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Highlights

1. Lateral expansion to low-lying floodplains alleviates the drowning effect of SLR in long tidal basins.
2. Hypsometry changes under SLR-induced lateral shoreline expansion enhance ebb dominance and sediment export.
3. Tidal flats in an unconstrained tidal basin may survive low but not high SLR at the centennial time scale.
Abstract

Global climate changes have accelerated sea-level rise (SLR), which exacerbates the risks of coastal flooding and erosion. It is of practical interest to understand the long-term hydro-morphodynamic adaptation of coastal systems to SLR at a century time scale. In this work we use a numerical model to explore morphodynamic evolution of a schematized tidal basin in response to SLR of 0.25 to 2.0 m over 100 years with special emphasis on the impact of lateral basin expansion. Starting from a sloped initial bed, morphodynamic development of the system leads to the formation of alternating bars and meandering channels inside the tidal basin and an ebb-tidal delta extending seaward from the basin. Imposing rising sea level causes progressive inundation of the low-lying floodplains, found along the basin margins, inducing an increase in basin plain area and tidal prism, as well as intertidal area and storage volume. Although the overall channel-shoal structure persists under SLR, lateral shoreline expansion alters the basin hypsometry, leading to enhanced sediment export. The newly-submerged floodplains partly erode, supplying sediment to the system for spatial redistribution, hence buffering the impact of SLR. The vertical accretion rate of the tidal flats inside the tidal basin lags behind the rate of SLR. However, lateral shoreline migration under SLR creates new intertidal flats, compensating intertidal flat loss in the original basin. In contrast, a constrained tidal basin without low-lying floodplains is subject to profound drowning and tidal flat losses under SLR. Overall, the model results suggest that a unconstrained tidal system allowing lateral shoreline migration has buffering capacity for alleviating the drowning impact of SLR by evolving new intertidal areas, sediment redistribution and morphodynamic adjustment. These findings suggest that preserving tidal flats located along the margins of tidal basins (instead of reclaiming them) sustains the system's resilience to SLR.
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1. Introduction

Coastal areas and wetlands provide important habitats for human beings and ecosystems (Craft et al., 2009; Muis et al., 2016). However, rising sea levels are posing a threat to populated or protected areas, leading to coastal erosion, shoreline retreat, loss of salt-marshes, and increasing risk of flooding (Nicholls et al., 1999). The global mean sea-level rise (SLR) rate has been estimated at 1.8±0.1 mm yr-1 between 1880 and 1980 (Douglas, 1991), increasing to 3.4±0.4 mm yr-1 over the interval 1993-2014 (Nerem et al., 2010; Chen et al., 2017). Although local SLR rates vary slightly in different studies (Dangendorf et al., 2017; Frederikse et al., 2020), it is generally accepted that the rate of SLR is globally accelerating and will continue to accelerate in the future (IPCC, 2014; Chen et al., 2017). It has become a worldwide concern that tidal flat accretion in estuaries and coasts may not be able to keep pace with an accelerated rate of SLR in the coming century. This results in submergence and loss of tidal flats and salt-marshes and associated important habitats and ecosystems (Craft et al., 2009; Kirwan and Megonigal, 2013; Valiela et al., 2018), such as in the Wadden Sea (van Wijnen and Bakker, 2001; Wang et al., 2018; Lodder et al., 2019), San Francisco Bay (Takekawa et al., 2013), and the Mississippi River delta (Blum and Roberts, 2009). Global estimates suggest that 40-90% of coastal wetlands may be lost by the end of the 21st century even when considering marsh accretion and expansion (Ganju et al., 2017; Valiela et al., 2018). The decline in river-borne sediment supply and land subsidence may further accelerate the coastal wetland loss (Syvitski et al., 2009).

