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1. Introduction
Saltwater intrusion is the landward movement of saltwater under the combined influence of tidal forcing and 
river flow, which is also strongly influenced by channel geometry. The degree of saltwater intrusion influences 
not only directly estuarine ecology (Watanabe et al., 2014) and freshwater supply to densely populated deltas but 
also indirectly through its impact on sediment dynamics (van Maanen & Sottolichio, 2018; Wan & Zhao, 2017; 
Wolanski et al., 1996). Sediment dynamics additionally influence the ecological state of the estuary through its 
impact on the light climate (Talke et al., 2009), and drive siltation in tidal channels, often resulting in dredging 
requirements in urbanized delta systems (Hossain et al., 2004; Jeuken & Wang, 2010; van Maren, van Kessel, 
et al., 2015; S. Wu et al., 2016).

Saltwater intrusion is mainly controlled by river discharge, tide, wind, sea-level rise (SLR), and morphologi-
cal changes. A high river discharge results in a reduced saltwater intrusion. The relationship between saltwa-
ter intrusion length and river discharge follows a power law with an exponent coefficient varying in different 
estuaries (Banas et al., 2004; Monismith et al., 2002). The effect of tides on saltwater intrusion is also closely 

Abstract A decline of the fluvial sediment supply leads to coastal erosion and land loss. However, the 
fluvial sediment load may influence not only coastal morphodynamics but also estuarine hydrodynamics 
and associated saltwater intrusion. Previous studies revealed that suspended sediments influence estuarine 
hydrodynamics through various flow–sediment interactions. In this contribution, we systematically investigate 
how changes in fluvial sediment load and other climate-change-induced environmental change influence 
estuarine hydrodynamics and sediment dynamics. For this purpose, we utilize a well-calibrated fully coupled 
model in which hydrodynamics, saltwater intrusion, and sediment transport interact with each other, to explore 
saltwater intrusion in the Yangtze Estuary in response to a decline in the sediment load, modified discharge, 
and sea-level rise. Model results suggest that a 70% decline in the suspended sediment load weakens the impact 
of  sediments on salinity-induced stratification and thereby reducing saltwater intrusion. Sea-level rise or 
discharge peak reduction increases saltwater intrusion. However, a fully coupled model accounting for sediment 
effects predicts a much larger increase in saltwater intrusion compared to noncoupled models. Whether this 
effect is important depends on estuarine sediment concentrations and therefore the potential role of sediments 
should be carefully investigated before applying a noncoupled model. This work highlights not only the 
relevance of a suspended sediment decline but also the use of fully coupled models for predicting saltwater 
intrusion in turbid estuaries and has broad implications for freshwater resource management in turbid estuarine 
systems influenced by human interventions and climate change.

Plain Language Summary Saltwater intrusion is strongly influenced by river flow, tides, and 
morphology in estuaries. In highly turbid estuaries, high suspended sediment concentrations interact with 
salinity, which also plays an important role in saltwater intrusion and freshwater resources. However, many of 
these estuaries are suffering from a reduction in sediment supply, leading to reduced sediment concentration 
in recent decades. In this study, we employ a fully coupled three-dimensional numerical model to investigate 
the effect of reduced sediment supply on saltwater intrusion. The fully coupled model predicts a much larger 
increase in saltwater intrusion in response to sea-level rise or modulation of the river discharge compared to 
noncoupled models. In contrast, a decline in riverine sediment supply weakens sediment–turbulence interaction, 
thereby decreasing saltwater intrusion. These findings are important for the management of sediment and 
freshwater resources in turbid estuaries.
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related to the degree of tidal mixing. For a well-mixed or salt wedge estuary, salt intrudes more landward during 
spring tides than during neap tides (Brockway et al., 2006; Ralston et al., 2010; Uncles & Stephens, 1996; Xue 
et  al.,  2009), whereas in partially mixed estuaries, the upstream salt flux is largest during neap tides (Banas 
et al., 2004; Lerczak et al., 2009; Monismith et al., 2002; Ralston et al., 2008). SLR increases water depth and 
benefits inland tidal propagation, which may strengthen estuarine circulation (Chua & Xu, 2014) and enhance 
saltwater intrusion (Prandle & Lane, 2015; Rice et al., 2012; Robins et al., 2016). Persistent northerly wind may 
enhance saltwater intrusion in the Yangtze Estuary by landward Ekman currents (L. Li, Zhu, et al., 2020; H. Wu 
et al., 2010; Xue et al., 2009). Strong wind events may also induce water level setup, an increase in flood current 
velocity, and a decrease in ebb-directed current velocity and freshwater inflow, enhancing saltwater intrusion (E. 
Zhang et al., 2019). Moreover, various human interventions have influenced the degree of saltwater intrusion, 
especially morphological changes resulting from channel deepening (S. Wu et  al.,  2016) or modifications in 
river discharge (Gong & Shen, 2011) or sediment transport (Eslami et al., 2019). In the future, such anthropo-
genic influences will only become more pronounced as a result of climatic change-induced shifts in precipitation 
patterns and SLR (Chen et al., 2016; Rice et al., 2012; Talke & Jay, 2020; van Maanen & Sottolichio, 2018), river 
discharge changes (Alfieri et al., 2015; Robins et al., 2016; Talke & Jay, 2020), and tidal channel deepening (van 
Maren, Winterwerp, et al., 2015; S. Wu et al., 2016).

