using time-
series DEM data reconstructed from bathymetric maps
(Dai et al. 2016). In the past 30years, the reclamation area
of the North Branch has reached 200km?, resulting in an
average annual shrinkage rate of 1.1% in terms of water
area (Wu and Tong 2017). The channel volume below the
Om has been reduced by about 7.11 x 108 m? since 1990
by large-scaled reclamation projects in the North Branch
(Yang et al. 2016). Consequently, the hydrodynamics in
the North Branch has been significantly altered by these
engineering projects, evolving from a mixed fluvial-and-
tide-dominated distributary into a pure tide-dominated
estuary (Li 2006). However, the controlling mechanism of
the changing hydrodynamics and morphodynamics has
scarcely been investigated by numerical simulation.

This study first examines the detailed morphody-
namic change in the North Branch based on the DEM
data reconstructed from the bathymetric maps in 1997,
2007, and 2017, to disclose the extreme human impacts
by implementing several large-scale reclamation projects.
Then, changes in current fields and bottom shear stress
are investigated by simulating results from the FVCOM
model. We aim to better understand hydrodynamic and
morphodynamic responses to recent engineering pro-
jects in the North Branch and to provide a scientific basis
for future waterway planning and wetland protection.

2 Natural setting and precent engineering projects
2.1 Natural settings

The North Branch is a gradually abandoned distribu-
tary channel in the Changjiang Estuary (Obodoefuna
et al. 2020), which is divided from the South Branch
by Chongming Island. It has a funnel shape in a pla-
nar view (Fig. 1). Before the 1840s, the North Branch
was the main waterway of the Changjiang Estuary with
>50% of annual river discharge. Tong-Hai sandbar and
Jiang-Xin sandbar at the northwest entrance of the
North Branch expanded and the associated secondary
channels silted up rapidly in the first half of the twen-
tieth century (Obodoefuna et al. 2020). After that, the
main stream of the Yangtze Estuary into the sea was
diverted to the South Branch, led to a sharp decline in
the spilt ratio of water discharge into the North Branch,
which was 25% in 1915 and 8.7% in 1958, respectively
(Mao et al. 2014). Since the 1950s, the width of the
river channel of the North Branch has been greatly
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Fig. 1 The location of the Changjiang Estuary in the northwestern East China Sea (a), and the northern part of the Changjiang Estuary with detailed
bathymetric configurations in 2017 (b). The ports Chong-Tou, Qing-Long, Da-Xin, Ling-Dian, San-He, San-Tiao, and Lian-Xing are marked as CT, QL,
DX, LD, SH, ST, and LX, respectively, along the north bank of the North Branch. The Nan-Bao and Wu-Song tide gauge stations are marked as NB and

reduced due to the large-scale reclamation, implying
a decreased river influence and a transformation from
a river-dominated distributary channel into a tide-
dominated estuary (Guo et al. 2022). The total chan-
nel length is about 84 km from Chong-Tou (CT) (near
the upstream entrance) to Lian-Xing (LX) (close to the
downstream outlet), which can be further divided into
3 segments in terms of channel morphodynamics (Ma
et al. 2013). The upper segment is located between CT
and Qing-Long (QL), featured by a narrow and shallow
channel with tidal bores. The middle segment between
QL and San-Tiao (ST) is characterized by dynamic
migration of channel-bar/shoal complexes under strong
tidal actions. The lower segment is a tidal waterway
between ST and LX with an obvious increase in chan-
nel width and depth, where tidal channels, sand ridges,
and muddy banks are well developed (Chen et al. 2011;
Li et al. 2015; Obodoefuna et al. 2020).

The North Branch is dominated by semidiurnal tides,
where the duration of ebb tides (>7h) is significantly
greater than that of flood tides (<4h), consequently
resulting in much larger velocities of flood flows than
ebb flows (Li et al. 2015; Obodoefuna et al. 2020). Tidal
ranges gradually increase upstream due to the conver-
gent effect of a funnel shape, with average tidal ranges
of 2.93m at LX and 3.07m at ST (Fan et al. 2004). Fur-
thermore, when the semidiurnal tides with an apparent
diurnal inequality shoot into the upstream narrowing
and shallowing channel, the tidal wave energy con-
verges and tidal fronts can be strongly deformed to
produce tidal bores between Ling-Dian (LD) and QL
(Wu et al. 2012; Li et al. 2016; Zhang et al. 2007). Tidal

current is the main driver of sediment transport and
channel accretion/erosion change.