There is an ongoing debate about the likely impact of an accelerating rate of SLR on estuaries and deltas in the forthcoming century, which is the period of most relevance for present coastal management and planning. In river-dominated deltas, SLR causes delta submergence, shoreline recession and changes in habitat depending on the availability of fluvial sediment and the rate of SLR (van de Lageweg and Slangen, 2017). Differing from open coasts and river deltas, the impact of SLR on tidal basins and estuaries tends to be more complicated because of the non-linear behavior of tidal wave propagation, the interactions between basin geometry and tidal flats, and large-scale estuarine morphodynamic adjustment and feedback mechanism in response to SLR (Du et al., 2018; Lodder et al., 2019). Furthermore, whilst marine transgression on the open coast is invariably normal to the shoreline, the changes in an estuary are more 3-dimensional. For clarity, we consider changes along the axis (thalweg) of the estuary to take place landward, for example, if the tidal limit extends further inland. In contrast, lateral changes are those that are normal to the axis or cross-shore, such as erosion of the shoreline which causes a lateral expansion of the estuary.

Many previous studies have documented changes in tidal wave propagation and hydrodynamics when imposing a higher mean sea level on a fixed morphology (Friedrichs et al., 1990; Wolanski and Chappel, 1996; Du et al., 2018; Talke and Jay, 2020). These studies have stressed the importance of tidal basin planform variations under different water levels and consequent impacts on tidal wave propagation and sediment transport. Others have examined the large-scale response of flats and channels using aggregated models (van Goor et al., 2013; Townend et al., 2016). Examining the likely response, whilst taking account of the redistribution of sediments and the potential changes in morphology, has received far less attention. Schuerch et al. (2018) estimated that 0-30% of the global coastal wetland might be lost until 2100 provided that sediment supply remains at present levels and that there were no constraints on shoreline migration. This estimated loss is smaller than previous predictions, because of the assumed possible inland expansion, where new wetlands are created. Ladd et al. (2019) and Mariotti and Carr (2014) also stressed that sediment from the lateral erosion of tidal flats might provide sources for vertical accretion. These studies emphasize how tidal systems are able to adjust their own morphology as part of the dynamic response to SLR. They imply that the fate of a tidal system to be drowned or not, 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. However, the mechanisms and modes of morphological adjustment that would enable tidal basins to adapt to SLR at the decade to century time scales, when considering both vertical accretion and horizontal migration, are not yet clear. The main evidence for possible mechanisms relies on studies of shoreline retreat and system transgression from sedimentary stratigraphic studies over historic and geological time scales (Allen, 1990; Townend and Pethick, 2002; Dalrymple et al., 2006).

Large-scale morphodynamic modeling is a powerful tool in exploring the impact of SLR on estuarine and coastal morphodynamics at the decade to century time scales. Modeling approaches range from highly schematized box-models (e.g., Rossington et al., 2007) to case studies including complex process interactions (e.g., Van der Wegen, 2013). Based on an aggregated approach considering morphological equilibrium concepts (Van Goor et al., 2003; Wang et al., 2018; Lodder et al., 2019), it was suggested that a tidal inlet-basin system, like those in the Dutch Wadden Sea, can survive SLR up to a rate of 15 mm yr-1 owing to the sediment import from ebb-tidal deltas. In contrast, process-based models take complex process descriptions as a starting point. This type of model has a high spatial and temporal resolution but is computationally more expensive than an aggregated approach. The morphodynamic modeling approach has been applied to schematized tidal lagoons and estuaries (Dissanayake et al., 2012; Van Maanen et al., 2013; Van der Wegen, 2013) and also to actual estuaries and tidal basins, such as the sub-embayments of San Francisco Bay (Ganju and Schoellhamer, 2010; Elmilady et al., 2019; Zhang et al., 2020) and the Western Scheldt Estuary (Dam et al., 2013). Most of the past studies documented that intertidal flats in tidal lagoons and estuaries are prone to drown under an accelerating rate of SLR (van der Wegen, 2013; van der Wegen et al., 2016; van de Lageweg and Slangen, 2017; Elmilady et al., 2019).