Sediment dynamics are controlled by hydrodynamics, and at the same time, sediment dynamics may exert feed-
back to the hydrodynamics, thus affecting saltwater intrusion, particularly in highly turbid estuaries. High sedi-
ment concentrations suppress turbulence mixing, influence hydraulic drag, and thus affect tidal propagation. 
Many estuaries have regions of elevated suspended sediment concentrations (SSCs; i.e., estuarine turbidity maxi-
mum or ETM) resulting from converging sediment transport (Dyer, 1997). The residual sediment transport is 
strongly influenced by the salinity-induced density gradient (Festa & Hansen, 1978) and tidally varying stratifi-
cation (Simpson et al., 1990). Therefore, ETMs are often located at the landward limit of saltwater intrusion. In 
turn, sediments also influence saltwater intrusion due to feedback between SSC, velocity, water level, salinity, 
and tidal amplification (C. Zhu, van Maren, et al., 2021) with higher SSC leading to stronger saltwater intrusion. 
Many river systems have experienced a decline in their sediment load resulting from the construction of upstream 
reservoirs (Besset et al., 2019; Dunn et al., 2019; L. Li, Ni, et al., 2020; J. P. Syvitski et al., 2009), which probably 
causes a reduction in sediment concentration in estuaries and then influences saltwater intrusion. However, the 
role of sediment dynamics on saltwater intrusion has so far remained unexplored.

The Yangtze Estuary is a strongly engineered system with regulated river flow, sediment load, and local geom-
etry. Saltwater intrusion in the Yangtze Estuary has been studied both analytically (Cai et al., 2015; E. Zhang 
et al., 2011, 2019) and numerically (Chen et al., 2016; H. Wu et al., 2010; Xue et al., 2009; J. Zhu et al., 2018). 
Moreover, saltwater intrusion in the Yangtze Estuary has been studied for natural effects and climate change, 
that is, the effect of wind (L. Li, Zhu, et al., 2020; H. Wu et al., 2010; Xue et al., 2009; E. Zhang et al., 2019; J. 
Zhu et al., 2018) and SLR (Chen et al., 2016) as well as human interventions, for example, Three Gorges Dam 
(TGD), Deep Channel Navigation Project (DCNP), and Water Diversion Project (WDP), see J. Zhu et al. (2018). 
However, the impact of sediment dynamics on saltwater intrusion has not yet been investigated. This study 
numerically explores the effect of the changes in river discharge and sediment supply as well as SLR on altering 
the sediment dynamics and saltwater intrusion in the Yangtze Estuary.

2. Study Area
The Yangtze Estuary is a 650 km long estuary conveying large river discharge and sediment load supplied by 
the Yangtze River. The river discharge and sediment transport of the Yangtze River is highly variable, with river 
discharge ranging from 8,300 to over 90,000 m 3/s and SSC ranging from 0.01 to >3 kg/m 3. In the Yangtze River 
basin, two large projects regulate the river discharge and sediment load into the estuary: the TGD and WDP 
(Figure 1a). The TGD was constructed between 1993 and 2009 and put into operation in 2003 to store and flush 
water seasonally (L. Guo et al., 2018). Apart from the TGD, thousands of hydropower dams were built in the 
Yangtze River basin, altering the river flow seasonally and decreasing sediment supply to the estuary. Specifi-
cally, the high river discharge in the wet season decreases profoundly by ∼30% while the low river discharge in 
the dry season slightly increases by ∼10% due to the regulation, and the sediment load is reduced by 70% (L. 
Guo et al., 2018). The ongoing South-to-North WDP is a strategic project to mitigate water shortage in north-
ern China. It includes three water transfer plans: the western, middle, and eastern route project. Since 2014, 
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the WDP annually withdraws 18.3 billion m 3 of water from the Yangtze River basin, but when completed the 
total diversion capacity will be 44.8 billion m 3 per year (approximately 5% of the mean Yangtze River runoff; 
L. Guo et al., 2018). Moreover, extremely high floods occurred in 1954 (92,600 m 3/s), 1998 (82,300 m 3/s), and 
2020 (84,500 m 3/s), over ∼30% higher than the peak high river discharge in normal years. Relatively low river 
discharges are approximately 6,500–10,000 m 3/s, for example, in 1972 (7,060 m 3/s), 1979 (6,470 m 3/s), and 2006 
(9,660 m 3/s), 10%–40% lower than the low river discharge in normal years.

The Yangtze Estuary is morphologically characterized by 3 orders of bifurcation and four outlets into the sea. 
Approximately 5% of the river discharge is flushed through the North Branch and the major portion of river flow 
is discharged in the South Branch and the seaward channels (Figure 1b). The Yangtze River supplies freshwater 
to Shanghai through three reservoirs, that is, Dongfengxisha Reservoir, Chenhang Reservoir, and Qingcaosha 
Reservoir. The Qingcaosha Reservoir was built in 2010 along northwestern Changxing Island (Figure 1c), which 
is the largest one supplying more than 70% of the freshwater for the 13 million people in Shanghai. The salinity 
in the Yangtze Estuary near the intake of Qingcaosha Reservoir is therefore crucial for freshwater availability 
and used in this study as a metric to evaluate the impact of sediment dynamics on saltwater intrusion. Saltwater 
intrusion in the North Channel can affect water intake of the Qingcaosha Reservoir from the seaside, while salt 
spillover in the North Branch adds additional influence from the land side (Chen et al., 2016; J. Zhu et al., 2018). 
Hence, it is of particular importance to understand the salt dynamics in the Yangtze Estuary.

Figure 1. Map of (a) China, (b) South to North Water Diversion Project (WDP) and the Three Gorges Dam (TGD) in the 
Yangtze River basin (shade in blue), and (c) location of the freshwater reservoirs and saltwater intrusion paths in the Yangtze 
Estuary. DCNP, Deep Channel Navigation Project.
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3. Methods
3.1. Model Description

Past studies of saltwater intrusion were mainly based on analytical and numerical models. Analytical models 
have been used to predict saltwater intrusion length and longitudinal salinity distribution in estuaries. These 
analytical models can be used for simplified estuaries with prismatic and convergent channels (Prandle, 2004; 
Savenije, 2006) and can also account for tidal mixing under the river and tide forcing (Cai et al., 2015; Nguyen 
et al., 2012). More in-depth understanding of the mechanisms underlying saltwater intrusion in actual estuaries 
is obtained from three-dimensional (3D) numerical models (Cheng et al., 2012; Eslami, Hoekstra, Kernkamp, 
et al., 2021; Gong & Shen, 2011; Jeong et al., 2010; Ralston et al., 2010; J. Wang et al., 2019). In this study, we 
use a well-calibrated fully coupled 3D numerical model developed by C. Zhu, van Maren, et al. (2021). The full 
coupling herein refers to both salinity and sediment contributing to the fluid density, both thereby potentially 
damping turbulence and the driving gravity currents. Through complex feedback mechanisms, the SSC then 
influences water level, velocity, salinity, and in turn sediment. Note that including salinity-induced density effects 
is standard practice in numerical models, but including sediment-induced density effects (SedDEs) is not.

