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In� uences of topography
changes on the evolution of
salinity intrusion in the North
Branch of the Yangtze River
Estuary over the past 70 years
Rui Ma1, Zhilin Zhang2, Yidi Yang2, Zhigang Guo1,
Jianrong Zhu3* and Yihe Wang3

1Department of Environment Science and Engineering, Fudan University, Shanghai, China, 2Survey
Bureau of the Hydrology and Water Resources of Changjiang Estuary, Shanghai, China, 3State Key
Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai, China
Estuarine topography in� uences hydrodynamics and salinity intrusion. The most
signi� cant feature of salinity intrusion in the Yangtze River Estuary is the salt-
spilling-over (SSO) into the South Branch from the North Branch (NB), which
affects the utilization of freshwater resources in the South Branch where three
reservoirs were built. The topography in different decades from the 1950s to the
2020s was collected, and a numerical model was adopted to simulate
the topography changes on salinity intrusion and SSO. From the 1950s to the
2020s, the topography of the Yangtze River Estuary changed greatly, especially in
the NB. The channel area of the NB decreased by 55.56%, and its channel volume
decreased by 57.57%. The numerical simulation results showed that the evolution
of salinity intrusion in the NB and SSO experienced weakening–enhancing–
weakening processes. The NB was covered by high-salinity water and
experienced the SSO in the 1950s. The SSO distinctly weakened in the 1970s
and 1980s, greatly enhanced in the 1990s, reached its most severe level in the
2000s, and signi� cantly weakened in the 2010s and 2020s. From the 1950s to the
2020s, the tidal prism of the NB constantly decreased, with a reduction of 62.32%
during spring–neap tide. The variations in the net water � ux, net salt � ux, and
water diversion ratio in the upper section of the NB were consistent with the
evolution processes of SSO. The evolution mechanisms of the salinity intrusion
and SSO were elucidated in view of changes in the estuarine topography and
dynamic factors.
KEYWORDS

estuarine reservoir, multi-branching estuaries, salinity intrusion, salt-spilling-over,
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1 Introduction

Estuarine regions hold critical ecological and economic
signi�cance globally, supporting dense populations and intense
economic activity (Delgado et al., 2017; Chen et al., 2024; Jung
et al., 2024). A key challenge for estuarine sustainability is salinity
intrusion, which threatens freshwater security for human
settlements and economic hubs (Mekonnen and Hoekstra, 2016;
Jumain et al., 2022; Aziz and Tarya, 2024; Li et al., 2024). In multi-
branch estuaries, this issue is compounded by saltwater spillover
dynamics, where saltwater from one branch intrudes into adjacent
branches, exacerbating freshwater scarcity (Ge et al., 2022; Yang
et al., 2023). Previous studies have established short-term drivers of
salinity intrusion, such as tides, river discharge, wind, and mixing.
River discharge determines freshwater in�ux and seaward
transport, tides drive landward salt transport via �ood currents
and vertical mixing, and ebb currents export freshwater seaward
(Pritchard, 1952; Zhang et al., 2023; Hlaing et al., 2024). Local and
remote winds regulate estuarine circulation through localized drag
and remote alongshore water transport, altering estuarine salinity
intrusion (Zhu et al., 2020; Scroccaro et al., 2023; Tao et al., 2024;
Ma et al., 2025). Changes in topography in�uence salinity intrusion
by changing estuarine hydrodynamics, such as tidal prisms, �ow
partitioning, tidal currents and estuarine circulation (Guo et al.,
2022; Kolb et al., 2022; Kwak et al., 2023; Yang et al., 2023).
However the long-term control of topographic evolution on
saltwater spillover dynamics remains poorly quanti�ed,
particularly in large anthropogenically modi�ed systems like the
Frontiers in Marine Science 02
Yangtze River Estuary (Chen et al., 2019; Guo et al., 2022). This
knowledge gap limits predictive capacity for freshwater resource
management under ongoing morphological changes.

