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1.  Introduction
Coastal wetlands provide important habitats that host valuable ecosystems. Currently they are facing increasing 
pressure from climate change and sea-level rise (SLR). The global SLR has risen by 0.2 ± 0.05 m between 1901 
and 2018, with a rate of 3.7 ± 0.5 mm yr −1 in the 2006–2018 periods (IPCC, 2021). SLR is likely to accelerate 
in the coming century, adding another 0.28–1.01 m till 2100 (Chen et  al.,  2017; IPCC, 2021). A worldwide 
concern is that accretion of coastal tidal flats (mainly the intertidal zones) and salt marshes may not be able to 
keep pace with an accelerating SLR rate (Best et al., 2018; Zhang et al., 2020), resulting in coastal erosion and 
shoreline retreat, drowning of salt marshes and habitats, and increased flood risk (Craft et al., 2009; Kirwan & 
Megonigal, 2013; Lovelock et al., 2015; Valiela et al., 2018). Land subsidence and a decline in river-borne sedi-
ment supply may further exacerbate coastal erosion and wetland losses (Syvitski et al., 2009).

Abstract  Reclamation of low-lying tidal flats and floodplains adjacent to present shorelines has been 
implemented worldwide for both coastal defense and development. While it is technically feasible to monitor 
the short-term impact of tidal flat embankments, it is challenging to identify long-term and cumulative 
morphodynamic impact, particularly considering centennial sea-level rise (SLR). In this study, we construct 
a process-based hydro-morphodynamic model for a schematized tidal basin and examine its morphodynamic 
evolution under the combined influence of SLR and tidal flat embankments. We see that rising sea levels lead 
to inundation of low-lying floodplains just above high water, creating new intertidal flats that mitigate the 
drowning impact of SLR. This mitigation effect is lost if the low-lying floodplains and tidal flats are reclaimed, 
preventing any shoreline migration under SLR. Removing a large portion of intertidal flats within the tidal 
basin induces significant changes in basin hypsometry and potentially, a reversal of flood/ebb dominance. The 
resulting hydro-morphodynamic impact of large-scale tidal flat embankment is more significant than SLR at a 
centennial time scale. This suggests a need for much greater management awareness regarding the cumulative 
impact of human activities. These findings imply that allowing lateral shoreline migration under SLR sustains 
tidal basin's inherent morphodynamic buffering capacity, whereas reclaiming tidal flats significantly alters 
hydro-morphodynamic adaptation at the decadal to centennial time scales. It highlights the importance of 
conserving low-lying floodplains and tidal flats in tide-dominated systems to counteract the drowning impact 
of  SLR.

Plain Language Summary  Tidal estuaries and deltas host valuable wetlands and ecosystems 
wordwidely. They are also vulnerable to sea level rise (SLR) and human intervention when tidal flats are 
reclaimed to generate new land and to defend coasts from erosion and flooding. Recently, nature-based 
solutions like wetland restoration have become increasingly popular in coastal management practice. However, 
the benefits of these approaches are not yet fully explored. Using a large-scale morphodynamic model of 
a schematized tide-dominated basin, we find that morphodynamic adaptation of an unconstrained basin 
under SLR mitigates the drowning effect by lateral shoreline migration, extending the tidal flats landwards. 
Reclamation of tidal flats, however, reduces the surface area, tidal prism and intertidal storage volumes within 
the tidal basin, which may even induce a regime shift from sediment export to import. SLR then exacerbates the 
impact of tidal flat embankments. These findings suggest that tidal flat losses can fundamentally change tidal 
systems' hydro-morphodynamic adaptation at decadal to centennial time scales, and confirm the importance of 
conserving and restoring tidal wetlands.
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A number of studies has examined hydrodynamic impact of SLR on tidal basins (tide-dominated semi-enclosed 
bodies) and estuaries (Du et al., 2018; Friedrichs et al., 1990; Rodriguez et al., 2017; Talke & Jay, 2020) and 
hydro-morphodynamic impact on tidal inlets, estuaries and deltas (Best et al., 2018; Dissanayake et al., 2012; 
Elmilady et al., 2019; Leuven et al., 2019; van de Lageweg and Slangen, 2017; van der Wegen, 2013; van Maanen 
et al., 2013). The majority of these studies suggest that the accretion rates of intertidal flats cannot meet the accel-
erating rates of SLR and are likely to drown (Elmilady et al., 2019; Leuven et al., 2019; van der Wegen, 2013; 
van Maanen et al., 2013). In some exceptional cases like the Waddenzee tidal flats may survive from low, linear 
SLR scenarios, depending on sediment import rates (Wang et al., 2018). As a result, it is expected that 40%–90% 
of global coastal wetlands will be lost due to SLR by the end of the 21st century (Ganju et al., 2017; Spencer 
et al., 2016; Valiela et al., 2018).

These studies have typically assumed that a fixed shoreline position. In the contexts of marine transgression, this 
implies a stationary rather than dynamic response within the landscape. However, marine transgression provides 
a mechanism that can mitigate tidal wetland loss by inundation of and sedimentation over low-lying floodplains 
adjacent to coastal shorelines under SLR (Allen, 1990). Tidal basins and estuaries are commonly surrounded by 
large areas of low-lying hinterland, which is naturally just above high water and can be inundated under higher 
mean sea levels (Dalrymple & Choi, 2007). The global coastal wetland loss rate was estimated to be 30% in the 
coming century, if wetlands can migrate landward and under the assumption that there is sufficient sediment 
supply (Schuerch et al., 2018). The fate of a tidal basin, to be raised or drowned, then depends on its ability 
to accrete vertically at rates equal to or larger than SLR, and/or to migrate inland at rates faster than shoreline 
erosion (Townend et al., 2021).

However, intensified coastal development has resulted in profound “coastal squeeze” owing to dike and jetty 
constructions for the purpose of road construction, land reclamation, realigning port and waterways, and coastal 
defense works (Doody, 2004). Globally, while the land area at deltas has increased because of land reclamation 
(Nienhuis et al., 2020), the areas of deltaic intertidal flats and habitat have decreased by 16% in the period of 
1984–2016 (Murray et al., 2019). Regionally, over 80% of wetlands have been lost in US in agricultural area 
(Zelder, 2004), while tidal flats and habitat have shrunk by 86% in Southern California since 1870 as a result of 
fast urbanization and coastal development (Stein et al., 2010). In China, approximately 59% of coastal saltmarshes 
were lost between the 1980 and 2010s due to land reclamation (Gu et al., 2018), by the intensive land reclamation 
in the Changjiang River and Pearl River deltas (Ma et al., 2019). “Coastal squeeze” exposes a conflict between 
coastal safety and ecosystem conservation and has become a significant management challenge.

The profound impact of human activities on the hydro-morphodynamics in tidal estuaries and basins has received 
increasing awareness and research effort (Talke & Jay, 2020). The coastal management community is increas-
ingly aware that hard engineering protection (e.g., dikes and levees) of coastal systems may not be sustainable 
over the longer term (Temmerman et al., 2013). Dikes need maintenance and upgrades, and their failure under 
extreme storm events may cause catastrophic disasters. Dikes and embankments reduce tidal inundation, change 
the coastal ecosystem, and prevent landward incursion as the sea level rises. For example, Donatelli et al. (2018) 
reported that loss and erosion of tidal flats and saltmarshes can change the tidal hydrodynamics, resulting in 
reduced sediment trapping and marsh growth.

