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Morphodynamics of world's river deltas are increasingly affected by human activities, which are of great eco-
logical, economic and social implications. However, impacts of human interventions in deltaic regions are in-
sufficiently understood, especially superimposed upon diminishing sediment supplies. This study uses the
heavily interfered Yangtze River delta as an example to address this issue. The morphodynamic impacts of the
Deepwater Navigation Channel Project (DNCP) during 1997-2013 are investigated through process-based
modeling approach (Delft3D) and bathymetric data analysis. The DNCP was implemented in the mouth bar area
of the Yangtze River delta including the twin dikes and 19 groynes with the total length of 132.0 km.
Hydrodynamic simulations indicate that the training walls resulted in weaker tidal flow and longer slack period
at the East Hengsha Shoal (EHS) and stronger tidal flow at the subaqueous delta. Thus, the EHS is characterized
as a sediment accumulation zone after the completion of the training walls. Subsequently, morphological
modeling shows enhanced accretion at the EHS and enhanced erosion at the subaqueous delta when the training
walls are taken into account. Numerical experiments further demonstrate that the above changes are mainly
attributed to the seaward half of the northern training walls constructed in 2002-2005. This is probably the
reason for the observed accretion peak of the EHS in 2002-2007 and the gradual increase in the erosion rate of
the subaqueous delta after 2002. The schematized paths of sediment transport after the DNCP indicate that
sediment eroded from the subaqueous delta serves as an important source for accretion of the mouth bar area. It
is suggested that siltation promoting projects within the mouth bar area increased shallow shoal accretion and
aggravated erosion at the subaqueous delta. With the overall erosion of the Yangtze River delta due to river
sediment reduction, large-scale estuarine engineering projects substantially increase the complicacy of its
morphodynamic pattern, which merits close attention for sustainable delta management.

1. Introduction

Modern deltas across the globe, originated since the maximum
Holocene transgression (Stanley and Warne, 1994), are actively pro-
pagating systems as redundant fluvial sediment accumulated hereon
after part of the amount being taken away by marine currents (Coleman
and Wright, 1975; Galloway, 1975). The progradation processes are
increasingly interfered by human activities in drainage basins
throughout the past century, and many of world's largest deltas are at
risk of or currently suffering from erosion and flooding as a result of
sediment trapping in upstream reservoirs in combination with relative
sea-level rise (Syvitski et al., 2009). Meanwhile, engineering controls
within deltaic regions induce rapid and significant changes at adjacent
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areas, and may complicate the overall evolution patterns overlying
upstream human interventions. A regime shift from natural evolution
driven to anthropogenic impact driven is likely to occur in terms of
deltaic morphodynamics (Syvitski and Saito, 2007). Protecting these
dynamic and vulnerable environments from deterioration is an issue of
global concern, regarding that river deltas are home to more than half a
billion people and thousands of plant and animal species, and thereby
hold high ecological and socio-economic values (Day et al., 1989).
The close link between human-induced decrease of sediment loads
and delta erosion has been identified by numerous case studies on large
deltas, including the Nile (Stanley, 1996), Mississippi (Blum and
Roberts, 2009), Ebro (Sanchez-Arcilla et al., 1998), Mekong (Anthony
et al., 2015), and Yellow River (Chu et al., 2006; Wang et al., 2007).
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Most densely populated deltas were further interfered by vicinal human
interventions. The Mississippi River Delta, for instance, is suffering
from rapid subsidence and land loss caused by intensive hydrocarbon
extraction (Morton et al., 2005). The Eastern Scheldt estuary showed
overall erosion at the ebb-tidal delta and tidal flats within the estuary
after the construction of the storm surge barrier in 1986 (Eelkema et al.,
2013; Wang et al., 2015; de Vet et al., 2017). Flow path control of
distributary channels created new delta surface as occurred in the deltas
of the Yellow River, Colorado River and Po River (Syvitski and Saito,
2007). The tide-dominant Mersey Estuary (UK) experienced significant
accretion in 1906-1977 due to the construction of training walls and
dredging activity (Thomas et al., 2002). Local human interventions,
including training wall construction, dredging and land reclamation,
can induce either severe accretion or intensive deepening in deltaic
areas (Blott et al., 2006; Wu et al., 2016). Rapid urbanization and re-
source utilization within deltaic areas are likely to aggravate the risk
and sustainability of river deltas, compounded with river sediment re-
duction and rising seas (Syvitski, 2008). Identifying the distinct mor-
phological impacts of local human activities can strengthen our un-
derstanding on delta evolution processes and future trends, and provide
guidance for integrated delta management.