The 3D sediment transport model is set up using Delft3D (Lesser et al., 2004). The model application consists 
of hydrodynamic and sediment transport modules (C. Zhu, van Maren, et  al., 2021). The hydrodynamics are 
computed for one full year (2007) with a realistic river discharge hydrograph and tidal forcing to capture the 
convergence of sediment. The sediment transport module is supply limited, with an ETM arising from sedi-
ment supplied from the model boundaries rather than initial bed conditions (see Brouwer et al., 2018; Dijkstra 
et al., 2018; Hesse et al., 2019; van Maren et al., 2011, 2020; C. Zhu, van Maren, et al., 2021). This approach 
allows the establishment of equilibrium sediment response to subtle variations in hydrodynamic conditions (in 
contrasts with an alluvial bed approach, where the amount and location of bed sediment dominate ETM dynamics 
and location). Although the model keeps track of erosion and deposition rates through sediment availability, it 
does not account for morphologic updates. The sediment concentration contributes to the water density through 
the equation of state, thereby generating the SedDEs introduced above. The main SedDE results from horizontal 
density gradients (leading to a gravitational circulation comparable to that of salt) and suppression of turbulence 
mixing by vertical concentration gradients (see C. Zhu, van Maren, et al., 2021 for details). The SedDE can be 
optionally switched off, as will be done to quantify the effect of sediments.

3.2. Model Performance

The Yangtze Estuary model is calibrated for the water level, velocity, salinity, and sediment concentration. Both 
simulated water level and velocity show good agreement with observations (see Supporting Information S1). The 
model captures the salinity distribution and its effect on the convergence of sediment, despite some discrepancies 
in the location and magnitude (Figure 2). The largest discrepancy is that the simulated near-bed SSC in the ETM 
is approximately 1.5 kg/m 3 which is smaller than observations. The low near-bed sediment concentration may 
result from multiple reasons which have been discussed in C. Zhu, van Maren, et al. (2021), such as exclusion 
of flocculation and consolidation processes, limited lateral water and sediment exchanges due to blocked jetties 
and groins, and the near-bed grid resolution. Our underestimations of the actual sediment concentrations would 
suggest that our model underestimates the impact of SSC on ETM dynamics and saltwater intrusion (which will 
be presented in the following section). At the same time, modeling the impact of sediments on hydrodynamics 
introduces a range of uncertainties (see e.g., van Maren et al., 2020; C. Zhu, van Maren, et al., 2021; C. Zhu 
et al., 2022). We believe that these uncertainties as well as the underestimation of SSC influence the magnitude 
of the response, but to a lesser degree the type of response. In our interpretation of model outcome, we therefore 
focus on the type of response (landward/seaward migration of ETM and salt wedge), rather than the distance 
they migrate. Given the complexities of modeling ETM dynamics in supply-limited conditions (as in our model) 
and with high near-bed SSC, we believe that our model sufficiently captures SSC, salinity, and the interaction 
between SSC and salinity and that its deviations from observations do not negate the main findings in this work.

3.3. Model Scenarios

We define a number of simplified discharge and sediment load scenarios in order to systematically evaluate the 
model response to such changes. These scenarios represent human interventions but may also be used to interpret 
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climate change impacts, as will be elaborated in more detail in Section 5. To exclude the effect of variations in 
river discharge and sediment load from our model simulations, we impose simplified river discharge and sedi-
ment hydrographs, based on observations (Figure 3). We hereby assume that (a) there is only one significant 
flood peak each year and the hydrograph is symmetric; (b) there is no time lag between the river and sediment 
supply, and therefore the simplified hydrograph for sediments is also symmetric; (c) there is a linear relationship 
between the river discharge and SSC and therefore the seasonal variation of the SSC is the same as that of the 
river discharge. We construct two hydrographs with the same annual water discharge (878 billion m 3) but with 
a different seasonal variation, representing the pre-TGD (“HG-Q1”) and post-TGD situations (“HG-Q2”). The 
post-TGD (“HG-Q2”) accounts for the effect of dam constructions on reducing the seasonal variability of the 
river discharge compared to the pre-TGD (“HG-Q1”), that is, the maximum river discharge is reduced by 30%, 
and the minimum river discharge is increased by 10%. A third hydrograph (“HG-Q3”) represents a 20% reduction 
in river discharge (relative to HG-Q1) reflecting current trends (a 50 billion m 3/year reduction over the period 
1961–2019; Shi et  al., 2022) and future water extraction (for expanding industry, agriculture, and urban use, 
but also the 45 million m 3 which will be diverted from the Yangtze to the drier North). The sediment load is 
computed using rating curves. Two types of sediment rating curves are used: one resulting in an annual sediment 
loads of 486 Mt year −1 (“HG-S1,” representing pre-TGD conditions) and 146 Mt year −1 (“HG-S2,” representing 
the observed 70% reduction in sediment load by the TGD). Finally, we evaluate the impact of SLR by running a 
scenario with 1-m higher sea level.

To explore the effect of changes in river discharge, SLR, and sediment supply on saltwater intrusion, the various 
boundary conditions are combined into a series of sensitivity scenarios (Table 1). The effect of SLR is evaluated 
by using an increase in the average water level of 1 m.