This challenge is increasingly being addressed by the adoption of the concepts like managed realignment (e.g., 
de-embankment, de-poldering, set back, and wetland mitigation banks) and nature-based solutions (Temmerman 
et al., 2013; Townend & Pethick, 2002), that is, making more room for rivers and estuaries. Numerous studies 
suggest that restoring coastal ecosystems and maintaining a certain width of foreland tidal flats and salt marshes 
can reduce stress on more inland dikes, stimulate ecosystem restoration and effectively reduce coastal flood-
ing and erosion risk (Doody, 2004; Mazik et al., 2010; Reed et al., 2018; Schuerch et al., 2018; Temmerman 
et al., 2013; Townend & Pethick, 2002). Managed realignment schemes were developed in several cases around 
the world (e.g., the Humber Estuary, Mazik et al., 2010). Mangrove and other salt-tolerant species were planted to 
further reinforce the foreland of embankment. While it is technically feasible to monitor and detect the short-term 
impact of tidal flat losses on hydrodynamics and sediment transport, the influences of tidal flat embankment and 
the benefit of managed retreat to restore coastal wetlands on the long-term and large-scale morphodynamics have 
been insufficiently examined, particularly under the SLR conditions at the decadal to centennial time scales that 
is relevant to management and planning (Mariotti & Canestrelli, 2017). A proper understanding of the long-term 
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hydro-morphodynamic adaptation under the influence of tidal flat embankment and SLR is needed to support 
robust management decision making.

As an example, the surface area of the North Branch in the Changjiang Delta has approximately halved in the 
period of 1974–2018 (Li et al., 2020), predominantly due to extensive reclamation of tidal flats. A flood domi-
nance and associated sediment import has established since the 1950s when river influences minimized owing to 
degenerated inflow conditions (Guo et al., 2021; Obodoefuna et al., 2020; see Figure S1 in Supporting Informa-
tion SI). Strong sediment import then led to fast tidal flat accretion, followed by progressive tidal flat reclamation, 
which was hypothesized to further enhance sediment import and initiate a positive feedback (Guo et al., 2021). 
The long-term impact of a substantial loss of tidal flats on the branch was seemingly overlooked in previous 
studies, whereas such knowledge is necessary to better understand the morphological response and, hence, aid 
management decision making. However, field data are seldom available to verify the large-scale and long-term 
impact of tidal flat embankment, and it is technically difficult to isolate and quantify the possible small changes 
related to SLR and embankment from other factors for specific cases. To address this challenge, in this work we 
employ a hydro-morphodynamic model to explore the long-term impact of tidal flat embankment under varying 
levels of SLR. The findings from such modeling exercises would provide insights on the large-scale impact of 
extensive human activities, thus possibly shedding lights on management of the North Branch in the Changjiang 
Delta. The rest of this work is organized with Section 2 introducing the modeling methods and parameter settings, 
Section 3 presenting modeled hydrodynamics, sediment flux and morphology, Section 4 discussing the model 
implications and Section 5 setting out the main conclusions.

2.  Modeling Methods
2.1.  Model Setup

Instead of modeling the actual North Branch and the whole Changjiang Delta, in this work we take the North Branch 
as an independent tide-dominated channel and build up a schematized model to explore the large-scale impact of 
tidal flat embankment. This is because the Changjiang delta is an extremely large domain (700 × 100 km), which 
imposes a high computational demand for long-term morphodynamic simulations. In addition, strong spatial vari-
ations in physical parameter settings pose particular challenges in calibrating long-term hydro-morphodynamics, 
Although simplified, our schematized approach would benefit insight into the generic response and reveal some 
of the likely impacts of tidal flat embankment that can inform management of other tide-dominated estuaries and 
basins around the world.

The schematized tidal basin model was constructed based on the Delft3D software (Lesser et al., 2004). The 
tidal basin is 150 km long and has a prescribed convergent planform with laterally convex-up tidal flat profiles 
(Figure 1). It discharges into a coastal ocean with a gentle shelf slope. The model mesh has a higher resolution 
inside the tidal basin and around the mouth regions, with a cell size of 50 m, to resolve the channels and shoals 
forming therein, while the cell size increased slowly to 200 m toward to the edge of the domain where morpho-
dynamic changes remained limited. The initial tidal channel width at the mean sea level increases from 1 km at 
the land end to 15 km at the mouth section, forming a funnel-shaped planform. Following van der Wegen and 
Roelvink (2008), the initial tidal channel has a linearly sloping bed with water depth varying from 0 m at the 
landward end to 15 m at the tidal channel mouth, and deepening to 50 m at the seaward boundary. The initial 
cross-section profile combines a U-shaped sub-tidal channel in the landward segment and convex-up inter- and 
supra-tidal flats in the lower segment, suggesting the initial presence of inter- and supra-tidal flats (Figure 1). The 
transverse inter-tidal flat slope is 1/500–1/1500 on average in the lower estuary, which is close to the mean value 
observed in actual estuaries (Le Hir et al., 2000). The convex-up tidal flats were chosen to be consistent with 
the fact that tidal flats are broadly present in highly convergent seaward regions within tidal estuaries and basins 
(Dalrymple & Choi, 2007) and that tide-dominated flats are more likely to develop convex-up profiles owing to 
the constructive tidal forcing condition (Friedrichs, 2011; Kirby, 2000).

The model is driven by tides only, mimicking a tide-dominated environment, similar to previous studies (Hibma 
et al., 2003; van der Wegen, 2013; van der Wegen and Roelvink, 2008; van Maanen et al., 2013). An astronomical 
semi-diurnal tidal constituent of 1.5 m in amplitude is imposed at the seaward boundary. For simplicity, river 
impact is excluded in this work to focus on the morphodynamic sensitivity to SLR and tidal flat losses, although 
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it is known that river flow is likely to play an important role in modulating hydrodynamics and sediment transport 
and inducing morphodynamics changes in estuaries (Guo et al., 2014; Olabarrieta et al., 2018; Zhou et al., 2020).

Transport of non-cohesive sediment with a grain size of 150 μm is simulated by the Engelund and Hansen (1967) 
formula. This formulation considers both suspended and bedload transport as total transport, and uses a power 
function of current velocity. Preliminary simulations considering other sediment grain sizes exhibit similar 
morphodynamic patterns but varying morphodynamic time scales, reflecting the fact that sediment transport rate 
is a negative function of grain size. Long-term morphodynamic development is achieved by using the morpho-
logical factor approach (Roelvink & Reniers,  2011), that is, a morphological factor of 100 after preliminary 
simulation tests. Dry bed erosion is enabled by prescribing erosion occurring in wet cells to the adjacent dry 
cells (Deltares, 2011), in order to allow for bank erosion, channel migration and erosion of emergent sand bars. 
Land subsidence or uplift, and the presence of vegetation have not been considered. Although simplified, the 
geometric size and forcing conditions of the schematized tidal basin are overall consistent with the North Branch 
of Changjiang Delta (Guo et al., 2021; see Figure S1 in Supporting Information SI). An idealized representation 
was adopted here to gain insight into the generic response of this specific class of tidal systems. The details of 
model setting are detailed in Table 1.