The large-scale and densely populated Yangtze River delta in China
provides a unique example to examine deltaic morphodynamics in re-
sponse to human interventions from both the upstream reach and del-
taic region (Fig. 1) (De Vriend et al., 2011). Under decreasing river
sediment supply after the constructions of more than 50,000 dams
throughout the watershed (Yang et al., 2011), multiple evidences for
delta erosion have been identified in terms of bed level changes (Yang
et al., 2011), grain size variations (Luo et al., 2017; Yang et al., 2018),
sediment transport capacity of coastal currents (Deng et al., 2017),
magnetic methods (Ge et al., 2017) and isotopic tracing (Wang et al.,
2017). However, the Yangtze River delta showed complicated evolution
pattern in recent years, which cannot be merely explained by fluvial
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sediment reduction. Luan et al. (2016) found that the northern part of
the mouth bar area converted from net erosion in 1986-1997 to net
accretion in 1997-2010, and the mouth bar area in the latter period
retained net accretion with erosion in its southern subaqueous delta.
Hydrodynamic simulations by Zhu et al. (2016) indicated that the re-
cent erosion of the subaqueous delta can be related to the training walls
constructed along the North Passage. The training walls also con-
tributed to accretion and seaward elongation of the adjacent Jiu-
duansha Shoal (Li et al., 2016; Wei et al., 2016). Previous studies ex-
amined morphological changes of the mouth bar area before and after
the constructions of training walls, whereas shorter-term evolution
processes within the period (1997-2010) and their physical mechan-
isms were poorly revealed.

Many estuarine engineering projects have been constructed within
the estuary in the recent two decades for navigation, flood control,
freshwater consumption and wetland management purposes (Tian
et al., 2015; Luan et al., 2016). The separated impacts of local human
interventions and river sediment reduction on morphological changes
of the Yangtze River delta are still less understood, which is the main
motivation underlying the present study. The study area is defined as
the seaward part of mouth bar area and adjacent subaqueous delta,
spanning from the East Hengsha Shoal (EHS) and Jiuduansha Shoal (JS)
to the isobath of nearly 30 m (Fig. 1b). Morphological processes are
quantified based on bathymetric data of multiple years during
1997-2013. Considering the complexity of evolution pattern of the
study area, the process-based modeling approach (Delft3D) is applied to
investigate the morphological impacts and relevant mechanisms of
large-scale estuarine engineering projects since 1997. The results
should be valuable for sustainable management of the Yangtze River
delta and other densely populated large river deltas in the world.
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Fig. 1. (a) The location of the Yangtze Estuary on the western coast of the East China Sea (rectangle); (b) the Yangtze Estuary with bathymetry observed in 2010; (c)
training walls constructed in three phases during 1997-2010. The dashed lines in (b) denote the boundary of the study area. ECM: East Chongming Mudflat; EHS:
East Hengsha Shoal; JS: Jiuduansha Shoal; ENM: East Nanhui Mudflat; CX: Changxing Island; HS: Hengsha Island; QCSR: Qingcaosha Reservoir; and EHLR: East

Hengsha Land Reclamation.
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2. Study area

The Yangtze River, ranking the largest and longest in Asia (Milliman
and Farnsworth, 2011), reaches its end near Shanghai City and enters
the inner shelf of the East China Sea (Fig. 1a). The Yangtze River delta
receives huge amount of river inputs from the upstream watershed, i.e.
893 km>/yr of runoff and 368 Mt/yr of suspended sediment load in
1950-2015. Mean tidal range and wave height at the mouth is 2.67 m
and 0.9 m, respectively (Yun, 2004). Under combined large river flow,
meso-tidal and minor wave forcing, the Yangtze River delta is defined
as a mixed river- and tidal-dominant delta and featured by a funnel-
shaped topography with wide distributary channels and accreting in-
tertidal flats in a long-term (Fig. 1b). No significant variation trend was
observed for the annual water runoff in the past half century, while the
annual sediment load decreased continuously after the 1980s. The se-
diment load dropped to a relatively low level in the first decade after
the closure of the Three Gorge Dam (2003-2013, 143 Mt/yr) which is
only about 30% of that in 1950-1968 (Yang et al., 2015). Notably, the
sediment load was as low as 85 Mt/yr and 72 Mt/yr in the extreme
drought year 2006 and 2011, respectively.