2.2 Reclamation and waterway-improvement projects

In the upper segment (CT to QL), two reclamation pro-
jects have been implemented in the last three decades
with a total land area of 26.8km? (Fig. 2). The reclama-
tion of the Wei-Jiao sandbars along the north bank of
the entrance greatly narrowed down the inflow channel
width and increased the inflow direction, consequently
reducing the river runoff entering the North Branch. This
has been further deteriorated by the reclamation of the
Chongtou bank during 2000-2005, and thereafter the
channel width was reduced to 1497 m.

In the middle segment (QL to ST), several reclama-
tion projects were carried out to create a new land area
of 58km? through the reclamation of Xing-Yue sand-
bar, Ling-Dian sandbar, Yong-Long sandbar, and Xin-
Long sandbar, together with damming a tidal channel to
form the freshwater Beihu Lake with an area of 32.9 km?
(Fig. 2). In the lower segment (ST to LX), a cumulative
area of 80.3km? has been reclaimed from the northeast-
ern bank of Chongming Island since 1981. In addition,
the channel narrowing project by land reclamation along
the southern bank in the middle and lower segments was
implemented from 2005 to 2015 to alleviate channel silta-
tion and saltwater intrusion in the North Branch (Yang
et al. 2016; Zhang et al. 2019a, 2019b). The estuarine pro-
jects in the North Branch can be divided into two stages:
land reclamation projects in the middle and upper seg-
ments in the period 1997-2007, and the channel nar-
rowing project in the middle and lower segments plus
channel dredging activities in the period 2007-2017.
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Fig. 2 Reclamation projects in the North Branch in the last four decades

3 Methods

3.1 Establishment of DEM

In order to study the topographic evolution character-
istics of estuaries, a quantitative topographic research
method has been developed. The method is to build a
digital elevation model (DEM). We can more accurately
understand the details of underwater topographic
changes through DEM comparison, so as to further
explore the reasons and mechanisms of its changes. In
this paper, high-resolution bathymetric data of 1997,
2007, and 2017 are collected from Shanghai Institute
of Geological Survey. The maximum and minimum
errors of plane positioning are £1.99 m and +0.95 m.
All water-depth data are normalized to the theoreti-
cally lowest astronomical tidal datum at Wusong (WD),
and their geographical positions are referenced to the
same coordinate of Beijing 54. Kriging interpolation
was used for the generation of DEM of the study area.
Surfer software can output the isobath of the DEM in
different years and the topographic changes of a certain
section. Using the Math tool can add and subtract data
files of different years. The contour map drawn by the
grid file after the subtraction operation is the erosion/
accretion map. The Volume tool can calculate the silta-
tion and scouring volume and net change over a period
of time. The DEM data of 1997, 2007, and 2017 were
used to calculate the channel volume below Om in dif-
ferent years, and the two consecutive different years of
DEM data were compared to denote erosion and silta-
tion patterns and their volumes in the upper, middle
and lower segments, respectively. The cross-section
area and channel width of a few selected profiles were
consequently calculated.

3.2 Model configuration
In this study, the ocean hydrodynamic model FVCOM
(Finite-Volume Community Ocean Model) is used to sim-
ulate the flow field of the North Branch and its adjacent
water. FVCOM adopts unstructured triangular high-res-
olution mesh in the horizontal direction to represent the
complex coastlines of the Changjiang Estuary and sigma
coordinates in the vertical direction to describe the com-
plex bottom topography of part of the Yellow Sea and the
East China Sea. The numerical method uses the finite-
volume approach, which combines the best attributes of
finite-element methods for geometric flexibility and finite-
difference methods for simple discrete coding and compu-
tational efficiency. This numerical approach also provides a
much better representation of mass, momentum, salt, and
heat conservation in coastal and estuarine regions with
complex geometry (Chen et al. 2012; Qi et al. 2009; Yang
and Khangaonkar 2009).

The governing calculations consist of the following
momentum, continuity, temperature, salinity, and density
equations:
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Where u, v, and w are the x (east), y (north), o (vertical)
velocity components; o varies from —1 at the bottom to
0 at the surface; t is the time; D is the total water column
depth, D=H+(, H is the bottom depth, ( is the height of
the free surface; T is the temperature; S is the salinity; p is
the density; P is the pressure; f is the Coriolis parameter;
g is the gravitational acceleration; K, is the vertical eddy
viscosity coefficient; and K, is the thermal vertical eddy
diffusion coefficient; F,, F,, Fr and F; represent the
horizontal momentum, thermal, and salt diffusion terms
(Wan et al. 2016).