The above-mentioned modeling studies highlight the morphodynamic sensitivity to SLR rates and the high probability of drowning of tidal basins under enhanced rates of SLR scenarios. An important yet under-explored aspect of estuarine adaptation to SLR is the presence of lateral migration of the estuary shoreline, leading to an expansion of plan area under rising sea levels and its subsequent impact on tidal dynamics and morphodynamic evolution. Many tidal basins and estuaries worldwide have a convergent planform and are fringed by large areas of low-lying lands in the lower reaches, which are currently just above high water (see Figures 1 and S1 in the Supporting Information; Dalrymple and Choi, 2007; Bamunawala et al., 2020). Moreover, the low relief of coastal plain tidal basins and estuaries implies that a relatively small increase in mean sea level can lead to a large increase in intertidal area (Kirby, 2000; Friedrichs, 2011). This will have an impact on tidal propagation, subtidal flow and salinity distribution, sediment transport and associated morphodynamic adaptations. Lateral expansion under SLR potentially allows the survival of intertidal flats and marsh systems. Sustainable coastal management strategies, e.g., by introducing more flexible flood protection schemes, could be better developed if there is more knowledge on the benefit of preserving low-lying lands. Therefore, it would be of substantial value for coastal management to understand the degree to which large-scale estuarine morphodynamics adapt to SLR of different rates.
[image: image1.emf]
Figure 1. A conceptual diagram of a tide-dominated estuary with mid-channel sand bars, flanked tidal flats and marsh land, and low-lying floodplains, modified from Dalrymple and Choi (2007).

The objective of this work is to explore the morphodynamic impact of SLR on a long tidal basin at the centennial time scale when considering the possibility of lateral expansion by using a process-based numerical modeling approach. We first outline the modeling method and settings before presenting the model results in terms of morphological evolution, tidal dynamics and net sediment transport. We then assess the impact of SLR and the implications for estuary management.
2. Method

We construct a 2D model of a schematized tidal basin based on the Delft3D software (Lesser et al., 2004) which is a process-based model widely used in modeling estuarine and coastal morphodynamics (see e.g., van der Wegen, 2013; Guo et al., 2015). The model domain is 250 km long and 100 km wide. Longitudinally, the first 150 km is prescribed as a long tidal basin which meets an open coastal ocean extending 100 km offshore (Figure 2a). The tidal basin width at the mean sea level increases from 1 km at the landward end (x=0) to 15 km at the mouth section (x=150 km), with an initially funnel-shaped planform (Figure 2a). The width convergence length is approximately 270 km (Table 1). The model mesh has a high resolution of 50 m cell size along the tidal basin and around the mouth regions to resolve the channels and shoals formed therein, while the cell size increases slowly to 200 m towards the seaward boundary where morphodynamic changes remain limited. The main channel of the tidal basin has a linearly sloping bed from 0 m at the landward end to 15 m at the mouth section, and further deepens to 50 m at the seaward boundary 100 km offshore (Figure 2b). The initial cross-section profile combines a U-shape in the more landward reach (x=0 to x= 50 km, Figure 2c) and a concave inter- and supra-tidal flat profile in the seaward reach (x= 50 km to x=150 km, Figure 2d). The transverse inter-tidal flat slope is 1/500-1/1500 on average in the lower basin, which is close to the mean value observed in actual estuaries (Le Hir et al., 2000). The concave tidal flat shape is chosen to be consistent with the fact that tidal flats are more broadly present in the highly convergent regions of tidal basins and estuaries close to the coasts (Dalrymple and Choi, 2007) and that tidal flats under tidal forcing controls and with minor wave influence are more likely to develop concave profiles (Kirby, 2000; Friedrichs, 2011).
[image: image2.emf]
Figure 2. Sketches of the schematized model domain setting in distorted space scales: (a) the planform of the tidal basin with division between the inner basin and the outer delta regions, (b) a side view of the main channel and initial bed profile, and (c, d) cross-section profiles of A-A' and B-B', respectively. The green shading indicates the inter-tidal zone. Both the bank and the bed are erodible. The dashed and dash-dotted boxes in panel (a) indicate the regions of tidal basin and the ebb-tidal delta, respectively. 
Table 1. Model parameter settings based on the Delft3D software
	Property
	Parameter