4. Results
4.1. Effect of Changes in Boundary Conditions

The changes in river flow, SLR, and sediment supply alter the sediment trapping and saltwater intrusion (Figure 4). 
For all scenarios, the highest near-bed SSC in an ETM occurs at approximately km-120 (between Hengsha and 
Niupijiao). Under equal annual streamflow and sediment load, the reduced seasonal variability in river discharge 

Figure 2. Observed (a, b) and modeled (c, d) distribution of tidally averaged salinity (a, c) and sediment concentration (b, d). The observed data are averaged over a 
tidal period from 14 to 15 August 2007 (see Supporting Information S1). The modeled salinity and SSC are averaged over the wet season (May–October).
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weakens saltwater intrusion (C1-sed). A 20% reduced annual river discharge 
leads to stronger saltwater intrusion (C2-sed). But among all evaluated scenar-
ios, a SLR of 1 m (C3-sed) has the largest impact on saltwater intrusion with a 
landward migration of the 5 psu isohaline of approximately 10 km (compared to 
the reference C0-sed). On the other hand, saltwater intrusion is several km less 
for a scenario with a decline in sediment load (compare Figures 4e with 4a). 
Note that the effect of changes in boundary conditions on residual current can 
be found in Figure S8 in Supporting Information S1.

The various scenarios influence not only the annually averaged longitudinal 
distribution of SSC and salinity but also their seasonal variation (Figure 5). 
A flattened river discharge hydrograph moves the ETM (with a maximum 
SSC of ∼20 kg/m 3) seaward in the dry season due to higher river discharges 
in that period. In contrast, the ETM moves landward and reaches a maximum 
SSC of >30 kg/m 3 when the annual streamflow reduces or the mean SLRs 
by 1 m compared with the reference scenario (Figure 5a). In the wet season, 
a decrease in river discharge and SLR enhance sediment trapping (compared 
to the reference scenario C0-sed). The strongest sediment trapping occurs for 
SLR of 1 m with the maximum SSC of >30 kg/m 3 (Figure 5b). In contrast, a 
70% reduction in sediment supply results in SSC values in the ETM an order 
of magnitude lower. The maximum SSC of the ETM is slightly larger in the 
dry season (∼2 kg/m 3) than the wet season (∼1 kg/m 3).

Lower river discharges and SLR lead to stronger saltwater intrusion 
(Figures  5c and  5d). For instance, the C2-sed (11,148  m 3/s) and C1-sed 
(20,221  m 3/s) scenarios represent the lowest and highest mean river 
discharges in the dry season, and correspond to the weakest and strongest 
saltwater intrusion, respectively. However, 1 m of SLR (C3-sed) causes more 
saltwater intrusion than the modification of the river discharge (Figure 5c). 
The effect of the river discharge and SLR on saltwater intrusion is much less 
pronounced in the wet season (Figure 5c). The 70% reduction in sediment 
supply weakens saltwater intrusion in the dry and especially the wet season.

4.2. Effect of Coupling Sediments

To evaluate the effect of sediments, we compared the model results between the scenarios executed with a 
fully coupled model (including sediment–hydrodynamic interactions) and a noncoupled model, by examining 

Figure 3. Simplified hydrographs of (a) river discharge (HG-Q1, HG-Q2, and 
HG-Q3) and (b) suspended sediment concentration (SSC; HG-S1, HG-S2) at 
Datong according to the measurement in the pre-Three Gorges Dam (pre-TGD; 
1950–2003) and post-TGD (2004–2019) periods. The blue and red lines are 
the mean values of the pre- and post-TGD periods, whereas the shades indicate 
the variation range.

Notes Cases River discharge hydrograph SSC hydrograph SLR (m) SedDE

Reference C0-sed HG-Q1 HG-S1 0 Y

Changes in boundary conditions C1-sed HG-Q2 HG-S1 0 Y

C2-sed HG-Q3 HG-S1 0 Y

C3-sed HG-Q1 HG-S1 1 Y

C4-sed HG-Q1 HG-S2 0 Y

Without sediment effects C0-hydro HG-Q1 HG-S1 0 N

C1-hydro HG-Q2 HG-S1 0 N

C2-hydro HG-Q3 HG-S1 0 N

C3-hydro HG-Q1 HG-S1 1 N

C4-hydro HG-Q1 HG-S2 0 N

Note. Hydrographs for river discharge (HG-Q1, HG-Q2, and HG-Q3) and suspended sediment concentrations (SSCs; HG-S1 and HG-S2) refer to Figure 3. “HG-Q3” 
represents a 20% reduction in river discharge proportional to hydrograph “HG-Q1.” SedDE, sediment-induced density effect. SLR, sea-level rise.

Table 1 
List of Model Scenarios
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the differences in the surface and bottom salinity in the sensitivity scenarios compared to the reference case 
(Figures 5e–5h).

The effect of sediments on surface salinity indicates different spatial variations between the dry and wet season 
(Figures  5e and  5f). In the dry season, the fully coupled model predicts a higher surface salinity upstream 
of km-110 and downstream of km-160 (and a lower salinity in between) compared to the noncoupled model 
(Figure 5e). These changes in surface salinity are related to the variability in SSC. In the dry season, full coupling 
leads to a reduction in surface salinity in the part of the estuary where SSC is increasing in the landward direction 
(the seaward part of the ETM) and to an increase in surface salinity where SSC is decreasing in the landward 
direction (the most upstream section of the ETM). In the wet season, the increase in surface salinity occurred 
mainly offshore rather than the area with large horizontal SSC gradients and therefore the effects are relatively 
limited (Figure 5f).

Full coupling leads to an overall increase in the bottom salinity in both the dry and wet season (Figures 5g and 5h). 
In the dry season, the increase in bottom salinity is also closely related to the ETM location (Figure 5g). High SSC 
values (Figures 5a and 5b) lead to larger increase in bottom salinity; however, the more positively skewed shape 
of ETM corresponds to more uniform increase in salinity along the estuary. Specifically, the maximum increase 
in bottom salinity (>2 psu at km-110 in the scenario C3-sed) occurs for both high SSC and a positively skewed 
ETM shape. A 70% reduction in sediment supply leads to the weakest sediment convergence and therefore the 
smallest increase in bottom salinity, that is, the most pronounced increase occurs at km-110 by ∼1 psu. In the wet 
season, the increase in bottom salinity is constrained downstream of km-90 (Figure 5f).