The computational domain of this model covers the
Changjiang Estuary, Hangzhou Bay, and Zhoushan Island
Complex, and is bounded by an open boundary in the
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inner shelf of the East China Sea. The upper bound-
ary of the river is located near the tidal limit at Datong.
The model domain is composed of 148,821 triangular
elements and 75,464 triangular nodes. The horizontal
resolution (measured by the shortest line of a triangle)
gradually increases from the outer sea boundary to the
estuary, and varies from 0.2km inside the North Branch
to 1.0km in the open boundary (Fig. 3). The vertical res-
olution is determined by 20 uniform sigma layers. The
Mellor and Yamada level 2.5 (MY-2.5) and Smagorinsky
turbulent closure schemes are used for vertical and hori-
zontal mixing. The external and internal mode time steps
are 1.0s and 4.0s, respectively. Model bathymetric data
of the North Branch are reconstructed from the nautical
charts in 1997, 2007, and 2017. The flow field in the study
area is mainly influenced by the combined effect of tidal
currents and runoff, and the input conditions of three
numerical experiments are the same. The model is driven
by five major tidal constituents (M,, S,, N,, O, and K) at
the offshore open boundary, and the tidal amplitude and
phase are obtained by interpolating FES2014 global tidal
model. The upstream river boundary data use the annual
average runoff at Datong station. The calculation time is
30 d, including the spring, moderate, and neap tides.
Continuous tripod measurements of flow velocity in
the near-bottom boundary layer were collected from
three stations (Station A, B and C) between Septem-
ber 28 and October 5, 2018 (Fig. 1). The current data
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were measured by acoustic Doppler velocimeter (ADV)
deployed by a bottom mounted tripod. The sampling fre-
quency of ADV was 16 Hz. ADV was deployed at 0.55m
above the bed at Station A, 0.6m above the bed at Sta-
tion B and C. We also obtained the tidal level in 2018
from the tide gauge stations at Nan-Bao and Wu-Song.
Both data were used to test model performance (Fig. 4).
The flow velocity at station A is about 0-0.2m/s, while
that at station B and C is about 0—1.2m/s. The reason for
the smaller flow velocity at station A may be due to the
fact that the flow velocity was measured during the neap
tide condition and region close to bed. In addition, while
station A is located from QL to CT where the north and
south branch flood tidal currents meet. This area is con-
trolled by the weakening of tidal flows, the flow velocity
is lower (Dai et al. 2016).

To further quantify the accuracy of the model results, a
statistical analysis of the root mean square error (RMSE)
was performed, which can be expressed by the following
equation (Ralston et al., 2010):
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variables. The RMSE between the observed and mod-
eled flow velocity at stations A, B and C ranges from
0.03 to 0.12m/s (Table 1). The RMSE of flow direction
is 16° and 37° for station A and Station B, respectively.
The RMSE of tidal level is also small with an average of
about 0.21 m. Overall, our model captures the prevalent
trends in flow velocity, flow direction and tidal level,
giving confidence to the model application to investi-
gate the hydrodynamic processes in the study area.

4 Results
4.1 Variations in channel morphological features
along the north branch
The water depth in the North Branch is generally not
deeper than 14m with the most frequent depths between

Table1 The root mean square error (RMSE) between the
observed and modeled data of flow velocity, flow direction, and
tidal elevation