The Yangtze River is the third-largest river in the world and
discharges vast amounts of freshwater (9.24×1011 m3) into the East
China Sea each year (Shen et al., 2003). The Qingcaosha,
Dongfengxisha, and Chenhang estuarine reservoirs were
constructed to meet the freshwater demand for Shanghai
(Figure 1), which is an international metropolis near the Yangtze
River Estuary that has 24.8 million residents. These estuarine
reservoirs are frequently affected by salinity intrusion. As a multi-
bifurcated estuary, its most signi�cant feature is the water-spilling-
over (WSO) and salt-spilling-over (SSO) into the South Branch (SB)
from the North Branch (NB) (Yang et al., 2023; Ge et al., 2022; Lyu
and Zhu, 2018; Wang and Ge, 2025). The reservoirs in the SB suffer
the frontal salinity intrusion and the SSO.

Previous studies have shown that the topography changes
in�uence the salinity intrusion in the Yangtze River Estuary (Chen
et al., 2019; Lyu and Zhu, 2018). These studies were conducted on a
relatively short time scale. In this study, we collect the shoreline and
water depth data from the 1950s to the 2020s (include 1950s, 1970s,
1980s, 1990s, 2000s, 2010s, 2020s), which is a relatively large time
scale, to analyze the topography changes occurring in each decade; in
addition, we focus on the evolution of SSO in each decade through
numerical simulations. This research holds signi�cant scienti�c value
for advancing the understanding of salinity intrusion dynamics in
large multi-branched estuaries and provides critical insights into
safeguarding freshwater security in estuaries.
FIGURE 1

Topography of the Yangtze River Estuary. White areas indicate the locations of the reservoirs. Black line: Sec. 1 is the longitudinal section along the
NB. Red line: Sec. 2 and Sec. 3 are the transverse sections at the upstream and downstream, respectively, of the NB. Blue dots: S1 is the model
output site of elevation; Qingniu are ocean stations used for model validation.
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2 Methods

2.1 Numerical model settings

This study applies the numerical model ECOM-si (Blumberg
and Mellor, 1987), which was improved to better simulate
hydrodynamics and material transport (Wu and Zhu, 2010).
Extensive calibrations, validations and applications were
conducted in the Yangtze River Estuary, and the results showed
that the model could correctly simulate hydrodynamics and salinity
intrusion (Yang et al., 2023; Lyu and Zhu, 2018; Wu et al., 2023; Zhu
et al., 2020). The model adopted a curvilinear nonorthogonal mesh
in the horizontal and s coordinates in the vertical, covering the
Yangtze River Estuary and adjacent seas from 27.5°N to 33.5°N and
117.5°E (Datong hydrologic station, the tidal limit during the dry
season) to 125°E (Figure 2a). The highest grid resolution of 100 m is
in the di�uence of the NB and SB. The computational domains were
consistent in all decades (1950s–2020s), with local grid adjustments
being made according to changing shorelines inside the estuary
(Figures 2b-h). The open sea boundary of the model was speci�ed
by tidal elevation and residual elevation. The upstream boundary
was driven by river discharge measured at the Datong hydrologic
station. The detailed con�gurations of open sea and river boundary
conditions, wind �eld, and initial condition of salinity can be
referred to in literature (Ma and Zhu, 2022).

This study primarily focuses on the in�uences of topography
changes on the evolution of salinity intrusion in the North Branch.
To isolate the effects of topographic variations and exclude
interference from other factors, we employed long-term monthly
mean river discharge and wind data in the model setup. We
acknowledge this approach introduces a potential limitation in
capturing inter-annual variability and its possible impacts on the
results. The simulations began from 1 December 2024 to 1 February
2025, with the �rst two months allocated for model adjustment and
stabilization. The analysis was focused on February data. The river
discharge adopts the long-term monthly means (1950–2025) of
14081, 11587 and 12378 m3/s in December, January and February,
respectively. The monthly mean of the wind �eld from 2004 to 2024
was adopted.
2.2 Model validation