The Yangtze subaqueous delta covers an area of over 10,000 km?>
spanning from the mouth to the paleo-incised valley (30-50 m) (Chen
et al., 1985). The seabed at the mouth bar area is dominated by co-
hesive mud which can be frequently resuspended by tidal currents (Liu
et al., 2010; Luo et al., 2012). This area behaves as both the estuarine
turbidity maximum and depocenter of the delta (Chen et al., 1985; Dai
et al., 2014). In the recent two decades, many engineering projects have
been constructed within the mouth bar area. One of the largest is the
Deep Navigation Channel Project (DNCP) in the mouth bar area in-
cluding training wall constructions and intensive dredging (Fig. 1b),
which was aimed at improving the navigation. The DNCP was im-
plemented through three phases from 1998 to 2010, i.e., Phase I
(1998.01-2001.06), Phase II (2002.05-2004.12) and Phase III
(2006.09-2010.03) (Fig. 1c). The present configuration of the twin
dikes along both sides of the North Passage was completed in the Phase
I, while the Phase III mainly includes groyne extensions, the partition
dike in the south side and intensive dredging. The north and south dike
are 49.2km and 48.1 km long, respectively. The groynes are perpen-
dicular to the proximal dike with ten on the north side and nine on the
south side. The total length of the T-shaped groynes is 34.7 km. The
height of these training walls is approximately 0.3 m relative to the
mean sea-level, which means that they are emerged at low tide and
submerged at high tide. A bidirectional deep navigation channel with
the length 92.2 km and the width 350-400 m formed along the North
Passage due to continuous dredging, and the depth of the navigation
increased from 6.5 m before the project to 8.5m in 2001, 10 m in 2005
and 12.5m in 2011. Thus, the mouth bar in the North Passage was
artificially broken through after a plenty of dredging efforts. The
bathymetry within the North Passage responded rapidly to the con-
struction of training walls, as reflected by severe deposition in the
groyne-sheltered areas and back-siltation in the navigational channel
(Liu et al., 2011; Dai et al., 2013). The DNCP is by far the largest es-
tuarine engineering project in China whose morphological impacts
have extended beyond their given sites (Luan et al., 2016). Other en-
gineering projects within the deltaic region include the siltation pro-
moting project and land reclamation at the EHS and the East Nanhui
Mudflat. Some groins were constructed to weaken the regional flow
intensity and induce shoal accretion (Wei et al., 2015).

3. Method
3.1. Process-based morphological modeling
The process-based Delft3D model system is applied to examine the

impacts of training walls on hydrodynamics and morphological evolu-
tion. The model solves shallow water equations under hydrostatic

Coastal Engineering 141 (2018) 1-11

pressure assumption in a horizontal curvilinear grid and is fully in-
tegrated with hydrodynamic, sediment transport and morphological
updating modules (Lesser et al., 2004). Medium-to long-term morpho-
dynamic modeling can be implemented through linearly accelerating
bed-level change at each hydrodynamic time step with a carefully se-
lected morphological factor (MF) (Roelvink, 2006). Thus, the model
online couples flow and morphology simulation, and produces bathy-
metric change of a linearly up-scaled period. Numerous case studies
have demonstrated high capacity of the Delft3D model system on re-
producing detailed flow features, sediment dynamics and morpholo-
gical evolution of coastal and estuarine environments (van der Wegen
et al., 2011; Dissanayake et al., 2012; van Maren et al., 2015; Su et al.,
2016; Luan et al., 2017).

The model domain covers the entire Yangtze Estuary ranging from
the upstream tidal limit (Datong) to the outer sea. The grid size varies
from ~300m within the estuary to ~3000m near the offshore
boundary, which is sufficient for simulating morphological behaviors of
the Yangtze Estuary with acceptable accuracy. The time step of the
hydrodynamic model is 2min according to the CFL criteria. The
training walls along the North Passage are represented in the model as
Current Deflection Walls (CDW), which allow the water to flow over
when the water level is sufficiently high (Deltares, 2014). Major phy-
sical driving forces are considered in the model including astronomic
tides, river flow and wind wave. The offshore boundaries are driven by
8 main astronomic components (M2, S2, K1, O1, N2, K2, P1, and Q1)
derived from a well-validated large model covering the East China Sea
(Ge et al., 2013). Currents across the boundaries are calculated by the
model. The tangential component of coastal currents is absent due to
the unnecessary complexity in morphological modeling when pre-
scribing both astronomic tides and coastal currents along the offshore
boundaries (van der Wegen et al., 2011). Wave parameters are calcu-
lated by SWAN (http://www.swan.tudelft.nl) using monthly climato-
logical wind data (1995-2005). The wave information obtained each
hour is coupled with the flow and morphological model offline. River
inputs are schematized in the model based on monthly-averaged water
and sediment discharges. The values of MFs depending on the ampli-
tude of water discharge are determined after sensitivity analysis. The
model considers multiple sediment fractions (cohesive and non-cohe-
sive), which are based on grain size and composition analysis of bed
sediment samples in the estuarine area. More details about the model
setup were described by Luan et al. (2017).