	domain size
	(150 +100) km*100 km

	cell size
	50-200 m

	initial channel bed slope
	1/10000

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

	lateral flat slope
	1/500~1/1500

	bed roughness
	uniform Chézy 65 m1/2/s

	horizontal eddy viscosity
	1 m2/s

	tidal amplitude
	1.5 m at the seaward boundary

	sediment
	sand of 150 μm in median size

	sediment transport formula
	Engelund and Hansen (1967)

	hydrodynamic time step
	60 seconds

	hydrodynamic run time
	5 years + 1 year

	morphological factor
	100

	morphodynamic time
	500 years + 100 years

	dry bed erosion parameter
	100%

	lateral bed slope factor (alfaBn)
	10



The tidal basin is driven by tides with no river flow and fluvial sediment supply and excludes wave impact and density difference effects. For reasons of simplicity, an astronomical semi-diurnal M2 tide with amplitude of 1.5 m is imposed at the seaward boundary. Other tidal constituents such as S2 and M4 are not considered although including them would increase tidal range and high-water level, which may induce more inundation. It is assumed that the tides at the seaward boundary will not change much under SLR. Tidal propagation into the tidal basin does, however, adapt in response to morphological changes. The two lateral boundaries of the sea domain are prescribed as Neumann boundary conditions, following Roelvink and Walstra (2004), with no water level gradient in the direction normal to the lateral boundaries. The high land of the tidal basin domain (the dark shade region in Figure 2a) has an elevation of 10 m (above mean sea level) and is not inundated even at high tide, hence free-slip boundaries are imposed there. A uniform friction of Chézy coefficient 65 m1/2/s is used. Sediment transport is prescribed by one single sand fraction (a median grain size of 150 μm) treated as total load transport by the Engelund and Hansen (1967) formula. Morphodynamic development is accelerated by using a morphological factor approach based on the Exner equation (Roelvink and Reniers, 2011). Similar to Guo et al. (2015), a morphological factor of 100 is used to accelerate bed level update in this work.

To enable channel migration and dry land erosion, the function of dry bed erosion is activated. Dry and wet cells are classified by a depth threshold of 0.1 m (Deltares, 2011). In addition, the dry cells adjacent to a wet cell are assumed to be erodible and the erosion volume of the dry cell is prescribed by a user-defined fraction (0-100%) of the erosion in the wet cell. Previous modeling studies considering dry cell erosion show that a fraction of 100% is suitable to reproduce sand bar erosion and channel migration (van der Wegen and Roelvink, 2008; Guo et al., 2015), and is used in this study as well. Moreover, bed slope effects on the sediment transport are considered using the Ikeda (1982) and Bagnold (1986) methods, with longitudinal and lateral bed slope adjustment factors of 5 and 10, respectively (Table 1). The secondary flow impact is considered, whereas the Coriolis effect, land subsidence and uplift, and vegetation controls are not considered at this moment.

For this study, we first run a morphodynamic simulation for 500 years during which channels and shoals take shape inside the tidal basin and sediment deposition at the mouth builds up an ebb-tidal delta. The morphology at the end of 500 years (see Figure 4a) is then used as the initial condition for sensitivity simulations considering SLR. We continue the morphodynamic simulation for another 100 years without SLR, as a reference scenario. It is projected that the most likely SLR by 2100 is some 0.44 m (ranging from 0.26-0.61 m), 0.53 m (0.36-0.71 m), and 0.74 m (0.52-0.98 m) according to the Representative Concentration Pathway (RCP) scenarios 2.6, 4.5 and 8.5, respectively, while a high-end scenario suggests a rise of 2-2.5 m (Church et al., 2013). Accordingly, in this study four sensitivity scenarios are defined by imposing SLR of 0.25, 0.5, 1.0, and 2.0 m over 100 years as an exponential increase (Figure 3), which equates to mean SLR rates of 2.5, 5, 10, and 20 mm yr-1, respectively. To assist comparison of the situation without lateral expansion, we also ran extra simulations by imposing thin dams along the high water shorelines, as defined by the model results at the end of the initial 500-year simulation. This has the effect of removing the low-lying floodplains, with elevations above the high water, from the model domain, so that they are not flooded in the following 100-year simulations even under SLR, representing a diked and constrained tidal basin in which lateral expansion is not allowed (see section 4.1). Selected morphodynamic properties are compared with the reference scenario to highlight the impact of SLR, including the erosion and deposition pattern, the variations of inter-tidal flat area and storage volume, and tidal wave dynamics and tidally-averaged sediment transport.
[image: image3.emf]
Figure 3. A sketch showing mean sea level changes in the morphodynamic time framework considering different rates of SLR. The first 500 years are squeezed in time scale as indicated by the dashed line.
3. Model results