The numerical model employed in this study has been
thoroughly validated. To further con�rm the model’ s reliability,
validation was performed using observed elevation and salinity in
February 2025. Correlation coef�cient, root mean square error, and
skill score were employed to evaluate the model performance. The
skill score was introduced as a statistical metric to describe the
degree to which the observed deviations from the observed mean
correspond to the simulated derivations from the observed mean. It
classi�ed the model results into four categories to evaluate model
performance according to the SS: > 0.65, excellent; 0.5-0.65, very
good; 0.2-0.5, good; and <0.2, poor (Murphy, 1988).
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The validation results for elevation and salinity at Qingniu
station in February 2025 further con�rm the reliability of the model
(Figure 3). The simulated salinity accurately captured the variation
of the salinity with tidal cycles, and the simulated elevation aligned
almost perfectly with observed data. For salinity and elevation, the
correlation coef�cients reached 0.99 and 0.98, root mean square
errors were 0.06 and 0.65 psu, and skill scores attained 0.99 and
0.97, respectively.
3 Results

3.1 Topography evolution of the estuary

The topography of the Yangtze River Estuary in the 1950s,
1970s, 1980s, 1990s, 2000s, and 2010s are shown in Figure 4, and
the topography in the 2020s is shown in Figure 1. In the 1950s
(Figure 4a), the NB was wide, especially at the di�uence between the
NB and SB, and the Yonglongsha shoal was present in the middle
section. Changxing Island had not yet formed; it has had only
several shoals. In the 1970s (Figure 4b), the island at the di�uence
between the NB and SB merged into the west shoreline, and the
upper end of the NB became narrower. Then, Changxing Island
formed. The Jiuduan Sandbank became increasingly enlarged,
dividing the South Channel into the North Passage and South
Passage and forming a three-level di�uence and four outlets pattern
(Shen et al., 2003; Zhang et al., 2011). In the 1980s (Figure 4c), the
Yonglongsha shoal developed into the Xinglongsha shoal in the NB.
In the 1990s (Figure 4d), the Xinglongsha shoal was prolonged, and
the Xincunsha and Lingdiansha appeared upstream. The
Jiuduansha Sandbank increased between the North Passage and
South Passage. In the 2000s (Figure 4e), the Xinglongsha shoal
merged into Chongming Island, the Lingdiansha shoal merged with
the north shoreline, and the upper end of the NB became
increasingly narrow. Major projects, such as the deep Waterway
Project in the North Passage and the Nanhui Shoal reclamation
project, were conducted. In the 2010s (Figure 4f), the Xincunsha
shoal was reclaimed and merged into Chongming Island. Major
projects, such as the Qingcaosha Reservoir, the largest estuarine
reservoir, and the reclaimed new land on the Eastern Hengsha
Shoal, were completed. In the 2020s (Figure 1), the southern side of
the lower section and upper end of the NB became signi�cantly
shallower than before. The shoreline changes in the Yangtze River
Estuary from the 1950s to the 2020s revealed that the most
signi�cant shoreline change occurred in the NB (Figure 5). The
NB became increasingly narrow, especially on the southern
shoreline in the lower section and at the upper end of the NB.

Owing to natural evolution and human intervention, the
topography of the Yangtze River Estuary underwent signi�cant
changes from the 1950s to the 2020s. The NB experienced the most
drastic changes, and its area and volume persistently decreased
(Table 1). From the 1950s to the 2020s, the channel area of the NB
decreased from 813 million m2 to 362 million m2, a reduction of
55.56%. The channel volume decreased from 4.14 billion m3 to 1.76
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billion m3, a reduction of 57.57%. The most severe decline in
channel area occurred from the 1980s to the 2000s, with an
average annual decrease exceeding 10 million m2. The sharpest
decrease in channel volume occurred between the 1980s and 1990s,
when it decreased by 661 million m3 annually. The substantial
changes in the NB from the 1980s to the 2000s were primarily
Frontiers in Marine Science 04
caused by the extensive reclamation projects being performed in
Chongming East Shoal, Lingdiansha, Xinglongsha, and Xincunsha.