Promising hindcasting at a decadal timescale was carried out for
three historical periods involving distinct morphological processes, i.e.,
a rapid accretion period (1958-1978), an erosional period (1986-1997)
and a recent period with slight accretion (2002-2010). The hindcast
case of the recent period, which corresponds to the constructing period
of the DNCP, shows the best model performance, and thereby provides
a nice reference case. One numerical experiment is firstly conducted
which excludes all training walls along the North Passage from the
reference case to explore the overall impacts of the DNCP. The twin
dikes were extended to the present location after the Phase II of the
DNCP and induced severe siltation in the middle of the dredged channel
(Liu et al., 2011). Dikes and groynes implemented in the Phase II are
close to the EHS and the observed erosion zones at the subaqueous delta
(Luan et al., 2016; Zhu et al., 2016). Therefore, two further numerical
experiments are conducted which exclude the seaward half of the
northern and southern training walls from the reference case, respec-
tively. The modeled hydrodynamics, sediment transport processes and
subsequent bed-level changes in the above three experiments are
compared with the reference case to provide physical explanation of the
observed evolution under large-scale estuarine engineering projects.

3.2. Data collection and processing

To assess the morphological processes, we collected navigational
charts and bathymetric maps for various years (1997, 2002, 2007, 2010
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and 2013) which captured each phase of the DNCP. For the comparison
purpose, bathymetric data in 1986 was also collected. For the bathy-
metry measurements, an echo sounder and a global positioning system
(Trimble Navigation Limited, California, USA) were used for depth
measurements and position recordings, respectively, with vertical and
horizontal errors of 0.1 m and 1 m. The scales of the maps range from
1:50,000 to 1:130,000. The averaged data density is 3-13 samples/km?,
which is sufficiently high for calculating bathymetric changes greater
than 0.1 m (Dai et al., 2014; Luo et al., 2017). Depth points of each
year, referenced to the theoretical lowest-tide datum at Wusong, are
interpolated into a 50 X 50 m grid by the Kriging interpolation tech-
nique in the Surfer mapping software package, generating a digital
elevation model (DEM) for each concerned year. In line with Yang et al.
(2011) and Zhu et al. (2016), a rectangle domain covering the seaward
part of the mouth bar area and adjacent subaqueous delta is chosen for
erosion/deposition calculation (Fig. 1b). The North Passage and the
dredged navigation channel are excluded from the study area as this
study aims at exploring the morphological impacts of training walls on
adjacent areas beyond the North Passage. The total area of the domain
is 2223 m? and such a large study area ensures the credibility of the
results (Yang et al., 2003). The erosion/deposition patterns are ob-
tained by subtracting a later DEM from an earlier one. The net sediment
volume changes of the study area are calculated by summing the pro-
duct of bed-level change of each grid cell and the cell area. Dividing the
net volumes by the time intervals (3-11 years) yields the yearly values,
which are compared to assess the morphological processes.

4. Results
4.1. Modeling the hydrodynamics and sediment transport

Modeled hourly flow vectors of a full tidal cycle (13 h) during spring
tide in the wet season of 2002 are superposed to represent the flow
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patterns (Fig. 2). The results indicate that the hydrodynamic fields with
and without the training walls show characteristic differences. One of
the most remarkable changes is that the flow pattern within the North
Passage changed from rotating to reciprocating after the completion of
the training walls, and that the currents in groyne-sheltered areas were
significantly attenuated. This has also been identified by a previous
model-based study (Hu and Ding, 2009). Moreover, the tidal currents at
seaward sides of the EHS and Jiuduansha Shoal (JDS) also converts
from rotating to reciprocating with decreased flow velocity, implying
that the training walls induce weaker tidal currents and longer tidal
slack periods at the EHS and JDS. Flow pattern at the adjacent sub-
aqueous delta remains almost unchanged, whereas the flow velocity is
slightly enhanced, particularly at the seaward end of the South and
North Passage.

Bed shear stress due to tidal currents and waves is an important
indicator for estuarine sediment dynamics and subsequent erosion/de-
position processes (Zhu et al., 2014). As shown in Fig. 3, the spatial
differences of the modeled bed shear stress between model runs illus-
trate the impacts of training walls. At the flood maximum, the training
walls induce the increase in the bed shear stress at the seaward end of
the North and South Passage (Fig. 3a). Bed shear stress at the entrance
of the South Passage is also increased by the training walls, and this
may partly explain the erosion at this area after 1997 (Luan et al.,
2016). Meanwhile, the EHS shows decrease in bed shear stress at both
flood and ebb maximum (Fig. 3a and b), which is identical with the
decreased flow velocity. Bed shear stress within the North Passage
shows significant changes, including the decrease in the groyne-shel-
tered areas and increase in the main channel, particularly during ebb
tides (Fig. 3b). Two numerical experiments on the seaward half of the
training walls provide more evidences of their impacts. The results in-
dicate that the seaward half of northern training walls increases the bed
shear stress at a limited area of the adjacent subaqueous delta during
flood tides (Fig. 3c). Notably, bed shear stress at the EHS is decreased