2.2.  Scenario Setting

Starting from the initial bathymetry, the morphodynamic model is first run for a period (500 years in this study) 
during which morphodynamic evolution leads to a well-developed channel-shoal system (see the supplementary 
Movie S1). The morphology at the end of 500-year, which is close to a dynamic equilibrium state (but not a static 
equilibrium), was used as the initial bathymetry for the following 100-year sensitivity scenarios considering SLR 
and embankment. The scenario excluding SLR and embankment was used as a reference case. Sensitivity scenar-
ios were defined by (a) considering exponential SLR of 0.25, 0.5, 1.0, and 2.0 m over 100 years (Figure 1c), that 
is, SLR rate of 2.5, 5, 10, and 20 mm yr −1 on average, respectively. These are approximately representative of 
the IPCC Representative Concentration Pathways: RCP 2.6 (small), RCP 4.5 (medium), RCP 8.5 (high), and the 
high-end projections (extremely high); (b) reclaiming tidal flats surrounding the main channel (but not the tidal 
flats attached to the sand bars in the middle of the channel) at varying degrees (Figure 1d). This was achieved by 
imposing thin dams positioned at the envelopes of high water, mean tidal level, and low water on the 500-year 

Figure 1.  The geometrical setting of the schematized tidal basin: (a) plan view and (b) side view (A-A'), (c) the sea-level rise scenarios with accelerating increase rates 
of mean sea level, and (d) the initial cross-section profile (B-B') and the scenarios of different degree of tidal flat embankment. HW, LW, and MWL indicate high water, 
low water, and mean water level, respectively.



Journal of Geophysical Research: Earth Surface

GUO ET AL.

10.1029/2021JF006556

5 of 24

bathymetry, representing reclamation of the supra-tidal flats (low degree of embankment), high intertidal flats 
(medium degree of embankment), and all intertidal flats (high degree of embankment), respectively; and (c) 
considering both SLR and tidal flat embankment.

The different extents of tidal flat embankment imply that the initial geometry condition for the 100-year sensi-
tivity simulations varies, as summarized in Table 2. In all cases the initial volume and planimetric area of the 
channel at low water are the same. In total there were 20 sensitivity simulations, which enabled straightfor-
ward comparison to reveal the impact of both SLR and embankment (Table 2). For example, the reference case 
NE-noSLR examines the situation with no embankment and no SLR, whereas the HE-SLR200 scenario considers 
a high degree of embankment (high extent of tidal flat loss) and a SLR of 2.0 m. To be clear, high embankment 
scenarios refer to the highest loss of intertidal area.

Model results in terms of morphological patterns, intertidal flat area and storage volume, tidally averaged sedi-
ment flux are compared to the reference case to highlight the impact of SLR and tidal flat embankment. The 
sediment flux at the mouth section of the tidal basin (km-150) is used to indicate the sediment import or export 
regime, for both the cumulated flux over the 100-year and the tidally averaged flux. Morphodynamic changes 
within the tidal basin (landward km-150) and over the ebb-tidal delta (seaward km-150) are discussed separately, 
to inform the impact of tidal flat reclamation. It is noted that the tidal basin and the ebb-tidal delta are inherently 
connected, for example, sediment export indicates net sediment transport from the tidal basin to the ebb-tidal 
delta, and vice verse.

3.  Model Results
3.1.  Morphodynamic Development

Starting from the prescribed initial morphology, the first 500-year morphodynamic simulation (representing the 
historical morphodynamic development) leads to well-developed meandering channels within the tidal basin 
(see the supplementary Movie S1 and Figure 4a). To the seaward of the basin, an ebb-tidal delta with bifurcated 
distributary channels develops because of sediment export from the tidal basin. This model-generated channel 
pattern matches well with the conceptual model of Dalrymple and Choi (2007). However, the meandering chan-
nel pattern within the basin is different from the North Branch, and the distributary channel structure over the 
ebb-tidal delta is more bifurcated. This is probably because of the excluded fine sediment transport and wave 

Property Parameter setting

domain size (150 + 50) km*100 km

cell size 50–200 m

initial channel bed slope 0–15 m

width convergence convergence length Lb of 270 km (using B = Boe −Lb/x)

lateral flat slope 1/500–1/1,500

bed roughness uniform Chezy 65 m 1/2/s

tidal amplitude 1.5 m at the sea side boundary

sediment noncohesive with grain size of 150 μm

sediment transport formula Engelund and Hansen (1967)

initial bed sediment thickness 50 m

hydrodynamic time step 60 s

hydrodynamic run time 5 years + 1 year

morphological factor 100

morphodynamic time 500 years + 100 years

dry bed erosion parameter 1

lateral bed slope factor (alfaBn) 10

Table 1 
Model Parameter Settings Based on the Delft3D Software
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impact that can stimulate sand bar merging and reduce the number of channels (Edmonds & Slingerland, 2010). 
The morphology at the end of the 500-year is considered to be close to a dynamic morphodynamic equilibrium, 
given that a mature channel-shoal pattern had become established and the tidally averaged sediment transport 
flux at the mouth had slowed down (Figure S2 in Supporting Information SI).

In the subsequent 100-year simulations (representing the future evolution), the overall channel pattern persists 
(Figures  2a and  4b), but with strong erosion and deposition occurring due to channel and shoal migration 
(Figure 4f). Under SLR, the tidal basin becomes wider due to lateral shoreline expansion (Figures 3a and 4c). 
The ebb-tidal delta continues to prograde in the SLR scenarios, but at a smaller rate compared to the reference 
case. Implementing tidal flat embankment, however, reduces the bankful basin width, surface area, and tidal 
prism (Figures 2 and 3). The development of the ebb-tidal delta becomes slower in the embankment scenar-
ios (Figures 4d and 5). Adding SLR in the embankment scenarios induces less apparent changes in morphol-
ogy compared to the embankment only situation, suggesting more profound impact of tidal flat loss than SLR 
(Figures 4e and 5).

3.2.  Changes in Tidal Hydrodynamics

The changes in tidal resonance are insignificant other than the slightly more amplified tidal waves under SLR and 
embankment scenarios. The mean water levels are less elevated and the longitudinal mean water level gradients 
are slightly smaller in the embankment scenarios compared with the reference case (Figure 6a). The M2 tide is 
slightly more amplified in the embankment scenarios, particularly in the lower segments of the tidal basin where 
more tidal flats are reclaimed (seaward km-65). In the landward section of the tidal basin, a slight reduction 
in M2 amplitude occurs in the medium embankment scenarios. The impact of tidal flat embankment on tidal 

Scenario Tidal 
flat loss

SLR 
(m)

A1 
(109

m3)

A2 
(109

m3)

CSF*
(106

m3)

Rising 
tide 
duration 
(hr)

Falling 
tide 
duration 
(hr)

TSF
(104

m3)

NE-noSLR

none

0

4.86

6.32 19.93 5.94 6.06 3.86
NE-SLR025 0.25 6.46 20.89 5.91 6.09 3.64
NE-SLR050 0.5 6.73 21.28 5.92 6.08 3.70
NE-SLR100 1.0 7.07 22.73 5.91 6.09 4.39
NE-SLR200 2.0 8.15 25.81 5.91 6.09 6.56
LE-noSLR

low

0

4.85

6.44 19.17 5.99 6.01 2.60
LE-SLR025 0.25 6.60 19.27 6.00 6.00 2.75
LE-SLR050 0.5 6.86 19.82 5.96 6.04 2.92
LE-SLR100 1.0 7.22 20.07 5.91 6.09 2.75
LE-SLR200 2.0 7.74 19.71 5.88 6.12 2.22
ME-noSLR

medium

0

4.74

5.61 6.91 5.79 6.21 0.68
ME-SLR025 0.25 5.72 6.99 5.73 6.27 0.53
ME-SLR050 0.5 5.82 6.60 5.74 6.26 0.33
ME-SLR100 1.0 5.96 5.43 5.66 6.34 -0.08
ME-SLR200 2.0 6.07 3.70 5.58 6.42 -0.75
HE-noSLR

high

0

4.42

4.45 -2.47 5.54 6.46 -0.53
HE-SLR025 0.25 4.49 -2.49 5.55 6.45 -0.53
HE-SLR050 0.5 4.53 -2.62 5.56 6.44 -0.44
HE-SLR100 1.0 4.62 -2.96 5.54 6.46 -0.58
HE-SLR200 2.0 4.78 -3.44 5.50 6.50 -0.58