A more detailed depiction of changes in the channel width and
cross-sectional area along the NB is analyzed. The channel is
uniformly divided into 9 parts, P1 to P9 (Figure 5), from
upstream to downstream. The channel width and cross-sectional
FIGURE 2

Model calculation domain and curvilinear grids (a). Grids matching the coastlines in the 1950s (b), 1970s (c), 1980s (d), 1990s (e), 2000s (f), 2010s
(g) and 2020s (h) in the Yangtze River Estuary.
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area persistently decreased from the 1950s to the 2020s
(Figures 6a, c).

During the 1950s–1970s, channel narrowing occurred primarily
in the middle–upper section, especially in P5–P8 (Figure 6b), with
reductions of 31.93%, 22.41%, 37.73% and 34.81%, respectively. The
cross-sectional area decreased signi�cantly (29.26%), with the
reduction being far greater downstream (26.81%) than upstream
(3.96%). P1 showed the smallest decrease of 17.41%, whereas P8
showed the greatest decrease of 51.45% (Figure 6d).

During the 1970s–1980s, channel narrowing occurred mainly in
the lower–middle section (P2–P4) and the upper section (P8–P9).
The channel width in P2 and P4 decreased by 20.97%. The cross-
sectional area decreased substantially in all parts except for the
upper reach, P8–P9. The decreases ranged from a minimum of
13.07% in P8 to a maximum of 25.13% in P2.

During the 1980s–1990s, channel narrowing was concentrated
in the middle and upper section, particularly P6 and P7 in the
upper–middle section and P9 near the di�uence of the NB and SB,
with reductions of 37.64%, 30.21%, and 25.30% for P6, P7, and P9,
respectively. The cross-sectional area decreased in all parts except
for P1, whose average increase was small (1.74%). The greatest
decreases occurred in P6, P7 and P9, reaching 37.59%, 32.05% and
37.87%, respectively.

During the 1990s–2000s, channel narrowing in the NB was
particularly severe. Narrowing exceeded 10% in all parts, surpassing
30% in P3–P4 and P8–P9. P9 experienced a narrowing rate
exceeding 45%. The cross-sectional area reduction was severe,
especially in the middle–lower P3 and upper P8–P9, with
decreases of 33.34%, 50.34% and 41.53%, respectively.

During the 2000s–2010s, the channel narrowing trend was
moderate (14.84%). The degree of narrowing reached 26.38% and
31.78% in P5 and P6, respectively, but the reductions in the other
parts were less than 23.06%. The cross-sectional area decreased
slightly in the middle–lower section (P1–P6, -9.09%) but increased
Frontiers in Marine Science 05
signi�cantly in the upper section (P7–P9, 45.62%). The most severe
decrease (20.95%) occurred in P2, whereas the greatest increase
(64.49%) occurred in P8.

During the 2010s–2020s, signi�cant channel narrowing
occurred only in P2 (22.72%) and P8 (10.01%). The channel
narrowing in the other parts was less than 4.85%. The cross-
sectional area generally decreased downstream (-13.52%) but
increased upstream (1.56%). Apart from a signi�cant decrease in
P2 of 24.35%, the changes in the other parts were relatively small.
The greatest increase in P9 was 6.18%.

In summary, the NB has been narrowing distinctly since the
1950s and experienced moderate channel narrowing after the 2010s.
The cross-sectional area of the entire NB signi�cantly decreased
before the 21st century and still decreased in the lower section but
increased in the upper section of the NB after the 21st century.
3.2 Tidal prism and tide range in the north
branch

The simulated elevation time series at point S1 (Figure 1) under
the 1950s estuarine topography, along with the periods for the
tidally averaged tidal prism, salinity, water �ux and salt �ux in
spring–neap tide, are shown in Figure 7. From the 1950s to the
2020s, the tidal prism constantly decreased across Sec. 3 in the NB
(Table 2), with a reduction exceeding 62.32% during spring–neap
tide. The decline was less pronounced during spring tides (-59.58%)
than during neap tides (-62.89%). The decline in the tidal prism
during spring–neap tide was relatively small (-7.59%) from the
1950s to the 1970s, with a greater reduction (>18.19%) from the
1970s to the 1980s, a moderate decrease (12.85%) from the 1990s to
the 2000s, and the greatest decrease (-24.48%) from the 2000s to the
2010s, with a further slow decline (~9.88%) from the 2010s to
the 2020s.
RE 3FIGU