40

30°

Fig. 2. Superposition of flow vectors of 13 h during spring tide in the wet season of 2002: (a) without training walls; (b) with training walls. The background colors
denote the bathymetry of 2002 referred to mean sea-level. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 3. Tidal currents (arrows) and differences of bed shear stress (background colors) between model runs during spring tide in the wet season of 2002: (a) with and
without all training walls at flood maximum; (b) with and without all training walls at ebb maximum; (c) with and without the seaward half of the northern training
walls at flood maximum,; (d) with and without the seaward half of the northern training walls at ebb maximum; (e) with and without the seaward half of the southern
training walls at flood maximum; (f) with and without the seaward half of the southern training walls at ebb maximum (in green color). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

during ebb tides (Fig. 3d), which is consistent with the impacts of all
training walls. However, these features are absent in the numerical
experiment on the seaward half of southern training walls, and the bed
shear stress at the subaqueous delta is even slightly decreased (Fig. 3e
and f). Both numerical experiments show significant impacts within the
North Passage at ebb maximum, including smaller shear stress at the
upper channel and larger at the lower channel (Fig. 3d, f).

In general, the gradient of the residual sediment transport is re-
sponsible for bed-level change (Guo et al., 2014). Monthly-averaged

sediment flux in the wet season of 2002 with and without the training
walls are shown in Fig. 4. Sediment flux along the North Channel and
North Passage is significant in the ebb direction in both model runs, and
the training walls enhance the flux in the North Passage, suggesting
erosion along the main channel. The EHS is fed by sediment from the
North Passage across the north dike. Sediment from the North Channel
reaches the subaqueous delta and is partly delivered towards the EHS
by flood currents. The positive gradient of residual sediment transport
from the North Passage to the EHS is significantly increased when the
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Fig. 4. Monthly-averaged sediment flux in the wet season of 2002: (a) without training walls; (b) with training walls. The background colors denote the bathymetry
of 2002 referred to mean sea-level. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

training walls are taken into account. This implies that accretion at the
EHS was enhanced after the completion of the DNCP. Meanwhile, the
training walls enhance the negative gradient of residual sediment
transport at the southern subaqueous delta, suggesting accelerated
erosion. The eroded sediment from the subaqueous delta is transported
across the south dike and enter the North Passage through a circulation
system (Fig. 4b).

4.2. Modeling the morphological changes

The modeled morphological changes under different configurations
of the training walls provide direct evidence for the morphological
impacts of the DNCP (Fig. 5). The modeled and observed bed-level
changes show qualitative agreement as described by Luan et al. (2017).
Specifically, the accretion at the EHS and erosion at the subaqueous
delta are reproduced with relatively high accuracy (Fig. 5a and b). The
promising performance of the hindcast simulation supports it as a re-
ference case for investigating the morphological impacts of the DNCP.
The difference between modeled morphological changes with and
without the training walls is remarkable within the North Passage, in-
cluding strong accretion within the groyne-sheltered areas and erosion
along the main channel (Fig. 5¢). Notably, the model run with training
walls produces more accretion at the EHS and stronger erosion at the
seaward end of the North and South Passage. This is consistent with the
model results of hydrodynamics and sediment transport. Modeling the
impact of the seaward half of the northern training walls produces si-
milar results, i.e. enhanced accretion at the EHS and erosion at the
subaqueous delta, suggesting the importance of the northern training
wall on the morphological patterns (Fig. 5d). Numerical experiment on
the seaward half of the southern training walls indicates that the above
features are less relevant with the southern training walls. The sub-
aqueous delta near the outlet of the North Passage even shows more
accretion (Fig. 5e). In both numerical experiments, the seaward half of
the training walls enhance erosion along the main channel of the North

Passage.

4.3. Observed morphological changes

Based on bathymetric data analysis, the observed morphological
changes indicate that the seaward part of the mouth bar area involved
overall accretion in 1986-1997 (Fig. 6a). Both erosion and accretion
occurred in the landward part, indicating shoal accretion and channel
shifting. The evolution pattern in this period was mainly controlled by
natural evolution as higher river sediment discharge fed the delta. The
erosion/deposition pattern in 1997-2013 shows distinct spatial varia-
tions, reflected by accretion at the EHS and erosion at the adjacent
subaqueous delta (Fig. 6b). Two erosion zones formed at the northern
(> 10m) and southern (5-10m) subaqueous delta, respectively. The
EHS experienced increased accretion from 1986-1997 to 1997-2013
under decreasing river sediment supply. Construction of training walls
along the North Passage caused severe deposition in groyne-sheltered
areas and erosion at the entrance of the South Passage, while intensive
dredging resulted in remarkable deepening along the navigation
channel (Luan et al., 2016).