3.1 Morphodynamic evolution


The initial 500-year morphodynamic simulation leads to the development of meandering channels and shoal systems inside the tidal basin and the formation of an ebb-tidal delta with bifurcating channels seaward of the basin mouth. Given no external sediment sources, erosion of the channel bed and channel banks inside the tidal basin and spatial redistribution of the sediment initiates the morphodynamic changes. The ebb-tidal delta builds up rapidly by sediment export from the basin that leads to continuous delta progradation. The morphodynamic development gradually slows down after 500 years when a matured channel-shoal structure takes shape and the change rates decline (see supplementary animation A1). However, it is noteworthy that a static morphodynamic equilibrium might have not been reached, according to the classification of Zhou et al. (2017).

The morphology at the end of 500 morphodynamic years is then used as the initial bathymetry of the 100-year simulations considering SLR (see supplementary animation A2). Although the overall channel-shoal pattern is sustained in the SLR scenarios (Figures 4a-e), channel migration and sand bar movement continue inside the tidal basin, leading to strong erosion and deposition (Figure 4f-i). Under rising sea-level conditions, the shoreline within the tidal basin laterally migrates across the low-lying land (Figures 5 and S3), and the lateral expansion is more significant under higher SLR. For instance, the maximum lateral migration distance is up to 5 km in the SLR 2.0 scenario. Other than the adjustment of channels and shoals in the SLR scenarios, the newly-submerged floodplains undergo slight erosion (Figure 5). On the seaward side, the ebb-tidal delta continues to grow over the 100 years in all scenarios (see Figure S2). The ebb-tidal delta progradation, however, is smaller in magnitude in the SLR scenarios compared with the reference case, as indicated by the seaward extent of the ebb-tidal delta shoreline (Figures 4f-i). Higher SLR causes more land inundation in the tidal basin and less progradation of the ebb-tidal delta.
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Figure 4. The morphology after 100 years considering (a) no SLR, SLR of (b) 0.25 m, (c) 0.5 m, (d) 1.0 m, and (e) 2.0 m, and accordingly bathymetry differences between the reference scenario and the scenarios with SLR of (f) 0.25 m, (g) 0.5 m, (h) 1.0 m, and (i) 2.0 m. The green shading in panels (a) to (e) roughly indicates inter-tidal zone. The dashed lines in panels (f) to (i) indicate the 2 m elevation contour in the reference scenario and the solid lines are the 2 m elevation contour in the SLR scenarios. Positive values in panels (f) to (i) indicate accretion while negative values indicate erosion in the SLR scenarios compared to the reference case. The bed elevation in panels (b) to (e) is referenced to the raised mean sea levels in the SLR scenarios, with the elevation of MSL raised by 0.25 m, 0.5 m, 1.0 m and 2.0 m, respectively.

The plan area and bankfull width (at high water) of the tidal basin increases with rising sea-levels (see Figure S3). As lateral expansion is more significant in the seaward part of the tidal basin owing to the prescribed tidal flat profile, the width convergence rate becomes slightly larger under SLR (Figure S3). Moreover, the cross-sectionally averaged bed levels largely increase in elevation with SLR (see Figure S4), owing to larger lateral expansion and accretion on the shoals than offsetting the extent of channel deepening. However, the cross-sectionally averaged water depth, which was calculated as the ratio of cross-sectional area to cross-sectional width at the surface, may decrease in the SLR scenarios, because there is a greater increase in cross-sectional width than in cross-sectional area.
[image: image5.emf]
Figure 5. Changes of a cross-section profile at x=130 km (the deeper part of the channel segment is not shown) and associated high water and low water changes in the reference run and 2.0 m SLR scenario including lateral expansion and extra erosion of the newly-submerged inland zone under SLR.
3.2 Tidal dynamics and net sediment export