Note. Tidal prism (A2), rising and falling tidal duration, and the cross-section integrated tide-averaged sediment flux (TSF) 
were evaluated during a single tidal cycle at the mouth section based on the morphology at the end of 100-year sensitivity 
simulations. Tidal prism A1 showed the value at the beginning of the 100-year simulations. Positive values of CSF and TSF 
indicate sediment export, and negative values indicate sediment import.

Table 2 
Definition of the 20 Sensitivity Scenarios Considering Sea-Level Rise From 0 to 2.0 m Over 100 Years and Embankment of 
Varying Degrees. *CSF Indicates Cumulative Sediment Flux Over 100 Years at the Mouth Section of the Tidal Basin
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wave propagation is comparatively more significant than that of SLR. Specifically, the M2 tidal amplitude was 
0.1–0.2 m larger in the embankment scenarios than in the SLR scenarios (Figure 6b). The local generation of 
M4 overtide is less profound in the embankment scenarios, particularly in the landward regions, other than the 
slightly larger M4 in the lower parts of the basin (seaward km-65) in the high embankment scenarios (Figure 6c). 

Figure 2.  The morphology at the end of 100-year sensitivity simulations in the scenarios considering embankment but not sea-level rise (SLR): (a) NE-noSLR, (b) 
LM-noSLR, (c) ME-noSLR, and (d) HE-noSLR. The dashed lines provide a reference for the ebb-delta region.

Figure 3.  The morphology at the end of 100-year sensitivity simulations in the scenarios considering embankment and sea-level rise (SLR) of 2.0 m: (a) NE-SLR200, 
(b) LM-SLR200, (c) ME-SLR200, and (d) HE-SLR200. The dashed lines provide a reference for the ebb-delta region.
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Figure 4.  (a) The morphology after 500-year development (which was used as the initial bathymetry in the sensitivity simulations), and the morphology after 100-year 
in the (b) reference scenario (NE-noSLR), (c) sea-level rise (SLR) of 2.0 m scenario (NE-SLR200), (d) high embankment scenario (HE-noSLR), and (e) both SLR of 
2.0 m and high embankment scenario (HE-SLR200), and (f) the erosion and deposition pattern of reference scenario over 100 years, and the bathymetry differences 
(g) between panels (b) and (c), (h) between panels (b) and (d), and (i) between panels (b) and (e). The panels (c) and (e) display the absolute water depth considering 
a 2 m SLR. The green shades in panels (a) to (e) roughly indicate the intertidal flats. Positive and negative values in panels (f)–(i) indicates deposition and erosion, 
respectively. The dashed lines in panels (f) to (i) indicate the shoreline (corresponding to high tide) in the reference scenario and the solid lines in panels (g) to (i) are 
new shorelines in the high SLR and high embankment scenarios.
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As a result, tidal wave distortion leads to a shorter rising tide duration than that of the falling tide (Table 2), 
suggesting changes in tidal asymmetry.

The cross-sectionally averaged current velocities at the mouth section (calculated by the cross-section integrated 
discharge divided by the cross-sectional area) decrease in magnitude in the embankment scenarios (see Figure S3 
in Supporting Information SI). The peak ebb current velocities are larger than the peak flood current velocities 
in the scenarios without embankment, and this asymmetry reduces when tidal flat embankment is implemented. 
Furthermore, the peak flood currents become slightly larger than peak ebb currents in the high embankment 
scenarios. These changes suggest that tidal flat embankment can reduce ebb dominance, and even induce a switch 
to flood dominant tidal asymmetry.

Figure 5.  The erosion and deposition pattern in (a) the reference scenario (NE-noSLR), the scenarios considering sea-level rise (SLR) only of (b) 0.25 m 
(NE-SLR025), (d) 0.5 m (NE-SLR050), (f) 1.0 m (NE-SLR100) and (h) 2.0 m (NE-SLR200) and the scenarios considering tidal flat embankment only (c) low 
embankment (LM-noSLR), (e) medium embankment (ME-noSLR), and (g) high embankment (HE-noSLR). The dashed lines indicate the shorelines (high tide) in the 
reference scenario and the solid lines are the new shorelines in the SLR and embankment scenarios.
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The tidal prism of the basin increases over the 100-year in the reference case and SLR enlarges the increase, 
because of an increase in water depth, surface areas, cross-sectional areas, and intertidal storage volumes in 
response to lateral shoreline expansion (Figure S4 in Supporting Information SI). For instance, the tidal prism 
is 29% larger in the NE-SLR200 scenario compared to the reference case at the end of the 100-year simulation, 
that is, an increase from 6.32 to 8.15 km 3 (Table 2). Tidal flat embankment, however, reduces the tidal prism 
(Table 2), because of a loss in intertidal storage volume. For instance, the tidal prism is 30% smaller in the 
HE-noSLR scenario, that is, a decrease from 6.32 to 4.45 km 3 (Table 2). When both SLR and tidal flat embank-
ment are considered, the SLR-induced changes in tidal prism decrease in magnitude with increasing degrees of 
embankment. The tidal prism even decreases after 30 years in the HE-noSLR, HE-SLR025, and HE-SLR050 
scenarios (Figure S4d in Supporting Information SI), because of sediment import and channel deposition (see 
Section 3.3).

Figure 6.  Changes of cross-sectionally averaged (a) mean water level, (b) M2 amplitude, and (c) M4 amplitude in the 
sensitivity scenarios considering sea-level rise and embankment based on the morphology at the end of 100-year simulation. 
The small plots in (b) and (c) were zoom-in views of the selected channel segment to demonstrate the differences.
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3.3.  Sediment Flux Changes

We calculated the tidally averaged sediment flux at the mouth section of the tidal basin, that is, the interface 
between the inner basin and the outer sea, to indicate the sediment transport regime. The cumulative sediment 
flux at the mouth section is persistently seaward over the 100 years in the reference case (Figure 7), indicating a 
net sediment export. This seaward sediment flux is ascribed to stronger ebb currents than flood currents (Figures 
S3 and S4 in Supporting Information SI), due to the combined impact of the hydraulic storage of intertidal zone 
and a Stokes' return flow, as observed in similar tidal basins (Ridderinkhof et  al., 2014; van der Wegen and 
Roelvink, 2008), although the rising tidal duration is shorter than that of the falling tide (Table 2).

In the absence of tidal flat embankment, SLR enlarges the sediment export and a higher SLR leads to larger sedi-
ment export (Figure 7). This is primarily the result of enhanced ebb dominance generated by increased storage 
volume under SLR. A larger tidal prism in the SLR-only scenarios may also contribute to the larger sediment 
export (Table 2). The impact of SLR also increases over time, when the mean sea level is adjusted with an expo-

nential rate of SLR, that is, more significant impact in the last 50 years than 
in the first 50 years.