n P2
RMSE — 1| 2i=1 (0i = Pi) (8) Station  Velocity  Direction  Station Tidallevel
n
A 0.03 3746 Nan-Bao 0.19
Where O, and P; are model simulated and actual B 0.12 15.84 Wu-Song 0.23
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5m and 2m, and it is usually less than 2m in the upper
segment (Fig. 5a, b, ). Recent reclamation projects have
significantly changed channel morphology, and the change
in terms of channel width and cross-section area varied
over different segments. Due to land reclamation between
2000 and 2005, the channel width along the CT profile
decreased from 2304m in 1997 to 1497 m in 2007 with
a narrowing rate of 40%, and its cross-section area was
reduced by 86% from 8905.12m? in 1997 to 1172.71m? in
2007 (Figs. 5d, and 6a). While, the cross-section area of CT
increased by 20% from 2007 to 2017 due to the waterway
improvement project. The channel width of QL and DX
has little changed in the past 20years, but their cross-sec-
tion area changed obviously with similar patterns of CT.
The channel width of SH in the middle segment decreased
from 4109m in 1997, through to 3203m in 2007, and
then to 1882m in 2017, with a cumulative narrowing rate
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of 63.3% which is the highest change in the whole North
Branch. The channel width and cross-section area of ST in
the lower segment changed slightly for the period 1997-
2007, but they decreased by 50% and 56% between 2007
and 2017, respectively, mainly resulting from the imple-
mentation of channel narrowing project in the period
2005-2015 (Fig. 2). The channel width of LX near the out-
let of the North Branch decreased from 10,822 m in 1997,
through to 9701 m in 2007, and then to 7505m in 2017.
The channel volume below Om in the North Branch
decreased by half from 1434x10°m?® in 1997 to
734 x 108m? in 2017, but majorly occurred in the first
decade 1997-2007 (Table 2). In the upper segment, an
overall trend of siltation was indicated between 1997 and
2007 by a 68.66% reduction in the channel volume, but it
was followed by slight erosion during 2007-2017 resulting
from the waterway improvement project. Similar to the

(m)
N b 0
| ( ) 2007 |
31.9° o
-4
31.8°7 Jiangsu | Jiangsu [l ¢
1 Clio,] -8
31.7° Sy,
n 10
gk@
2q -12
31.6°
14
T T T T _16
121.2° 121.4° 121.6° 121.8°E
(m) 6
N o (d) 1997 2007 2017
31.9°1 L s
g
-4
31.8° 4 5 4
iangsu 6 T
s £3
31.7° =
-10.5 5
|53
31.6° - (123
14 ! J I
. . . . 16 0 |
121.2° 121.4° 121.6° 121.8°E CT QL DX SH ST LX
Fig. 5 Water depth in the North Branch in 1997 (a), 2007 (b), and 2017 (c); and statistics of cross-section area along selected profiles for the three
typical years (d)

(a) 100

1997-2007narrowing ratio
W 2007-2017narrowing ratio
—e— 1997
—==2007
——2017

©
IS

80
70
60
50
40
30
20
10
0

channel width(km)

CT

QL DX

LD SH ST LX

Fig. 6 The variation in channel width of typical cross-sections along the North Branch (a), and the volume of erosion and siltation over the different

segments (b) in the period 1997-2017

narrowing ratio(%)

3
~15 (b) W1997-2007accretion volume
"‘E . 2007-2017accretion volume
= 2 W1997-2007erosion volume
— 2007-2017erosion volume
j—2
= 1.5
2
3 1
5
S 0.5
=
g 0 -
=}
‘%-0.5]
<}
=
o -1

1sL CT-QL  QL-ST  ST-LX Total




Zhang et al. Anthropocene Coasts (2022) 5:6

Table 2 The statistics of channel volume below Om over
different segments of the North Branch and their variation rates
over the two study periods

Channel volume and variation CT-QL QL-ST ST-LX Total
rate

Volume in 1997/108m? 067 5.69 7.98 1434
Volume in 2007/108m? 0.21 262 465 748
Volume in 2017/10%m> 03 286 428 7.34
Variation rate in 1997-2007/% —6866 —53.95 —4173 —47.84
Variation rate in 2007-2017/% 4286 9.16 —796 —187

upper segment, the channel volume in the middle segment
decreased by 53.95% between 1997 and 2007 but increased
by 9.16% between 2007 and 2017. The channel volume of
the lower segment decreased continuously by 41.73% in
1997-2007 and 7.96% in 2007—2017. Siltation in the lower
segment has been highly alleviated at the later stage due
to the implementation of the channel-narrowing project,
which will be further discussed in the section 4.3.

4.2 Simulated variations in average tidal level and flow
velocity

The average high and low tidal levels (Fig. 7) and aver-

age flood and ebb flow velocities (Fig. 8) at six typical

sections are calculated from the simulated tidal current
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fields in 1997, 2007, and 2017, respectively, using the
FVCOM model.