At the beginning of the 100-year sensitivity simulations, the amplitudes of the tides traveling into the tidal basin are amplified because the effect of width convergence is stronger than frictional damping. The tidal amplitude increases slowly from 1.5 m at the seaward boundary to 2 m at the basin mouth, and further to 3.8 m inside the estuary before reducing to zero at the landward boundary (see Figure S5). In addition, significant overtides like M4 (up to 0.75 m in amplitude) are generated internally. The tidal wave deformation exhibits longer falling tide than rising tide, and the peak ebb currents are stronger than the flood currents (see Figure S6), suggesting overall ebb dominance of sand transport within the tidal basin. The stronger peak ebb currents are ascribed to the combined impact of a seaward residual current induced by Stokes return flow and the hydraulic storage effect of the intertidal flats which is likely to enhance ebb currents. The former results in a seaward mean water gradient, with the mean water level elevated by up to 0.5 m at the landward end (see Figure S4), and predominantly seaward residual currents (see Figure S7).

The amplitudes of the tides are slightly more amplified by the end of the 100-year simulation for the reference scenario because of the deepening of the main channel (Figure S5). This also holds true for all other scenarios, while the tides in the 2.0 m SLR scenario are slightly more amplified compared with the reference case. Changes in the internally generated M4 tide are small under SLR. Overall, the changes in tidal range caused by SLR are insignificant in this study. However, as the surface plan area and cross-section area increase with rising sea levels, the tidal prism of the tidal basin increases with SLR, e.g., by up to 27% in the 2.0 m SLR scenario compared with the reference case (see Figure S9). This increase in tidal prism is mainly ascribed to larger surface area under higher mean sea levels, rather than any increase in tidal range.

The tidal changes lead to sediment transport adjustment. In the reference scenario, the net sediment transport flux at the mouth section of the tidal basin, i.e., the interface between the inner basin and outer delta at x=150 km, is persistently seaward (see Figure 2a), indicating continuous sediment export from the tidal basin towards the outer ebb-tidal delta (Figure 6a). This is in line with the ebb dominance already noted. Other than the landward net sediment transport in the utmost upstream regions (which explains the accretion and shoaling therein), the tidally-averaged sediment transport remains predominantly seaward while its magnitude increases in the seaward direction (see Figure S8). Moreover, SLR enhances the seaward sediment export rate and a higher SLR leads to more sediment export (Figure 6a). The impact of SLR on the sediment export from the constrained basin remains very limited (Figure 6b). The impact of SLR is not significant in the first 50 years and is more pronounced when the mean sea level becomes higher. Specifically, the cumulated sediment export over 100 years is approximately 25% larger under a SLR of 2.0 m compared with the reference scenario (Figure 6a).
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Figure 6. The cumulative sediment flux at the mouth section over the 100 years which are normalized by the cumulated flux in the no SLR scenario: (a) unconstrained tidal basin with low-lying lands, and (b) constrained tidal basin in which expansion to low-lying land is not allowed.
3.3 Tidal flat evolution

In order to check whether the intertidal flats would survive SLR, we calculate the intertidal flat area based on the integrated areas of the cells with elevation between high water and low water envelopes. To reveal the effect of vertical accretion of the previously present tidal flats and the effect of lateral expansion under SLR, two types of intertidal flat areas are calculated: (1) using a fixed frame for all bathymetries over the 100 years, with the initial high and low water envelopes as the fixed frame of reference and computing the intertidal area between the two surfaces, and (2) using a moving frame over the 100 years, with gradually adapted high and low water envelopes in response to SLR as a moving frame of reference to compute the intertidal area (see Figure S10). Changes in the former intertidal areas mainly reflect the net accretion or erosion of the initially present tidal flats, while the latter indicates the combined effect of vertical tidal flat accretion, lateral shoreline expansion and changing mean sea levels. As the vertical tidal flat accretion is relatively small over the 100 years (see Figure 5), the differences between the two calculations thus predominantly reflect the impact of lateral expansion under SLR.