Sediment volume changes showed that the study area converted
from net accretion to net erosion along with the decreasing sediment
load during 1986-2013 (Fig. 6¢). Specifically, the sediment discharge
decreased from 314Mtyr~! in 1997-2002 to 134Mtyr~! in
2010-2013, and the net volume change presented almost linear de-
crease from 63.6 Mm®>yr~! in 1997-2002 to —159.6 Mm®yr~' in
2010-2013. It is suggested that the river sediment supply was the
controlling factor of the overall evolution pattern at a decadal time-
scale.

In order to investigate the spatial differences of the morphological
changes, the study area are firstly divided into a northern part and a
southern part by an eastward extending line of the north dike. The 10m-
isobath in 1997 is used to further separate the two parts into four sub-
areas in total, i.e. Areas N1, N2, S1 and S2 (Fig. 6a). Four sub-areas
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Fig. 5. Modeled (a) and observed (b) erosion/deposition patterns in 2002-2010, and the erosion/deposition differences between model runs with and without all
training walls (c), the seaward half of the northern training walls (d) and the seaward half of the southern training walls (e) (in green color). Contours denote the
isobaths in 2010 referred to mean sea-level. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

showed various morphological behaviors compared with the entire area
in terms of sediment volume changes (Fig. 6d). All the sub-areas were
under net accretion in 1986-1997, whereas they involved alternate net
accretion and erosion in the subsequent four periods from 1997 to
2013. The Area N1, mainly covering the EHS, experienced net accretion
in the first three periods and net erosion in the latest one. The net ac-
cretion volume peaked in 2002-2007 (52.7 Mm®yr~!). The Area N2,
representing the northern erosion zone, involved high accretion amount
in 1997-2002 (68.6 Mm® yr_l) and altered into continuous erosion
after 2002. Net erosion volume in 2002-2007 is higher than that in
2007-2010, and is the highest in 2010-2013. The Area S1, representing
the southern erosion zone, underwent increasing erosion since 1997
except the slightly decreased erosion rate in 2010-2013. The accumu-
lated net volume change of the Area N2 from 2002 to 2013 was
—555Mm?>, while the value of the Area S1 from 1997 to 2013 was
—523Mm?®. The Area S2 converted from net accretion to net erosion
around the year 2007, and the erosion amount after 2007 is relatively
low suggesting slow morphological changes in this area. Notably, all the
sub-areas showed net erosion in 2010-2013, indicating that the sub-
aqueous delta had undergone overall erosion in recent years.

5. Discussion
5.1. Conversion from accretion to erosion due to river sediment reduction

The Yangtze mouth bar area and subaqueous delta was estimated to
accumulate over 40% of the fluvial sediment in the past millennia
(Milliman et al., 1985; Liu et al., 2007), resulting in nearly 50 m of
modern sediment layer in the seabed (Stanley and Chen, 1993). This
muddy area is the depocenter of the Yangtze River delta, which is also

regarded as the turbidity maxima due to frequent near-bottom sediment
exchange (Liu et al., 2010). As the sediment load started to decline in
the 1980s, the net accretion amount deceased from 40.6 Mm®yr~! in
1986-1997 to 8.1 Mm3yr~! in 2002-2007 to retain high suspended
sediment concentration (SSC) in the mouth bar area. Once the sediment
load dropped below a critical level (Yang et al., 2003), abundant bed
sediment turned to compensate the decreased SSC by erosion. Thus,
there is a time lag between the decreases in sediment discharge and SSC
(Li et al., 2012). Along with the continuous decrease in sediment dis-
charge, both erosion of the subaqueous delta and the decrease in SSC
was initiated. The net erosion amount of the study area was
—60.7Mtyr~! in 2007-2010 and —159.6Mtyr ' in 2010-2013.
Based on the statistical analysis of measurements, Li et al. (2012) found
that the mean surface SSC at the subaqueous delta has decreased by
20-30% over the past 10-20 years. Li et al. (2012) also reported that
the mean surface SSC in the north of the subaqueous delta showed
much lower decrease rate (e.g., 5% at Sheshan Station) than the south
(e.g., 30% at Dajishan Station). This suggests that more bed sediment in
the north is resuspended to partly offset the SSC decrease, and may
explain more erosion in the Area N2 than the Area S1. Generally, delta
progradation or regression depends on the sediment budget between
fluvial supply and offshore dispersal (Syvitski and Saito, 2007;
Canestrelli et al., 2010). Under decreasing river sediment supply and
relatively stable dispersal amount by coastal currents (Deng et al.,
2017), the conversion from accretion to erosion of Yangtze subaqueous
delta seems to be an inevitable tendency.