The average high tide level in the North Branch rose
meanly by 0.12m in the period 1997-2007, and a higher
increase was observed in the middle segment than the oth-
ers (Fig. 7a). Contemporarily, the average low tide level
descended at different extents with a largest descending
magnitude of 0.5m between SH and ST (Fig. 7b). However,
the average high tide level dropped significantly in the
period 2007-2017 with a maximum drop of 0.21 m at DX
and a minimum drop of 0.04m at LX (Fig. 7a). At the same
time, the mean low tide level changed little, with a slight
rise at LD and a drop of 0.11 m at SH (Fig. 7b).

The average flood and ebb flow velocities were simulated
to increase significantly in the middle and upper segments
but decrease in the lower segment in the period 1997-2007
(Fig. 8). The maximum increase of average flood flow veloc-
ity occurred at SH from 1.12m/s to 1.38 m/s, and for the
average ebb flow velocity at LD from 1.21m/s to 1.48m/s.
During 2007-2017, the middle and upper segments mainly
showed a decrease in the average flood flow velocity and a
general increase in the average ebb flow velocity, with the
inverse patterns occurred in the lower segment (Fig. 8).

4.3 Simulated variations in bed shear stress
Spatiotemporal variations in channel erosion and sil-
tation patterns of the North Branch are disclosed by
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Fig. 7 Simulated variations of average high (a) and low (b) tidal level along the North Branch over different periods
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comparing two consecutive different years of DEM data
(Fig. 9a, b). During 1997-2007, most of the southern
bank underwent rapid accretion with peak accretion in
the lower segment, while the northern bank experienced
severe erosion except for the section near DX (Fig. 9a).
Most of accretional banks and shoals had been reclaimed
for land, and channel erosion and siltation patterns were
therefore obviously changed in the following period
2007-2017. Severe erosion occurred at the upstream
entrance, the upper part of the middle segment, and the
southern half of the lower segment (Fig. 9b). The erosion
volume was almost balanced by the accretion volume in
the whole channel of North Branch during 2000-2017
after the implementation of the channel narrowing pro-
ject and the waterway improvement project to strengthen
tidal flows for reducing siltation in the main channel. This
was in a sharp contrast with the previous period (1997-
2007) when almost a half of channel volume was erased
by natural accretion and land reclamation.

The controlling mechanism for obvious changes in
channel erosion and accretion patterns are further
explored by simulating bed shear stress variations in
response to the implementation of large-scale estua-
rine projects in the North Branch. Bed shear stress is an
important indicator of estuarine sediment dynamics and
morphodynamics (Zhu et al. 2014). We mainly consider
the bed shear stress induced by tidal currents because
the North Branch is dominated by strong tides with neg-
ligible wave actions in the long and narrow estuarine
stretch between LX and CT (Li et al. 2016). Theoretically,
the bed shear stress by tidal currents is proportional to
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the magnitude of tidal current velocities, which can be
expressed by the following equations (Stanev et al. 2009;
Wilcock 1996):

T = Crp|U|u (9)

tpy = CrplUlv (10)

Where p is the density and C; is the bottom friction
coefficient. We first simulated spatial variation of bed
shear stress in the North Branch in the three typical years
by the setting-up FVCOM model as described in the sec-
tion 3. Then, the two consecutive years of the modelling
results are compared to disclose their varied patterns in
response to the contemporary channel morphological
change. It is clearly shown that the areas with increased
bed shear stress (positive values in Fig. 9¢c, d) under-
went severe erosion, and vice versa for the areas having
decreased bed shear stress (negative values) where obvi-
ous accretion occurred (Fig. 9).

5 Discussion
5.1 Impact of estuarine projects on the hydrodynamics
and bed shear stress in the north branch

The North Branch has been gradually abandoned since
the middle nineteenth century, and its runoff split ratio
had decreased from >50% before the 1840s to <5% after
1950s. Consequently, fluvial sediment supply from the
upstream entrance of the North Branch had sharply
declined to a negligible level, but offshore sediment
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input by tides is very huge to support rapid siltation in
the channel (Dai et al. 2016; Obodoefuna et al. 2020).
In another word, recent morphodynamic change in the
North Branch has little been influenced by the sharp
decrease of river sediment discharge due to construct-
ing numerous reservoirs in the upstream drainage basin,
but it is highly sensitive to local hydrodynamic change
induced by large-scale land reclamation and waterway
improvement projects within the North Branch.