Figure 4. Modeled longitudinal distribution of salinity (black contour lines) and suspended sediment concentration (SSC; 
color shading) in scenarios (a) C0-sed, (b) C1-sed, (c) C2-sed, (d) C3-sed, and (e) C4-sed (see Table 1).
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The different changes in the surface and bottom salinity induced by full coupling suggest changes in 
sediment-induced stratification, which is illustrated by longitudinal and vertical variability of the 0.75  psu 
isohaline (Figure  6). In the dry season, sediment-induced coupling causes pronounced landward shift of the 
median isohaline both near the surface and bottom than noncoupling with the “HG-Q1,” “HG-Q3” hydrographs, 
and SLR (Figures 6a, 6e, and 6g). Specifically, the median isohaline near the surface shifts landward by 51, 27, 
and 33 km, respectively, with coupling than noncoupling. For flattening river discharge (C1) and reduced sedi-
ment load (C4), the landward migration of surface median isohaline is minor (by 1.9 and 2.3 km, respectively), 
whereas the median isohaline in the bottom moves landward by 20 and 11 km, respectively (Figures 6c and 6i). 
The landward movement of the bottom isohaline due to the sediment coupling is much smaller in C1 and C4 than 
for the other scenarios simply because ETM extension is limited and less sediment is available (see Figures 4 
and 5a). In the wet season, sediment-induced coupling induces less than 1-km landward movement of the median 
isohaline near the surface for all scenarios compared to noncoupling (Figures 6b, 6d, 6f, 6h, and 6j). Near the 
bottom, sediment effects lead to the landward movement of the median isohaline by 11, 12, 13, 14, and 2 km, 

Figure 5. Modeled longitudinal variations of the bottom suspended sediment concentration (SSC; a, b), depth-averaged 
salinity in the fully coupled model (c, d), and salinity differences between the scenarios with a fully coupled and a noncoupled 
model in the surface (e, f) and bottom (g, h) layers in the dry (October–March, left) and wet (April–September, right) seasons 
(scenarios see Table 1). Positive value indicates an increase in salinity with the effects of sediment than without.
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respectively. The difference of median isohaline near the surface and bottom suggests that salinity-induced strat-
ification is enhanced by the effect of sediments particularly in the wet season.

The sediment load of the Yangtze Estuary is decreasing (Yang et al., 2014) and consequently this sensitivity of 
saltwater intrusion to sediment supply is important. We therefore evaluate the response of saltwater intrusion to 
sediment decline in more detail in the next section.

Figure 6. Comparison of the modeled vertical variation of the median location and variability of the salt front (defined as the 
intersection of the 0.75 psu isohaline from the surface to bottom) between the scenarios without effects of sediments (in blue, 
scenario names with “-hydro”) and with the sediment effects (in red, scenario names with “-sed”) in the dry (left) and wet 
season (right). Scenarios include (a, b) C0, (c, d) C1, (e, f) C2, (g, h) C3, and (i, j) C4 (see Table 1). The shades indicate the 
interquartile range of the location. The range in distance displayed here is different from the other figures to indicate the clear 
changes in stratification.
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4.3. Effect of Reduced Sediment Supply

To better understand the effect of the sediment supply, the model sensitivity to a sediment decline ranging from 
0% to 100% is systematically evaluated with increments of 10% for dry season (constant river discharge of 
20,000 m 3/s) and wet season (constant river discharge of 40,000 m 3/s) conditions, respectively. The initial SSC 
without sediment decline (sediment decline 0%) is constant for the wet season (0.36  kg/m 3) and dry season 
(0.27 kg/m 3) which are comparable to actual conditions in the Yangtze River. These scenarios are executed for 
1 year and 4 months in which only the last 2 months are used for analysis, while the previous period allows the 
model to reach an equilibrium state.

The changes in the location and magnitude of the maximum SSC of the ETM quantitatively illustrate the 
important role of sediment decline (Figure  7). With stronger sediment decline, the ETM migrates landward 
with the maximum landward shift occurring at a sediment decline of 60% and 50% for a river discharge of 
20,000 and 40,000 m 3/s, respectively. The maximum SSC of the ETM decreases with stronger sediment decline. 
This decrease is probably caused by weakening of the ETM, as suggested by the reduction in SSC in the ETM 
(Figure 7b). Interestingly, the sediment decline also influences the seasonal variation of the maximum SSC in 
the ETM. Specifically, the maximum SSC is larger in the dry season than in the wet season when the sediment 
decline is <60% (with a maximum SSC of 21 and 12 kg/m 3 at sediment decline by 0% for dry and wet season 
conditions, respectively).

The sediment decline also influences saltwater intrusion: see the computed changes in the median location of the 
surface and bottom salt front (Figure 8). The bottom salt front moves seaward with a reduction in SSC regardless 
of the riverine and tidal strength, varying from tens of meters to 20 km. The surface salt front may either move 
landward or seaward with stronger sediment decline. The landward migration of the surface salt front mainly 
occurs at neap tides, under relatively weaker (0%–50% reduction) and stronger (40%–100% reduction) sediment 
decline in the dry (Q = 20,000 m 3/s) and wet season conditions (Q = 40,000 m 3/s), respectively. At spring tides, 
the surface salt front may slightly move landward when sediment decline is less than 40% and mainly moves 
seaward when sediment decline is larger than 40%. Note that the bottom salinity moves further landward at neap 
tides than at spring tides, whereas surface salinity moves further landward at spring tides than at neap tides. This 
is caused by the stronger stratification at neap tides than spring tides as stronger tidal flow favors vertical mixing.