5.2. Distinct morphodynamic features due to the DNCP

According to the overall evolution pattern, morphodynamics of the
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Yangtze River delta show distinct spatiotemporal variations during
1997-2013. One remarkable feature is the enhanced accretion at the
EHS (Fig. 6b), which is conflicting with the evolution trend of the entire
study area under river sediment reduction. As indicated by the model
results, the reciprocating flow pattern with weaker tidal current and
longer slack period features the EHS as a depositional environment after
the construction of training walls. The suspended sediment transported
by flood currents tended to settle and accumulate at the EHS. Thus, the
EHS converted to a sediment-starved status after the DNCP. This can
explain the observed accretion peak of the EHS in 2002-2007, during
which the dikes were extended to the present location in Phase II
(Fig. 1c). It can be concluded that the enhanced accretion at the EHS
was caused by the training walls along the North Passage, particularly
the seaward half of the northern training walls, which significantly
modified the hydrodynamic fields and sediment transport processes at
the EHS.

Another evolution feature is the formation of two erosion zones at
the subaqueous delta (Fig. 6b). Locations of both erosion zones are
estuarine muddy areas where the seabed is mainly composed of un-
consolidated fine-grained sediment (Fig. 7). Under combined river and
tidal forcing, these muddy areas are subject to intensive sediment ex-
change between the water column and seabed through deposition and
resuspension (Liu et al., 2010). Bed level changes of these areas are

more sensitive to variations of the SSC and hydrodynamic condition
than areas covered by coarser sediment (Luan et al., 2016). Assuming
that no training walls were constructed along the North Passage, ero-
sion at the subaqueous delta is probably inevitable due to river sedi-
ment reduction. Model results demonstrate that the training walls en-
hanced the bed shear stress at the southern erosion zone, and
subsequently accelerated erosion of the subaqueous delta.

The Yangtze River delta has been heavily interfered by both river
sediment reduction and large-scale estuarine engineering projects in
recent decades, resulting in complicated morphological evolution pat-
terns within the delta (Yang et al., 2011; Dai et al., 2014; Luan et al.,
2016; Luo et al., 2017). River sediment reduction has triggered erosion
of the subaqueous delta (Fig. 6¢). The large-scale DNCP caused sig-
nificant morphological changes within the North Passage (Dai et al.,
2013) and adjacent area (this study). Due to the construction of training
walls, the North Passage experienced net accretion of 17.2 Mm>/yr in
1998-2011 though the navigation channel was deepened by dredging
(Dai et al., 2013). The annual dredging volume was 47.2 Mm?>/yr in
2000-2012 (Luan et al.,, 2016), and a considerable portion of the
dredged sediment was used for siltation promotion and land reclama-
tion at the EHS. Wei et al. (2017) reported that annual accretion volume
at East Nanhui Mudflat reached 12 Mm?®/yr in 1998-2013. Meanwhile,
the annual accretion volume at the EHS is 47.9 Mm>/yr in 2002-2010.
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Fig. 7. Median grain size (Ds) at the Yangtze mouth bar area and adjacent subaqueous delta (black dots denote bed surface sediment samples in September 2015,

and dashed line denotes the boundary of the study area as shown in Fig. 1b).

The above sediment accretion is the important contributor for the
mouth bar area to retain net accretion since 1997 under low river se-
diment supply (Luan et al., 2016). The summation of the accretion
amounts is as large as > 150 Mt/yr (dry bulk density of the sediment
1.22't/m®) though the calculation periods are slightly different. Annual
mean sediment discharge in 1997-2013 is 203 Mt/yr, which is lower
than the transport capacity of the coastal current estimated through
observation (270 Mt/yr). Milliman et al. (1985) estimated the south-
ward dispersal amount of river sediment load is about 150 Mt/yr. To
close the sediment budget, it is essential to take sediment eroded from
the subaqueous delta into account. Model results suggest that training
walls enhanced the scouring capacity of tidal currents at the subaqu-
eous delta and thereby accelerated the erosion at this muddy area.
Eroded sediment is transported to the North Passage by flood currents
(Fig. 4b), and is likely to fill in the navigation channel. Continuous
dredging activities along the navigation could facilitate the back-silta-
tion, which may indirectly increase the net erosion of the subaqueous
delta. Based on the analysis on the overall sediment budget of the
Yangtze River delta, the morphological impacts of the DNCP are sepa-
rated from decreasing river sediment load. Moreover, the physical
mechanism is also revealed in terms of hydrodynamics and sediment
transport, applying process-based modelling approach and bathymetry
date analysis.