In contrast, tidal flat embankment reduces the seaward sediment flux at the 
mouth. For instance, in the medium embankment scenarios (ME series), the 
cumulative sediment export reduces from 6.91 × 10 6 m 3 in ME-noSLR to 
5.43 × 10 6 in ME-SLR100 and 3.70 × 10 6 m 3 in ME-SLR200 (Table 2). The 
cumulative sediment export in the ME-noSLR scenario is only one-third of 
that in the reference case. Moreover, a striking change from sediment export 
to sediment import occurs in the high embankment scenarios (Table 2 and 
Figures 7 and 8). The landward sediment flux (import) becomes larger under 
SLR (Figure 8), for example, increased from 2.47 × 10 6 m 3 in HE-noSLR 
to 3.44 × 10 6 m 3 in HE-SLR200 (Table 2). The landward sediment flux is 
ascribed to a larger maximal current velocity during the flood phase than 
the ebb phase (i.e., 1.2 versus. 1.1 m/s in the HE-noSLR scenario, Figure 
S3 in Supporting Information SI), and consequently, the cross-section inte-
grated sediment flux has become significantly larger during flood tides than 
ebb tides (Figure S5 in Supporting Information  SI). This is because sedi-
ment transport is proportional to a power function of velocity with an order 
larger  than 3. Hence, even a small difference in current velocity differences 
induces a larger difference in sediment flux.

Figure 7.  Changes of cumulative sediment flux at the mouth section over 100 years in all sensitivity simulations. Positive 
values indicate sediment export (seaward flux) and negative indicate sediment import (landward flux).

Figure 8.  The ratio of the 100-year cumulated sediment flux at the mouth 
section in the sensitivity scenarios to that in the reference case. Positive values 
indicate sediment export (seaward flux) and negative ones indicate sediment 
import (landward flux).
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Overall, SLR enhances sediment export in the reference case and low embankment scenarios, but reduces the 
export in the medium embankment scenarios and enhances sediment import in the high embankment scenarios, 
whereas embankment predominantly reduces sediment export, even causing a shift to sediment import in the high 
embankment scenarios (Figure 8 and Table 2). The reduced sediment export and the shift to import explains the 
reduction in seaward progradation of the ebb-tidal delta, when compared with the reference case (e.g., ∼6 km less 
on average in HE-SLR200 compared to NE-SLR200; see Figures 4d and 2i).

Spatially, the (cross-sectionally integrated) cumulative sediment transport is predominantly seaward inside the 
basin in the reference case, apart from some landward transport in the most landward segment of the channel 
(landward ∼ km-20) (Figure 9), which explains the shoaling therein (see Figure S6 in Supporting Information SI). 
The magnitude of the cumulated sediment flux decreases in the landward direction in the reference case and low 
embankment scenarios. The magnitude becomes larger around the mouth but slightly smaller inside the basin 
under SLR, suggesting enlarged streamwise gradients. In the medium embankment scenarios, seaward sediment 
transport occupies the seaward segments of the basin (seaward km-115), while landward transport prevails in the 
other parts of the tidal basin (Figure 9), suggesting sediment transport divergence. Landward net sediment trans-
port occurs throughout the tidal basin in the high embankment scenarios, with the largest magnitude occurring 
inside the basin (km-110), instead at the mouth.

The changes in the cross-sectionally integrated sediment flux are confirmed by the spatial distribution of the 
tidally averaged sediment transport vectors. The sediment transport flux prevails in the deep channels, and was 
smaller over shallower regions (Figure 10). Seaward flux predominates in the reference case both at the beginning 
and at the end of the 100-year simulation. However, it changes to become landward under the same bathymetry 
when a major portion of intertidal flats is reclaimed (Figure 10c). The landward flux persists after 100 years when 
considering both high embankment and SLR of 2.0 m (Figure 10d). In addition, we see circulations of the sedi-
ment transport flux in the high embankment scenarios, which may explain the smaller cross-sectionally averaged 
transport flux compared to the reference case.

The tidally averaged sediment transport may exhibit transitional changes within the 100 years in the medium 
and high embankment scenarios. The sediment export at the basin mouth changes into import after ∼95 and 
∼80 years in the ME-SLR100 and ME-SLR200 scenarios, respectively (Figure 11d). This is consistent with the 
noted decline in the cumulative sediment flux (see Figure 7). The seaward sediment flux persists throughout the 

Figure 9.  Streamwise variations of the cumulative sediment flux over 100 years in all scenarios. Positive values indicate 
sediment export (seaward flux) and negative indicate sediment import (landward flux). The zoom-in subplots show the 
landward sediment flux in the most landward region.
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basin and over the 100 years when a major portion of the intertidal flats is reclaimed (Figures 11e and 11f). The 
absolute magnitude and longitudinal gradients in sediment export reduced over time (except the scenarios consid-
ering SLR only), suggesting ongoing morphodynamic adaptation to restore equilibrium (Figure 11).

3.4.  Basin Hypsometry Changes

The channel volume increased overtime in the reference case due to sediment export. SLR enhanced the increase, 
while embankment mitigated the increase. A high embankment rate however induced a decrease in channel 
volume due to sediment import. The impact of SLR on the channel volume became less significant when consid-
ering low and medium embankment. SLR slowed down the decrease in channel volume in the high embankment 
scenarios and a high SLR caused a shift to increase after the first ∼20 years (Figure 12).

Changes in intertidal storage volume reflected the hypsometric effect on tidal asymmetry. The intertidal storage 
volume slightly increased overtime in the reference case, and SLR enhanced the increase (Figure 12b). In the 
presence of low embankment, the intertidal storage volume slightly decreased over time when there was no SLR 
or SLR of 0.25 m, but increased for SLR >1.0 m (Figures 12c and 12d). The decrease in the medium embank-
ment scenarios (Figure  12f) and the increase in the high embankment scenarios (Figure  12h), are, however, 
only marginally affected by SLR. Moreover, SLR alleviates the reduction in intertidal storage volume in the low 
embankment scenarios, whist a higher rate of SLR reverses the reduction.

The intertidal flat area within the tidal basin and over the ebb-tidal delta was calculated to check how tidal flat 
evolution responded to SLR and embankment. The reclaimed floodplains in the embankment scenarios were 
excluded in the calculations, while the newly established flats, formed by the submerged low-lying floodplains, 
were included in the SLR scenarios. The adjustment of high water and low water and the intertidal range are 
considered with rising sea levels. While the intertidal areas within the tidal basin change little over the 100 years 
in the reference case, SLR slowed down the decrease and a high SLR rate even causes an increase due to lateral 
shoreline migration and the creation of new flats (Figure 13a). These changes are a consequence of the additional 
accommodation space created on the surrounding floodplain and hence depend on the local topography. In these 
simulations they reflect the assumption made about the slope of the surrounding land.