In the dry season, sediment coupling has the largest impact on the location of the salinity front during spring 
tides (especially near the surface), whereas its effect is largest during neap tides in the wet season (especially near 
the bed). This complex relationship is illustrated with timeseries of the salt front location in Figure 9. During 

Figure 7. The changes in the location (a) and magnitude (b) of the maximum suspended sediment concentration (SSC) of the estuarine turbidity maximum (ETM) 
under stronger sediment decline from 0% to 100% for dry and wet season conditions with a river discharge of 20,000 and 40,000 m 3/s, respectively. All scenarios are 
computed with a fully coupled model.
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dry season conditions (Q = 20,000 m 3/s), the bottom salt front moves seaward as the sediment load declines. 
This effect is stronger at spring tides than at neap tides and maximum at intermediate tides. During wet season 
conditions (Q = 40,000 m 3/s), the seaward movement of the bottom salt front due to sediment decline is stronger 
at neap tides than at spring tides.

4.4. Impact on Freshwater Supply

The saltwater intrusion in winter (dry season) threatens the freshwater supply of the city of Shanghai. Typically, 
a salinity level of 0.25 psu is the limit for freshwater intake (M. Li & Chen, 2019). The number of days without 
freshwater is ∼68 at Chenhang Reservoir in 2007 (Tang et al., 2011). The longest period without freshwater 
supply is ∼54 consecutive days at Qingcaosha Reservoir in 2008 (J. Zhu et al., 2013). The reference scenario 
(C0-sed) of our numerical model simulated in 2007 reasonably reproduces the number of days without freshwater 
supply when defining a critical salinity limit of 0.75 psu (71 days without freshwater at Chenhang Reservoir and 
54 consecutive days without freshwater at Qingcaosha Reservoir, see Table 2).

The modeled number of days without freshwater supply (using a surface salinity of >0.75 psu at Qingcaosha 
Reservoir) for various river discharge, SLR, and sediment supply scenarios is summarized in Table 3 (note that 
without full coupling, scenarios C0-hydro and C4-hydro are the same). For present-day conditions (including the 
effect of sediments; scenario C0-sed), the period without freshwater supply at km-75 is 102 days. These number 
of days decrease when the discharge is more evenly distributed over the year (C1-sed) but increase when the river 
discharge decreases (C2-sed) because of a discharge reduction in winter. SLR leads to 53 more days without 
freshwater availability (compared to the reference), suggesting a potential shortage in freshwater for the Shanghai 

Figure 8. The median surface (a, b) and bottom (c, d) salt front location during spring tides (18–23 March), neap tides (11–16 March) tides and over the complete 
spring-neap tidal cycle (10–25 March) as a function of sediment decline (from 0% to 100%) in the dry season (a, c) and wet season (b, d); computed with a fully 
coupled model.
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area. However, reducing the sediment load with 70% (C4-sed) leads to a 76% reduction in number of days with 
insufficient freshwater supply, potentially alleviating the freshwater intake problem near Shanghai. Therefore, the 
effect of sediments on the freshwater intake is explored in more detail by comparing scenarios with and without 
the effect of sediments.

Without a fully coupled model, the reference conditions (C0-hydro) reduce the number of days without freshwater 
from 102 to 21. A SLR of 1 m (scenario C3-hydro) yields the largest number of regular days without freshwater 

Figure 9. (a) Water level at Niupijiao in the wet season (see Figure 1) and the salt front locations of surface (solid lines) and 
bottom (dotted lines) salinity of 0.75 psu in response to sediment decline from 0% to 100% for (b) dry season and (c) wet 
season discharge conditions.

Reservoir Days without freshwater supply

Observation Modeled critical salinity limit (psu)

0.35 psu 0.25 0.5 0.75 1

Chenhang Reservoir Regular days 68 132 99 71 26

CDLP – 69 56 28 9

Qingcaosha Reservoir Regular days – 166 136 102 64

CDLP 54 84 67 54 37

Note. A (regular) day without freshwater supply is defined as a day without freshwater supply for at least 4 hr. The bold values 
are the calibrated days compared to the observations.

Table 2 
Modeled and Observed Number of Regular Days and Consecutive Days of the Longest Period (CDLP) Without Freshwater 
Supply at Different Critical Salinity Limit at Chenhang and Qingcaosha Reservoir
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supply (106), whereas the reduced variability of river discharge (scenario C1-hydro with “HG-Q2” hydrograph) 
leads to sufficient freshwater throughout the whole year. Therefore, a future decline in sediment loads alleviates 
other factors potentially threatening freshwater availability (water withdraw, SLR). Moreover, the number of days 
without freshwater varies between −100% and +405% without full coupling compared to −86% to +52% when 
accounting for sediments, suggesting that sediments also provide a stabilizing factor on saltwater intrusion.

5. Discussions
Throughout the world, estuaries are impacted by climate change and various human interventions (upstream 
dam construction, deepening of waterways). Both influence the upestuary boundary conditions (the total 
river discharge as well as the seasonal variability, the sediment load) and downestuary boundary conditions 
(tidal  dynamics, water depth) which all influence ETM dynamics and saltwater intrusion (Figure 10). A large 
amount of literature exists relating hydrodynamic changes (river discharge, SLR) to saltwater intrusion (Bhuiyan 
& Dutta, 2012; Cai et al., 2015; Eslami, Hoekstra, Minderhoud, et al., 2021; Liu & Liu, 2014). At the same time, 
most river systems  experience a decline in sediment loads (Besset et al., 2019; J. Syvitski et al., 2022). However, 
(future) saltwater intrusion has so far not been related to a reduction in riverine sediment supply. Hereafter, 
we will briefly evaluate the mechanism through which sediments influence saltwater intrusion, following by 
a discussion on changing hydrodynamic boundary conditions (through human interventions as well as climate 
change) and sediment loads.