Based on the observed morphological evolution patterns and pro-
cess-based modeling results, the sediment transport paths and erosion/
deposition patterns before and after the DNCP are schematized as
shown in the Fig. 8. Before the DNCP, the north part of the subaqueous
delta was under accretion with stronger accretion at the mouth of the
North Channel than the EHS, while slight erosion has occurred at the
seaward end of the North and South Passage (Fig. 8a). The eroded se-
diment was involved in a circulation system and was partly delivered to
the outer sea by tidal currents. After the north dike was extended to its

present location, suspended sediment driven by tidal currents tends to
deposit at the EHS, resulting in enhanced accretion (Fig. 8b). Mean-
while, the mouth of the North Channel converted from accretion to
strong erosion, forming the northern erosion zone (Fig. 6b). Erosion at
the seaward end of the North and South Passage was enhanced by the
training walls superimposed upon erosion due to river sediment re-
duction. The eroded sediment from both erosion zones was partially
transported across the south dike and may become an important source
for back-siltation of the navigation channel along the North Passage
(Zhu et al., 2016), while the rest was dispersed by the alongshore
coastal current towards the south. It is suggested that the retained ac-
cretion of the mouth bar area in 1997-2010 as described by Luan et al.
(2016) largely relied on sediment eroded from the subaqueous delta in
addition to fluvial supply. With the conversion from accretion to ero-
sion due to river sediment reduction, the Yangtze River delta showed
complicated evolution patterns under large-scale estuarine engineering
projects.

5.3. Implications for delta management

The geomorphic functions of the Yangtze River delta have been
significantly affected by large-scale estuarine engineering projects.
Present study indicates that the DNCP induced strong deposition at
local and adjacent sites, including the groyne-sheltered areas, the deep
navigation channel (back-siltation) and the EHS. Moreover, it is re-
ported that the dredging materials along the navigation channel pro-
vided a considerable amount of sediment for land reclamation at the
EHS. According to the schematized paths of sediment transport after the
DNCP (Fig. 8b), siltation promoting projects within the mouth bar area
could aggravate the erosion at the subaqueous delta through accumu-
lating the eroded sediment for land creation and shallow shoal accre-
tion. The present erosion thickness has not yet reached the maximum
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Fig. 8. Schematized paths of sediment transport (arrows) and erosion/deposition patterns at the Yangtze subaqueous delta before (a) and after (b) the DNCP.

(Yang et al., 2017), suggesting that deepening is likely to continue in
the future. Continuous erosion at the subaqueous delta may cause en-
gineering failures and increase the exposure risk of buried oil/gas pi-
pelines. Close attention on the erosion zones is required for the safety of
engineering structures. Besides, the EHS is proposed to build an ex-
cavated harbor basin to meet the increasing shipping demand of the
Shanghai Harbor (Ding and Li, 2013). Though the dike-induced ac-
cretion at the EHS is favorable for the harbor construction, net erosion
was observed at the EHS after 2010. Therefore, sustainable manage-
ment of the Yangtze River delta requires continuous bathymetry mea-
surements and reliable prediction on evolution trend under both con-
tinuous river sediment reduction and construction of new engineering
projects in the future (Yang et al., 2014). Among the global dataset of
river deltas, the Yangtze River delta is a typical example under inter-
active impacts of large-scale engineering projects in both the watershed
and the estuary (Syvitski et al., 2009; Tessler et al., 2015). The re-
sponding time of the subaqueous delta to human interventions and its
equilibrium status remain unknown and merits further systematic re-
search.

6. Conclusions

This study addresses the morphological impacts of large-scale es-
tuarine engineering projects on the Yangtze River delta in 1997-2013
combining process-based simulations (Delft3D) and bathymetric data
analysis. The period 1997-2013 coincides with the construction period
of the DNCP along the North Passage (1997-2010). The results reveal
that the seaward part of the mouth bar area and adjacent subaqueous
delta, defined as the study area, converted from net accretion to net
erosion, primarily caused by river sediment reduction. The erosion/
deposition pattern of the study area show strong spatial variations in
1997-2013. Two erosion zones formed at the mouth of the North
Channel and the seaward end of the North and South Passage, respec-
tively. The EHS involved abnormal accretion under decreasing sedi-
ment discharge, and the accretion peaked in 2002-2007. Process-based
modeling approach (Delft3D) is applied to investigate the impacts of
the training walls. Hydrodynamic simulations indicate that the training
walls change the flow pattern at the EHS from rotating to reciprocating
with decreased flow velocity, particularly with decreased bed shear
stress during ebb tide. Longer tidal slack period and weaker hydro-
dynamic condition characterize the EHS as a zone of sediment

10

starvation. The flow pattern at the southern erosion zone shows no
evident change after the DNCP, whereas the currents are enhanced as
reflected by larger bed shear stress during rising tides. Morphological
modeling results show that the training walls enhanced the accretion at
the EHS and erosion at the southern erosion zone, and these impacts are
primarily contributed by the seaward half of the north dike. This can
explain the accretion peak of the EHS in 2002-2007, during which the
seaward halves of the twin dikes were constructed in Phase II
(2002-2005). The schematized sediment transport paths after the
DNCP indicate that siltation promoting projects within the mouth bar
area increased shallow shoal accretion and aggravated erosion at the
subaqueous delta. Overall, these results can be beneficial to sustainable
management of the Yangtze River delta and other similar large river
deltas under diminishing river sediment supplies and local human in-
terventions.
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