Trumpet morphology is generally known to favor tidal
amplification in the estuary as that has occurred in the
North Branch. Land reclamation was mainly imple-
mented in the middle and upper segments during the
period 1997-2007, resulting in significant reduction
of the channel width above ST (Fig. 6a). Following this
channel morphological change, tidal range was simulated
to increase on average by 0.42m in the same period with
a maximum increase between LD and ST (Fig. 7). The
average velocities of flood and ebb flows above ST were
modelled to increase by 0.22m/s and 0.24m/s, respec-
tively, while they decreased by 0.19m/s and 0.18 m/s in
the lower segment which should be related to its relative
wide channel with less change in the period 1997-2007
(Fig. 8).

During 2007-2017, the channel narrowing project was
carried out principally by reducing the channel width
of the middle and lower segments in order to relax tidal
amplification by the funnel shape (Fig. 6a). Together with
the waterway improvement project by dredging along the
main channel, tidal amplification was weakened as shown
by simulated decrease in tidal ranges in the North Branch
(Fig. 7). Contemporarily, the predominance of flood
flows over ebb flows was significantly reduced (Fig. 8),
unfavorable for landward sediment transport to support
siltation in the North Branch as observed previously.
Moreover, the upper segment was simulated to change
from a flood dominance into an ebb dominance status,
favoring the seaward sediment transport to induce chan-
nel erosion. Such change also relaxes the saltwater spill-
ing over from the North Branch into the South Branch
as one of main targets for the channel narrowing project.

The bed shear stress is related to velocity and bottom
drag coefficient (BDC) in Eq. (9) and (10). Where, BDC
is affected by water depth, depth averaged tidal current
velocity, topography and sediment type (Qian et al. 2021).
Due to the influence of shallow water depth and recla-
mation projects in the North Branch, the bottom fric-
tion coefficient in this area presents complex spatial and
temporal pattern. The bottom friction coefficient of the
middle and upper segments is generally larger than that
of the lower segment (Lyu and Zhu 2018). The increase
of the bed shear stress in the upper segment is mainly
related to the increase of the flow velocity at the entrance
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(Fig. 9¢). The decrease of the bed shear stress in the mid-
dle segment is mainly related to the decrease of the flow
velocity and shallower water depth (Fig. 9d).

5.2 Impact of engineering projects in different estuaries
With the rapid coastal economical and societal develop-
ment, land reclamation has become an important way to
meet for a strong dire for land resources (Fan et al. 2013;
Teng et al. 2021). The effects of engineering projects on
estuarine hydrodynamics, sediment-dynamics and mor-
phodynamics have been extensively reported, showing
some similar mutual controlling mechanisms with differ-
ent magnitudes.

The Western Scheldt Estuary in the Netherlands has
been affected by human activities since the beginning
of seventeenth century, dominated by land reclamation
and damming before 1950 and then mainly by channel
dredging. Reclamation led to a reduction of the intertidal
area from 295km? in 1650, through to 196 km? in 1800,
then to 104km? in 1950, and to 90km? in 1968 (Stark
et al. 2019; Dam et al. 2016; De Vriend et al. 2011; Van
den Berg et al. 1996). The Western Scheldt Estuary has
a unique multiple channel system, separated by narrow
flood and ebb channels with intervening shoals at regu-
lar intervals (Van Veen et al. 2005). Similar to the North
Branch, the main driver is tidal flows, with river runoff
accounting for only 0.6% of the tidal prism. Reduction in
the intertidal area by reclamation has led to decreasing in
the maximum velocity of flood and ebb tides. Although
the dominance of flood tide in the channel still maintains,
its priority over ebb tide decreases significantly, conse-
quently reducing landward sediment transportation (Van
den Berg et al. 1996; Swinkels et al. 2009).

The Pearl River Estuary is characterized by the intri-
cated network of tributary and distributary channels
entering the open water. It has three main tributaries (the
West, North, and East Rivers) which flow into the four
open estuaries (Lingding Bay, Modaomen, Jitimen and
Huangmao Bay) through eight outlets (Wu et al. 2006a;
Zhang et al. 2010; Wu et al. 2016; Yang et al. 2020). Land
reclamation from the Pearl River Estuary can be traced
much earlier than the 1960s when large-scale reclama-
tion projects were carried out to reclaim a total area of
334km? during 1966-1996. These projects have signifi-
cantly reduced the estuarine area and narrowed the dis-
tributary channels, leading to a reduction in the tidal
prism which in turn promotes estuarine siltation includ-
ing the development of shallow shoals in the distributary
mouths (Zhang et al. 2015).