Figure 10.  Distribution of the tidally averaged sediment transport vectors in a selected segment of the basin (km-90 to km-120) at the beginning and end of the 
100-year simulations, with the bathymetry in the background: (a) NE-noSLR at the beginning, (b) NE-noSLR at the end, (c) HE-noSLR at the beginning, and (d) 
HE-SLR200 at the end. The length scale of the vectors in panel (c) and (d) is a third of that in panel (a) and (b).
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At the beginning of the sensitivity simulations, embankment reduces the intertidal area, that is, by 4%, 49%, and 
76% in the low, medium, and high embankment scenarios, respectively. Over the following 100 years, the inter-
tidal area reduces in the low and medium embankment scenarios, due to the persistent sediment export (despite 
the slight increase in the initial 20 years; Figure 13c), but increases in the high embankment scenarios because 
of sediment import (Figure 13d). The temporal increase in intertidal flats in the high embankment scenarios 
suggests that tidal flat accretion (and expansion) may keep pace with SLR. However, it should be noted that the 
rate of accretion is relatively small and slow. Hence, the net intertidal area at the end of the 100 years is still much 
smaller than for the reference case.

The hydraulic depth of the main channel (i.e., the ratio of the channel volume to surface area at mean water level) 
increases over time in the reference scenario, because of sediment export (see Figure S7 in Supporting Informa-
tion SI). The increase becomes smaller under SLR, suggesting that SLR induces a larger increase in surface area 
than volume. Tidal flat embankment results in an increase of the hydraulic depth of the main channel, particularly 
in the high embankment scenarios in which the hydraulic depth reduces over time. The hydraulic depth of the 
intertidal zone (i.e., intertidal volume divided by intertidal area) increases significantly in response to SLR and  in 
the presence of embankment, due to the increase in intertidal storage volume and the decrease in intertidal flat 
area. This increase becomes larger when embankment is implemented, although the temporal changes remain 
small in the embankment scenarios when there was no SLR. However, for the SLR scenarios, a larger hydraulic 
depth was establishes in the intertidal zone because the planimetric area is constrained, while the water depth 

Figure 11.  Streamwise variations of the tidally averaged sediment flux after 0, 25, 50, 75, and 100 morphodynamic years in 
the (a) NE-noSLR, (b) NE-SLR200, (c) ME-noSLR, (d) ME-SLR200, (e) HE-noSLR, and (f) HE-SLR200 scenarios. Positive 
value indicates seaward flux and negative value indicates landward flux. Note that the scales of the y-axis in (a) and (b) are 
larger than that in (c)–(f).
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increased. The increase in hydraulic depth of the main channel is more significant when reclaiming the tidal flats 
below the mean sea level, while the increase in hydraulic depth of the intertidal zone is more significant when 
removing the tidal flats above the mean sea level.

The intertidal flat area in the ebb-tidal delta increases over time in the reference case, due to sediment supply 
from the landward tidal basin (Figure 14a). When SLR is <1.0 m, the increase rate in intertidal area reduces and 
switches to a decrease when SLR is 1.0 and 2.0 m. This implies tidal flat accretion at smaller rates under SLR 
conditions. Similar increasing or decreasing trends are observed in the scenarios considering tidal flat embank-
ment (Figures 14b–14d). Overall, these results suggest that vertical tidal flat accretion over the ebb-tidal delta 
fails to match the rate of SLR. It is noteworthy that the intertidal flat area still increases over time in the ebb-tidal 
delta for the HE-noSLR scenario (considering landward residual sediment transport), which is ascribed to sedi-
ment redistribution resulting from subtidal channel erosion and flat accretion as indicated by the hypsometry 
changes (Figure S8 in Supporting Information SI).

Figure 12.  Temporal changes in (a, c, e, g) channel volume below mean water level and (b, d, f, h) intertidal storage volume 
of the basin in the no (a), (b), low (c), (d), medium (e), (f) and high (g), (h) embankment scenarios.
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4.  Discussion
4.1.  Impact of Tidal Flat Reclamation

The model results highlighted how reclamation of tidal flats affects the large-scale hydro-morphodynamics 
besides the direct consequence in reducing tidal flat area. First, loss of tidal flats affects tidal evolution (Holleman 
& Stacey,  2014; Pelling et  al.,  2013; Talke & Jay,  2020). Embankment narrows the tidal channel and alters 
its width convergence, which exerts a feedback impact on tidal wave propagation. Intertidal flats and subtidal 
regions are known as sinks of momentum and energy and thus influence tidal damping (Speer & Aubrey, 1985). 
The presence of tidal flats and subtidal areas change the effective depth and convergence (Ensing et al., 2015; 
Jay,  1991). Loss of tidal flats explains the more amplified tides, as found in this study. Similar changes are 
observed and modeled in natural tidal basins. For instance, Holleman and Stacey (2014) modeled a 1 m SLR 
and showed that this amplified the tides in San Francisco Bay, when the shoreline was kept rigid, but decreased 
tides when flooding of overland floodplains was allowed. Ensing et al. (2015) suggested that the increase in tidal 
amplitude induced by SLR would be decreased if overland flooding occurred in the Ems Estuary. Similar changes 
were modeled in the Delaware Estuary (Hall et al., 2013; Lee et al., 2017; Ross et al., 2017) and in the Chesapeake 
Bay (Du et al., 2018; Lee et al., 2017), indicating the strong impact of tidal flat loss on tidal dynamics.

A second impact of tidal flat reclamation is on tidal asymmetry and the tidally averaged sediment transport. Tidal 
flat embankment sharply reduces the planimetric area of the tidal basin, the cross-sectional area, as well as the 
intertidal flat area and associated storage volume. The reduction in cross-sectional area may be at a larger rate 
than the increase caused by SLR. Hence, a reduction in tidal prism is partially responsible for the reduced sedi-
ment export in the embankment scenarios. Moreover, the reduction of intertidal storage volume, in the embank-
ment scenarios, mitigates the ebb dominance and sediment export. In the extreme case when a major portion 
of the intertidal flats is reclaimed (the high embankment scenarios), the hypsometric effect of intertidal storage 

Figure 13.  Temporal changes in intertidal flat area inside the tidal basin over 100 years considering sea-level rise in the (a) no, (b) low, (c) medium, and (d) high 
embankment scenarios. Note that the scale of the y-axis in panels (b)–(d) is different to panel (a).
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becomes negligible. As a result, stronger flood currents and shorter rising tides substantially change the tidal 
asymmetry, resulting in sediment import.

The third significant impact of tidal flat embankment is on the medium-to long-term morphology. While SLR 
may increase intertidal flat area by submerging low-lying floodplains, the dikes used for tidal flat reclamation 
prevent lateral shoreline migration, resulting in a decrease in intertidal area. Although sediment import in the 
high embankment scenarios mitigates the intertidal flat loss to some degree, this mitigation effect is slow when 
compared with the direct tidal flat loss to reclamation. Thus tidal flat area at the end of the 100-year simulations 
is still much smaller compared to the reference case (see Figure 13).

As regards to the ebb-tidal delta, tidal flat area does not necessarily increase under sediment export because of 
the differences between the vertical flat accretion rate and SLR rate. The reduced sediment export in the embank-
ment scenarios leads to a decline in sediment supply to the ebb-tidal delta. The shift to sediment import in the 
high embankment scenarios implies erosion of the ebb-tidal delta, given that there is no other sediment supply 
from the sea. This explains why the ebb-tidal delta progradation is much slower in the embankment scenarios. 
These changes further illustrate how the tidal basin and the ebb-tidal delta behave as an inherently connected 
morphodynamic system, that is, changes within the tidal basin exert far-field impact on the outer ebb-tidal delta.