Comparison between the observed (black) and modeled (red) elevation (a) and salinity (b) at the Qingniu station in February 2025.
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The simulated maximum tidal range along the NB from the
1950s to the 2020s exhibited more complex variations than the tidal
prism did (Figure 6e). The bottom section of the NB feature a
funnel-shaped topography that gradually narrowed upstream,
causing the tidal range to increase in the lower section and then
decrease upstream, with the minimum tidal range occurring at the
di�uence of the NB and SB. In the 1950s, the maximum tidal range
was 4.55 m at 29 km along the NB, and the minimum tidal range
was 2.87 m. In the 1970s, the maximum tidal range increased to
4.70 m at 23 km, and the minimum tidal range was 2.80 m.
Compared with those in the 1950s, the tidal ranges generally
increased, except in P9; the greatest increase of 7.82% occurred
in P7 (Figure 6f). In the 1980s, the maximum tidal range was 4.58 m
Frontiers in Marine Science 06
at 18 km, and the minimum was 2.82 m. Compared with those in
the 1970s, the tidal ranges generally decreased, especially in the
middle section, with the greatest decline of 8.46% occurring in P7.
In the 1990s, the maximum tidal range increased to 4.98 m at 17
km, and the minimum remained at 2.82 m. Compared with those in
the 1980s, the tidal ranges increased in the middle and lower section
but decreased in the upper section.

In the 2000s, the maximum tidal range increased to 5.04 m at
19 km, and the minimum increased to 3.09 m. Compared with those in
the 1990s, the tidal ranges increased overall, particularly in upper P7,
P8 and P9, which increased by 24.58%, 17.02%, and 11.86%,
respectively. In the 2010s, the maximum tidal range was 4.86 m at
26 km, and the minimum tidal range was 3.45 m. Compared with those
FIGURE 4

Topography of the Yangtze River Estuary in the 1950s (a), 1970s (b), 1980s (c), 1990s (d), 2000s (e), and 2010s (f). Topography in the 2020s is shown
in Figure 1. Shoals and major estuarine projects in different decades were labelled.
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in the 2000s, the tidal ranges generally decreased by approximately
1.67% to 5.57%, except in P9 near the di�uence zone, where the range
increased by 12.98%. In the 2020s, the maximum tidal range was
4.67 m at 16 km, and the minimum tidal range was 3.49 m. Compared
with those in the 2010s, the tidal ranges slightly decreased by 2.08%
to 4.51% in the lower section (P1 to P4) and most of the upper section
(P9) but slightly increased in the middle–upper section (P5–P8), with
the greatest increase of 2.11% occurring in P6.

The tidal prism of the NB across Sec. 3 (Figure 1) in spring and
neap tides from the 1950s to the 2020s is shown in Table 2. In spring
tides, the maximum tidal prism in the NB occurred in the 1950s,
with a value of 17.96×108 m3 because it had the greatest channel
width and area at the river mouth (Table 1), and the minimum tidal
prism occurred in the 2020s, with a value of 7.26×108 m3 because it
had the smallest channel width and area at the river mouth. In the
neap tides, the maximum tidal prism occurred in the 1950s, with a
value of 6.12×108 m3, and the minimum tidal prism was in the
2020s, with a value of 2.29×108 m3.
3.3 Salinity intrusion in the north branch

Undoubtedly, changes in river topography signi�cantly alter
estuarine hydrodynamics and salinity intrusion patterns. For
instance, studies in the Pearl River Estuary and the Weser Estuary
have demonstrated that both natural processes and anthropogenic
Frontiers in Marine Science 07
interventions have driven profound topographic transformations,
leading to dramatic shifts in hydrodynamic regimes and salinity
intrusion dynamics (Yuan and Zhu, 2015; Liu et al., 2019; Kolb
et al., 2022). Salinity intrusion events of the Yangtze River Estuary
in different decades from the 1950s to the 2020s were simulated
under monthly mean wind and river discharge to investigate the
evolution of WSO and SSO. In the 1950s, the NB was �lled with
saline water, and the SSO occurred during that decade (Figure 8a).
In�uenced by the SSO, water with a salinity greater than 0.45 psu
(the salinity standard of drinking water) was transported along the
northern shore of the SB in spring tides. In neap tides, the saltwater
that transported downstream due to the persistent SSO during
spring tide converged with saltwater that intruded from the North
Channel, resulting in the salinity exceeding 0.45 psu along the south
coast of Chongming Island (Figure 8b).