Large-scale reclamation projects have been imple-
mented in the Qiantang River Estuary since the 1960s
with an accumulative reclaimed area of about 733 km?,
narrowing the estuarine channel width by 1/2 to 3/4
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Table 3 Impact of engineering projects in different estuaries
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Main driver Reclaimed
area(km?)

Estuaries Change of

width(km)

Change of tidal References

range(m)

Net deposition
(10%m3)

Western Scheldt Tide 205 (1650-1968) —2.8 (1800-1980)

Pearl River Runoff 334 (1970-2000) /
Qiantang River ~ Tide 733 (1960-2000) —12(1960-2000)
North Branch Tide 207.6 (1992-2015) —1.9(1997-2017)

1.8 (1650-1968) 1.3 (1878-1970) (Nnafie et al. 2018; Van
den Berg et al. 1996;

Van der Spek 1997)

(Zhang et al. 2015;
Zhang et al. 2010; Shen
etal. 2018)

(Han and Dai 2002; Xie
etal. 2017; Xie et al.
2021)

2(1997-2017) /

0.4 (1960-2000) 9.45 x 10°(1970-

2000)

0.13 (1960-2000) 52(1959-2003)

0.22 (1997-2017)

(Han and Dai 2002; Ni and Lin 2003). The rapidly nar-
rowing channel intensifies the reflection of tidal waves
in the estuary to raise the high tide level and increase
tidal range accordingly. The tidal prism in the upper
estuarine section is drastically reduced, resulting in
severe siltation in the channel (Xie et al. 2009; Xie et al.
2021; Xie et al. 2017).

A comparison of the impacts of the estuarine projects
in the Western Scheldt Estuary, Pearl River Estuary, Qian-
tang River Estuary, and the North Branch of the Changji-
ang Estuary reveals certain commonalities (Table 3). The
reclamation of coastal mudflats has transformed natural
tidal flats, which used to store and dissipate tidal energy,
into artificial shores, narrowing the river width and
changing the water level, tides and geomorphology of the
estuary. The reduction of the total water area after recla-
mation leads to the reduction of tidal prism, the reduc-
tion of tidal momentum, the reduction of sand-carrying
capacity, and the easier siltation of the estuary. In sum-
mary, estuarine projects like land reclamation could obvi-
ously change hydrodynamic boundary, producing a chain
reaction of sediment-dynamics and morphodynamics. It
should be cautious to plan and implement any estuarine
projects and their adverse effects should be comprehen-
sively evaluated using monitoring and simulation meth-
ods before and after the projects.

6 Conclusions
The North Branch in the Changjiang Estuary has long
evolved from a runoff-dominated distributary channel
into a pure tide-dominated estuary. Recently, the channel
morphology has been significantly changed by large-scale
engineering projects in the estuary, consequently induc-
ing spatiotemporal variations in hydrodynamics, sedi-
ment-dynamics and morphodynamics as shown by both
observational and simulated results.

The channel volume below 0 m was reduced by half due
to the reclamation of rapidly accretional muddy banks
and sandy shoals/ridges mainly in the upper and middle

segments during 1997-2007. This further strengthened
tidal amplification due to the narrowing effect of upper
trumpet estuary, as shown by simulated increase of tidal
ranges and current velocities of flood and ebb tides, typi-
cally in the middle segment. Flood dominance was main-
tained in the main channel, favoring upstream sediment
transport to promote siltation in the upper segment. Bed
shear stress in the southern half channel of the lower seg-
ment was simulated to weaken obviously in the shadow
of a large-scale reclamation project, in high accordance
with contemporary peak accumulation distribution pat-
tern therein.

To reduce siltation in the middle and upper segments
of the North Branch, a channel narrowing project was
carried out by reclaiming the broad accretional muddy
bank at the lower segment together with the waterway
improvement project during 2007-2017. Consequently,
tidal amplification was relaxed as demonstrated by simu-
lated decrease in tidal ranges and the less predominance
of flood flows over ebb flows. Typically, the main chan-
nel in the upper segment has shifted from flood into ebb
dominance to induce erosion therein. In all, the contem-
porary erosion volume was almost balanced by the accre-
tion volume in the whole North Branch channel.
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