The hydro-morphodynamic impact of SLR varies with the degrees of tidal flat embankment. The shift from sedi-
ment export to import in the last decades in the ME-SLR100 and ME-SLR200 scenarios and the persistent sedi-
ment import in the HE scenarios indicates the combined influences of SLR and embankment. The regime  shift 
is explained by a feedback mechanism between hydrodynamics and morphology. On the one hand, the phase 
differences between tidal water levels and tidal currents remain nearly the same between the SLR and embank-
ment scenarios. However, SLR increases the water depth, which causes a reduction in the strength of the Stokes 
return flow because it is distributed over a larger water column (Ridderinkhof et al., 2014). On the other hand, 

Figure 14.  Temporal changes in intertidal flat area over the ebb-tidal delta considering sea-level rise in the (a) no, (b) low, (c) medium, and (d) high embankment 
scenarios.
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the ratio of the intertidal storage volume to channel volume (VS/VC) and the ratio of the low water planimetric 
area to high water planimetric area (SLW/SHW), two indicators of the hydraulic storage impact of intertidal zones, 
reach thresholds of ∼0.125 and ∼0.66, respectively, when the shift occurs (Figure 15). The threshold for VS/VC 
is consistent with the threshold derived from idealized modeling stimulations in 1D (Friedrichs & Aubrey, 1988) 
and 2D circumstances (Zhou et  al.,  2018). A reduction in VS/VC and an increase in SLW/SHW indicate a loss 
of intertidal area and storage volume, which is particularly the case in the scenarios with large SLR and high 
embankment. Both changes resulted in a reduction in ebb dominance and a shift to flood dominance takes place 
when the thresholds are passed.

We see that the hydro-morphodynamic impact of embankment is much more substantial than that of SLR. SLR 
exacerbates the impact of tidal flat embankment. The tidal prism decreases with embankment. Both the sedi-
ment transport magnitude and the residual transport flux decrease with embankment. The SLR-induced changes 
in tidal flat areas, channel volumes, and intertidal storage volumes become smaller with increasing extent of 
embankment (low to high). These results suggest that embankment reduces the system's morphodynamic activity 
and adjustment capacity in response to SLR. Inundation and erosion of the low-lying floodplains under rising 
sea levels provides a buffering capacity in counteracting SLR, whereas tidal flat embankment prevents the chan-
nels from expanding laterally, thus depriving the system from using its morphodynamic feedback mechanism 
to adapt to SLR. This influence is much more profound when SLR is high and embankment is extensive. This 
hydro-morphodynamic feedback mechanism may explain the enhanced flood dominance in the North Branch of 
Changjiang Delta in response to extensive tidal flat reclamation (Guo et al., 2021).

4.2.  Model Limitations and Future Research Needs

As explained in the model setting section, we adopted a schematized model that focuses on the impact of tidal 
flat embankment and SLR in tide-dominated convergent basins. This ignores the influence of river flow, salinity 
gradients, wind-waves, sediment heterogeneity and variations in sediment supply that are likely to play a role in 
the morphological response of this type of system. River flow is expected to provide an additional source of sedi-
ment supply and to enhance seaward sediment transport (Guo et al., 2014), which can counter the landward trans-
port induced by embankment. The gravitational circulations created by the interactions between fresh and saline 
water can cause landward sediment transport near bottom, enhancing sediment trapping within estuaries (Geyer 
et al., 2001; Sommerfield & Wong, 2011). To provide some preliminary impression of these excluded forcing 
conditions on the morphodynamics in this work, we ran a few extra simulations considering river discharge 
and sediment grading (Figures S9-S11 in Supporting Information  SI). Including a small river discharge and 

Figure 15.  Changes of (a) Vs/Vc and (b) Slw/Shw in the tidal basin over 100 years in the selected scenarios considering sea-level rise and embankment.



Journal of Geophysical Research: Earth Surface

GUO ET AL.

10.1029/2021JF006556

19 of 24

3-dimensional processes, Figure S9b in Supporting Information SI, made little difference to the channel pattern 
and morphodynamic development because the amplified tide and large tidal discharge predominate. A larger river 
discharge would damp the incoming tide and enhance the ebb-tidal currents and associated seaward sediment 
transport (Figure S9c in Supporting Information SI). It would therefore enhance the sediment export and possibly 
mitigate the sediment import in the high embankment case. Moreover, including a river discharge introduces 
additional fluvial sediment supply to the system. As a result, more intertidal flats are likely to form in the mouth 
zone of the tidal basin and the ebb-tidal delta is more likely to prograde seaward. Further in-depth investigation is 
still needed to determine the potential impact of the near-bottom landward sediment transport driven by density 
circulation under varying river-tidal forcing conditions (Olabarrieta et al., 2018; Zhou et al., 2020).

Varying the sediment grain size and the addition of a mud fraction also have a distinct influence. Adding mud to 
tidal estuaries tends to introduce more variability in the morphodynamic response, for example, landward flux of 
mud in the Humber Estuary (Townend & Whitehead, 2003) and Western Scheldt Estuary (Dam et al., 2016), and 
less bifurcated channels (Edmonds & Slingerland, 2010), because fine sediment transport involves more dynamic 
processes such as slack water asymmetry, and settling and sour lag effects (de Swart & Zimmerman, 2009). In this 
work, the additional simulations considering sediment with smaller or larger grain size (64 and 300 μm) exhibited 
very similar results, while differing primarily in the morphodynamic evolution speed (Figure S10 in Support-
ing Information SI). The sediment transport rate is larger and the associated morphodynamic development is 
faster under smaller grain size, given that sediment transport increases with decreasing grain size (Engelund 
& Hansen, 1967). Similar findings have been reported in other studies (e.g., Grasso et al., 2021), and this topic 
merits further in-depth investigation. In contrast, the channels inside the tidal basin become more regularly mean-
dering, the tidal flats become more extensive, and the distributary channels over the ebb-tidal delta become less 
braided when adding 10% mud to the noncohesive sand (Figure S11 in Supporting Information SI). Note that the 
morphodynamic results are very sensitive to the parameter settings of cohesive sediment, such as the percentage 
of mud compared to sand, the critical erosion and deposition shear stresses (and their spatial distribution), the 
settling velocity, and the initial thickness of mud on the bed (Olabarrieta et al., 2018; Zhou et al., 2020). Hence, 
the role of mud transport on large-scale estuarine and deltaic morphodynamics still merits further examination.

Furthermore, the excluded wind-waves may enhance sediment resuspension and help to stimulate sand bar merg-
ing and reduce the number of distributary channels in the ebb-tidal delta, as have been reported over river deltas 
(Geleynse et al., 2011) and tidal basins (Elmilady et al., 2022). Future study is also needed regarding the sensitiv-
ity to the lateral tidal flat profile slope, quantification of the morphodynamic adaptation scale, and the morpho-
dynamic equilibrium restoration under the sediment import regime.

This study focuses on the physical processes, while biophysical interaction and the coupled eco-morphodynamic 
evolution may further highlight the value of wetland conservation in response to SLR. The vertical accretion rate 
of saltmarshes is larger than that over bare flats because of enhanced sediment trapping within the vegetation 
canopy (Fagherazzi et al., 2012; Kirwan et al., 2016). Moreover, vegetated tidal flats tend to have a larger erosion 
resistance. Hence, considering vegetation may reduce supra-tidal erosion and the sediment availability compared 
to the reference case. Accumulation of underground organic matter may further help intertidal habitat survival 
in response to SLR (Thorne et al., 2018). At a 100-year time scale, vegetation may also migrate landward to 
higher land in accord with shoreline expansion (Fagherazzi et al., 2019). Embankment of tidal flats deprives tidal 
systems of such adaptation capacity, capping ecosystem services, and in some cases, exacerbating the flood risk. 
Studying the interaction and mutual evolution between morphodynamic and bio- and ecological processes has 
received increasing research interest (Gourgue et al., 2021; Murray et al., 2008). It has led to a mindset change 
toward nature-based solution in coastal management, which meets the management objectives of tidal wetland 
ecosystem conservation and defense against erosion and flooding (Temmerman et al., 2013).