Category Scenarios

Salinity at km-75 (psu) Without freshwater supply

Wet Dry Year Regular days CDLP

With sediment effects C0-sed 0.009 0.718 0.365 102 54

C1-sed 0.002 0.356 0.180 14 7

C2-sed 0.054 1.051 0.554 152 71

C3-sed 0.036 1.317 0.678 155 71

C4-sed 0.001 0.397 0.200 24 6

Without sediment effects C0-hydro 0.001 0.320 0.161 21 5

C1-hydro 0.001 0.320 0.161 0 0

C2-hydro 0.011 0.545 0.279 80 13

C3-hydro 0.012 0.688 0.351 106 26

C4-hydro 0.001 0.320 0.161 21 5

Table 3 
Comparisons Between Averaged Surface Salinity at Qingcaosha Reservoir (km-75) During the Wet Season, Dry Season, 
and a Full Year, and the Number of (Regular) Days and Consecutive Days of the Longest Period (CDLP) Without 
Freshwater Supply in a Series of Scenarios (See Table 1)

Figure 10. Sea-level rise, deepening, and discharge reduction lead to a landward migration of the saltwater intrusion (red line), whereas a reduction in seasonal 
variability of river discharge leads to a seaward migration of comparable magnitude (within our scenario space). A 70% reduction in suspended sediment concentration, 
however, leads to a much more pronounced seaward migration of the saltwater intrusion.
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5.1. Sediment Effects on Saltwater Intrusion

The sediment concentration provides feedbacks to hydrodynamics including salinity through a number of 
complex feedback effects (for details, see C. Zhu, van Maren, et al., 2021; C. Zhu et al., 2022). Classically, an 
ETM is formed by sediment converging mechanisms resulting from estuarine circulation typically driven by 
salinity differences and by tidal trapping. An ETM reduces vertical mixing of the water column and therefore 
promotes saltwater intrusion. The ETM has influences sediment dynamics (and therefore salt dynamics) in the 
following ways. The longitudinal sediment-induced density gradients lead to divergence of sediment due to the 
opposite baroclinic pressure gradient upstream and downstream of the maximum SSC of the ETM (i.e., the ETM 
becomes weaker).

Vertical sediment-induced density gradients, however, may lead to a convergence of sediment in two ways. First, 
the SSC is higher near the bed than near the surface, introducing a vertical density gradient which reduces vertical 
mixing and thereby strengthens salinity effects promoting ETM formation. Second, the vertical concentration 
reduces the effective hydraulic drag due to buoyancy destruction and leads to tidal amplification and deforma-
tion, thereby enhancing tidal trapping and thus the ETM formation. At sufficiently high SSC, positive feedback 
mechanisms therefore exist which lead to progressive trapping of sediments and increasing saltwater intrusion.

Our work therefore reveals that in turbid estuaries (a) sediments need to be accounted for when assessing the 
impact of hydrodynamic changes, and (b) a change in sediment supply may have a major influence on saltwater 
intrusion and ETM formation. Both aspects will be elaborated in more detail below.

5.2. River Discharge, Sea-Level Rise, and Channel Deepening

The river discharge has a major impact on the upstream extent of saltwater intrusion. Upstream reservoirs typically 
lead to a reduction in the higher river discharge and a more even discharge distribution over the year (Biemans 
et al., 2011). Climate change also influences precipitation (e.g., Dai, 2013) and therefore river discharge. The 
precipitation is predicted to increase 4.4%–11.1% in most regions of China when global temperature increases 
by 1.5°C (H. Li et al., 2018). Using a range of climate models, Gao et al. (2020) predict that the average Yangtze 
discharge and the dry season discharge will decrease during 2070–2099, while changes in the wet season discharge 
depend on the RCP climate scenarios. Wen et al. (2020), on the other hand, suggest that the mean discharge will 
increase in the period 2070–2099, whereas the peak discharge will increase and the low discharge will decrease. 
It is apparently difficult to accurately predict how the Yangtze River discharge will be due to climate change and 
therefore we have not model climate-change-driven river discharge scenarios. Still, our work does reveal that a 
reduction of the total river discharge leads to landward intrusion of the salt wedge, whereas a reduced seasonal 
variation of the river discharge (with a higher minimal river discharge) benefits freshwater supply.

Our work corroborates earlier findings (Bhuiyan & Dutta, 2012; Cai et al., 2015; Liu & Liu, 2014) that SLR 
leads to stronger saltwater intrusion. Many estuaries which are threatened by SLR are additionally deepened and 
narrowed, such as the Rhine-Meuse Delta (Vellinga et al., 2014); Tampa Bay (J. Zhu et al., 2014); Elbe Estuary, 
Ems Estuary, and Loire Estuary (Winterwerp et al., 2013); upper Scheldt Estuary (Z. B. Wang et al., 2019); 
Columbia Estuary (Jay et  al.,  2011); and Cape Fear River Estuary (Familkhalili & Talke,  2016), leading to 
tidal amplification (Ralston & Geyer,  2019;  P.  Zhang et  al.,  2021) and stronger saltwater intrusion (Eslami 
et  al.,  2019; Lerczak et  al.,  2009; Monismith et  al.,  2002). Deepening leads to not only enhanced sediment 
trapping (Winterwerp & Wang, 2013; Winterwerp et al., 2013) but also stronger estuarine circulation promot-
ing salinity-induced stratification (Chen et  al.,  2016; Chua & Xu, 2014) and sediment trapping (Burchard & 
Baumert, 1998; Festa & Hansen, 1978; Geyer & MacCready, 2014), all further strengthening saltwater intrusion 
(C. Zhu, van Maren, et al., 2021; C. Zhu et al., 2022). Therefore, channel deepening in combination with climate 
change and SLR is crucial for increasing salinity.