In the 1970s, the intensity of the salinity intrusion in the NB
weakened. In spring tides, only a small amount of saltwater spilled
into the SB, resulting in a small saltwater mass appearing in the
upper section of the SB (Figure 8c). In neap tides, a small freshwater
area appeared in the upper NB (Figure 8d). Compared with that in
the 1950s, the SSO level dramatically weakened.

During the 1980s, the intensity of the salinity intrusion in the
NB further weakened. In spring tides, the SSO disappeared, and
saltwater was not present in the SB (Figure 7e). In neap tides, the
area of freshwater in the upper NB increased (Figure 8f).

In the 1990s, the salinity intrusion in the NB and the SSO
increased signi�cantly. During spring tides, large amounts of
saltwater spilled into the SB, causing extensive areas of saltwater
to appear in the upper and middle section of the SB. The saltwater
even reached the southern shore in the middle section of the SB
(Figure 8g). During neap tides, the SSO disappeared. The saltwater
that spilled into the SB during spring tide moved downstream and
converged with the frontal intrusion saltwater in the North and
South Channel. This convergence resulted in only a small area of
freshwater remaining in the upper section and along the southern
shore of the middle section of the SB (Figure 8h).

In the 2000s, the salinity intrusion and SSO further increased,
resulting in signi�cant decreases in the freshwater in the SB. During
spring tides, substantial saltwater entered the SB from the NB, which
was transported downstream and spread southward, with freshwater
only being present in an area adjacent to the di�uence of the North
Channel and South Channel (Figure 9a). During the neap tides, SSO
still existed, and saltwater was further transported downstream,
converging with the frontal intrusion saltwater from the North
Channel and South Channel and restricting freshwater to a small
zone along the southern shore of the upper section of the SB (Figure 9b).

In the 2010s, the salinity intrusion in the NB weakened
substantially, and the SSO disappeared. Small amounts of
FIGURE 5

Changes in the shoreline of the Yangtze River Estuary from the
1950s to the 2020s. The NB is uniformly divided into 9 parts, P1–P9,
for calculating the channel area and volume. Red line: 1950s;
orange line: 1970s; cyan line: 1980s; green line: 1990s; blue line:
2000s; purple line: 2010s; and black line: 2020 (hereinafter the
same).
TABLE 1 Channel area and volume of the NB in different decades.

Variables 1950s 1970s 1980s 1990s 2000s 2010s 2020s

Channel area (108 m�) 8.13 7.45 6.61 5.52 4.49 3.87 3.62

Channel volume (109 m�) 4.14 3.41 3.01 2.35 2.08 1.93 1.76
frontiersin.org

https://doi.org/10.3389/fmars.2026.1765269
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ma et al. 10.3389/fmars.2026.1765269
TABLE 2 Tidal prism of the NB during spring–neap, spring and neap tides from the 1950s to the 2020s (unit: 108 m�).

Tidal type 1950s 1970s 1980s 1990s 2000s 2010s 2020s

Spring-neap 14.26 13.17 10.78 9.38 7.89 5.96 5.37

Spring 17.96 16.53 13.59 12.12 10.39 7.93 7.26

Neap 6.12 5.40 4.60 4.13 3.51 2.49 2.29
F
rontiers in Marine Science
 08
FIGURE 6

Distribution (left) and variation (right) of the width (a, b), cross-sectional area (c, d) and modeled maximum tidal range (e, f) along the NB (0 km in
the lower section) from the 1950s to the 2020s.
FIGURE 7

Modeled time series of elevation at point S1 under the topography of the 1950s. Gray shadows: tidally averaged periods during spring tide, MAS tide,
neap tide and MAN tide.
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