4.3.  Implications for Management

This study highlights some of the likely long-term hydro-morphodynamic impact of large-scale tidal flat recla-
mation in tidal systems. System-scale morphodynamic adaptation is essentially slow when compared with the 
hydrodynamic response to SLR and tidal flat embankment; hence, such long-term impact has generally been 
understudied and underestimated. To indicate whether new morphodynamic equilibrium was being approached 
over the 100-year simulation, we examine the temporal variations of tidal prism (P) and cross-sectional area 
(A) at the mouth section (Figure  16). This shows that tidal flat embankment reduces the tidal prism at the 
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beginning, but the magnitude of the changes remain small compared to the changes caused by the subsequent 
hydro-morphodynamic adaptation. Both tidal prism and cross-section area increase in the none, low, and medium 
embankment scenarios, whereas the high embankment scenarios exhibited an increase in tidal prism but a decrease 
in cross-sectional area. This suggests that the high embankment scenarios are seeking a new cross-sectional area 
to match the reduced tidal prism at the beginning. The end state of the HE scenarios considering SLR then show 
a small increase in tidal prism and cross-sectional area relative to the HE-noSLR case. Furthermore, the oscil-
lation in the progression toward a new equilibrium is more pronounced in the medium and high embankment 
scenarios, seemingly in accordance with the more dramatic modification of the morphology at the beginning. 
The oscillation is, however, consistent with previous arguments made by Dronkers (1986) and Pethick (1994) 
that tidal systems close to equilibrium may switch between flood and ebb dominance. Overall, the end state of all 
scenarios, with the exception of NE-SLR050, converge to a gently curving line in the P-A plot, suggesting that 
a systematic morphodynamic adaptation has been captured. Even though, the hydro-morphodynamic adaptation 
may continue after the 100-year simulation used in this study, before a static equilibrium is approached.

When interpreting these findings, it is important to note that the time scale in the model may not be exactly as that 
in nature, due to the total sediment load transport formula. Nonetheless, the findings provide an initial insight into 
the potential long-term implications of reclamation. Such an understanding of the system behavior, at large space 
and long timescales, is essential for successful coastal development and management.

Although the schematized model system in this study is not intended to represent any specific system in nature, 
the findings about the impact of embankment under SLR can still be informative for management of actual tidal 
basins and estuaries. The model results suggest that the coupled tidal basin-ebb delta system is more likely to 
drown under SLR when embankment is implemented (Figure 17). Tidal changes induced by embankment have 
consequent impact on erosion, flooding risk and ecosystems (Talke & Jay, 2020). Embanked tidal landscapes 
might have a higher flood vulnerability and lower flood resilience compared with the natural landscape, because 
the embanked regions are deprived of sedimentation from overwash events during high tide, whereas compaction 
of sedimentation and subsidence reduces their elevation (Auerbach et al., 2015; Hoitink et al., 2020). In addi-
tion, embankment of low-lying floodplains prevents marine transgression of the tidal basin and the associated 

Figure 16.  The temporal variations in tidal prism and cross-section area at the basin mouth for all scenarios. The subplot 
highlights a zoom-in view of the high embankment scenarios. The squares and circles indicate the results at the beginning and 
end of the 100-year simulations, respectively.
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lateral expansion, thus constraining the system to adapt to external changes (Townend et al., 2021). The outsized 
influ ence of tidal flat embankment on tides and morphodynamic evolution suggests that it may be feasible to 
reverse the undesirable outcomes, for example, managed retreat (Townend & Pethick, 2002), thereby mitigating 
some of the future effects of climate change. For example, Orton et al. (2015) suggested that returning to histor-
ical depths would provide protection against future SLR in Jamaica Bay in New York harbor. Restoring tidal 
inundation by breaching embankment was thought to facilitate tidal flat recovery and, in some cases, mitigate 
the flooding risk (Auerbach et al., 2015; Townend & Pethick, 2002). The ecosystem services provided by flats 
and marshes can often be sufficient to justify coastal realignment in tidal basins and estuaries by breaching dikes 
and returning floodplains to nature to be flooded (Luisetti et al., 2014), thereby restoring some of the natural 
resilience to SLR (Orton et al., 2015; Xu et al., 2019).

This modeling study suggests that removing a major portion of intertidal flats within tide-dominated basins 
induces a landward sediment flux and channel deposition. It thus confirms the hypothesis that the extensive 
reclamation in the North Branch of the Changjiang Delta played a role in reinforcing sediment import and the 
channel aggradations (Guo et al., 2021). While sediment import is to the advantage of tidal basins and estuar-
ies to counteract the drowning impact of SLR in general, persistent import and fast sedimentation in the North 
Branch, however, raises another management concern regarding channel shrinkage and significant loss of channel 
volume, possibly leading to channel extinction in the long term. Allowing tidal flats to accrete and expand under 
sediment import and SLR, instead of progressively reclaiming them, is expected to slow down sediment import 
and may eventually lead to an approach toward a new hydro-morphodynamic equilibrium.

5.  Conclusions
In this study, we deployed a numerical model to explore the centennial morphodynamic evolution of a schema-
tized tidal basin in response to SLR and tidal flat embankment. We found that sediment export at the mouth of 
the tidal basin in the reference case increases with SLR, but decreases with increasing degree of embankment. 
Tidal flat embankment reduces sediment export at a much larger rate than SLR and the loss of a major portion of 
intertidal flats causes a switch from sediment export to import. As a result of SLR and embankment, the tidal flat 
area and storage volume decreases but at different rates over time in the different scenarios. The morphodynamic 

Figure 17.  Conceptual sketches showing changes of the half cross-section profile (a) in the reference case, (b) (high) sea-level rise (SLR) scenario, (c) (medium) 
embankment scenario, and (d) combined embankment and SLR. LW and HW indicate low water and high water, respectively.
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changes and adjustment are explained by the altered tidal dynamics and the competing effect between tidal wave 
deformation and intertidal storage effect.

The modeled tidal basin-ebb-tidal delta system exhibits resilience to SLR by making new accommodation space 
and sediment supply, and internal sediment redistribution. However, large-scale reclamation of intertidal flats 
significantly alters the system's hydro-morphodynamic adaptation at the decadal to centennial time scales, by (a) 
constraining sediment supply from bank erosion under rising sea level, (b) reducing the buffering capacity, due to 
sediment redistribution, within the system, and (c) altering the ebb dominance and sediment flushing to the sea 
(reduced sediment trapping effects) due to the removal of the tidal flats. The findings in this study indicates that 
restoring intertidal flats and low-lying floodplains for tide-dominated estuaries and basins has substantial benefit 
in preserving the system's own resilience to external changes like SLR, and lends support to the management 
paradigm of leaving room for nature instead of diking and fighting against nature.

Data Availability Statement
This modeling study used the open-source code Delft3D (version 4.04.01) [Software], developed by Deltares, 
which can be downloaded from https://oss.deltares.nl/web/delft3d/source-code. The two-dimensional model 
setting files are available at Figshare via https://doi.org/10.6084/m9.figshare.19703428.
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