An important finding of our work is also that the predicted impact of hydrodynamic variations (SLR, deepening, 
and discharge changes) on saltwater intrusion in turbid estuaries is influenced by the effects of sediments. For 
the Yangtze Estuary, the saltwater intrusion is enhanced by sediment-coupling effects regardless of the hydro-
dynamic variations. This effect is more pronounced from the bottom isohaline; however, the variation in surface 
isohaline is vital for freshwater supply under the condition of high estuarine SSC and strong landward extent of 
the ETM. Moreover, the impact of hydrodynamic variations is larger for a model not accounting for sediments 
than it is for a fully coupled model (Table 3). SLR, for instance, leads to much more days without fresh water 
(relative to the reference condition C0) without coupling (85 days or 405%), than with coupling (53 days or 52%).
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5.3. Fluvial Sediment Supply

Many major rivers suffer from a decline in sediment supply (Anthony et al., 2015; Besset et al., 2019; Dunn 
et al., 2019; L. Li, Ni, et al., 2020; J. P. Syvitski et al., 2009) often resulting in coastline erosion. Our results 
suggest that a decline in sediment load also affects ETM dynamics and saltwater intrusion. The ETM migrates 
landward as the sediment load decreases, reaching a maximum landward limit at a reduction of 50%–60% after 
which it propagates seaward again (Figure 7). This partly indicates that for reductions exceeding this limit the 
effect of the changes in sediment on salinity becomes smaller (although with some exceptions because of the 
nonlinear response of salinity to changes in sediment; see Figure 8). Note that the ETM location, magnitude as 
well as its extension determine the effect of sediment on tidal propagation and therefore on the salinity changes. 
Even though, a lower sediment supply generally alleviates saltwater intrusion and potential future shortages 
in freshwater availability. In our scenarios, a 70% reduction in sediment load (scenario C4-sed) has an impact 
on saltwater intrusion which is comparable to the flattening of the river discharge (scenario C1-sed, the most 
effective hydrodynamic scenario for reducing saltwater intrusion). For scenario C1-sed (C4-sed), the salinity 
at Qingcaosha Reservoir decreases 0.36 (0.33) psu in the dry season, the days without freshwater availability 
reduces with 86% (76%), and the surface isohaline migrates 60 km (50 km) seaward (Figure 6 and Table 3). 
Although the role of hydrodynamic variations (river discharge and SLR) still dominates saltwater intrusion, the 
effects of reduced sediment supply cannot be neglected, particularly for low discharges and pronounced sediment 
load reductions.

The positive feedbacks introduced above are, however, only valid for fine-grained sediment (as evaluated in the 
current work). When the sediment load is primarily composed of sandy sediment, the most prominent impact of 
a sediment load reduction may be an erosion of the river bed. This effectively deepens the river bed, promoting 
saltwater intrusion and amplifying the tides. This has been observed, for instance, in the Mekong River (Eslami 
et al., 2019).

Note that in reality a reduced sediment supply does not immediately result in a reduced sediment concentration 
in the downstream estuary. Our model suggests that sediment concentration in the estuary decreases from 20 to 
1 kg/m 3 with 70% reduced sediment supply. In reality, the response time of an estuary to such an upstream reduc-
tion is strongly determined by sediment buffers (on the bed of the tidal channels, but especially on the fringing 
flats and/or seaward delta front). Such a delayed response is illustrated by the construction of dams such as in the 
Yangtze. The construction of reservoirs leads to a pronounced reduction of the sediment load immediately down-
stream of the dam, but this reduction becomes less pronounced in the downstream direction by erosion in the river 
bed (L. Guo et al., 2021a; X. Guo et al., 2021b; Yuan et al., 2020). Further downstream, the morphological change 
in the mouth zone of the Yangtze Estuary is suggested to show a time lag of 30 years in response to the reduced 
sediment supply (C. Zhu et al., 2019). The near-bed sediment concentration in the mouth zone still remains high 
(>10 kg/m 3) for a long time and only has been decreasing in recent years (C. Zhu, Guo, et al., 2021). Therefore, 
long-term monitoring the sediment concentration in the estuary in the future is crucial for the uncertainties of the 
sediment effects.

6. Conclusions
We explored the effect of changes in river discharge, SLR, and sediment supply on saltwater intrusion in the 
Yangtze Estuary, particularly focusing on the role of sediment dynamics, using a well-calibrated numerical model 
accounting for effects of sediments on hydrodynamics. A key finding is that a lower fluvial sediment supply 
reduces saltwater intrusion through its effect on vertical mixing and may thereby potentially positively influence 
freshwater availability. However, when a sediment reduction also leads to river bed erosion, this reduction may 
also set in motion processes promoting saltwater intrusion. An intermediate reduction in sediment load leads to 
the maximum landward of the ETM. In addition, the various river discharge and hydrograph, sediment supply and 
SLR scenarios lead to an increase in the number of days without freshwater supply by days to months when using 
a fully coupled model (compared to a noncoupled model without sediment effects). Applying noncoupled models 
(as commonly done in predicting saltwater intrusion) to estimate the impact of climate change scenarios would 
therefore erroneously predict the impact of deepening, SLR, or changes in river discharge distribution. However, 
such an effect could also be minor if estuarine sediment concentration is fairly low and therefore the application 
of noncoupled model should address the uncertainty of sediments.

 23284277, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022E

F003274 by T
echnical U

niversity D
elft, W

iley O
nline L

ibrary on [26/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Earth’s Future

ZHU ET AL.

10.1029/2022EF003274

16 of 19

Overall, we conclude that although saltwater intrusion is influenced by a large number of potential future scenar-
ios influencing the hydrodynamics (SLR, changes in total discharge, and variability by precipitation changes and 
reservoirs, as well as local interventions), a previously overlooked aspect that is crucial for turbid estuaries is the 
role of sediments. Sediments influence saltwater intrusion through complex feedback mechanisms, making future 
saltwater intrusion even more difficult to predict. Moreover, out of the various scenarios related to climate change 
and human interventions on saltwater intrusion, the reduction in fluvial sediment supply can also be equally 
important. In turbid estuaries, studies on (changes in) saltwater intrusion should adequately address the effect of 
sediment concentration using a fully coupled model.

Data Availability Statement
Data in this study are publicly available at C. Zhu (2023, https://doi.org/10.6084/m9.figshare.14355911).
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