In the fixed tidal frame, the intertidal flat areas in the tidal basin largely decrease over time in the reference scenario, as a result of continued sediment loss to the sea. For the SLR scenarios, the reduction in intertidal area is slightly smaller compared with the reference case (Figures 7a), as indicated by the vertical flat accretion under SLR (see Figure 5). It suggests that the intertidal flats inside the tidal basin are less eroded under SLR, which is confirmed by a smaller surface area at low water (Figure 8a). However, more sediment export occurs in the SLR scenarios, which is partly ascribed to the enlarged tidal prism (see Figure S9). In contrast, the ebb-tidal delta exhibits an increase in intertidal area in the reference scenario due to a net sediment gain, and SLR leads to more accretion over the tidal flats as expected (Figure 7c).
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Figure 7. Inter-tidal flat area changes in the tidal basin (a, b) and in the ebb-tidal delta (c, d) with respect to a fixed tidal frame (a, c) and with respect to a moving frame of reference level following SLR (b, d). The inset plots in (a) and (c) expand the last 60 years.

Considering a moving tidal frame, the reduction in intertidal flat areas becomes much smaller within the tidal basin, while a shift to increase occurs in the scenarios considering SLR >5 mm yr-1 (Figures 7b and S10). The increase in intertidal flat areas is much more profound under a SLR of 1.0 and 2.0 m. The increase in intertidal area inside the tidal basin is predominantly ascribed to the newly-inundated floodplains that are converted from supra- into inter-tidal flats. This is also confirmed by a larger increase in surface area at high water than low water (Figure 8b).
[image: image8.emf]
Figure 8. Hypsometry changes (sub-tidal to supra-tidal zones) of the tidal basin in the (a) fixed frame of reference level, where the 0 datum of mean tide level is unchanged, and (b) a moving frame of reference level, where the 0 datum is adjusted to reflect the change in sea level after 100 years.


Similarly, the increase in intertidal flat area in the ebb-tidal delta becomes smaller under low SLR and a shift to a decrease occurs in the scenarios with SLR of 1.0 and 2.0 m (Figure 7d). It suggests that the intertidal area in the ebb-tidal delta continues to increase under low SLR (albeit at a smaller rate compared with the reference scenario), but the intertidal area decreases in the high SLR scenarios. Overall, the vertical tidal flat accretion rates in the ebb-tidal delta lag behind higher SLR rates, despite more sediment supply from the tidal basin.

Detection of the changes in the low (low water to mean water) and high (mean water to high water) intertidal flats separately further demonstrates the influence of lateral expansion. When considering a moving tidal frame, the high intertidal flat areas are overall larger than the low flat areas inside the tidal basin, i.e., the former is approximately twice of the latter at the beginning, because of the concave flat profile shape (Figure 8). The low intertidal areas increase by ~16% over the 100 years in the reference scenario, and the increase becomes more significant in the SLR scenarios (Figure S11a). The high intertidal areas, however, decrease by ~15% in the reference scenario, and a low SLR slows down the decrease whereas a high SLR induces a rapid increase, particularly in the last 50 years (Figure S11b). In contrast, low intertidal areas are larger than the high flat areas in the ebb-tidal delta region (Figure S11c and S11d), suggesting the natural build-up of tidal flats; both the low and high flat areas increase over time in the reference scenario, while SLR induces a shift to decrease, particularly in the high intertidal areas. The decrease in high intertidal areas (Figure S11d) dominates the reduction in the total intertidal areas (Figure 7d) in response to SLR.
3.4 Volume changes


Both the channel volumes of the tidal basin below the mean water level and low water increase over time in all scenarios (Figure 9a), which is consistent with the result of net sediment export (see Figure 6). The intertidal storage volume does not show monotonic change, but a temporal decrease during the first 25-45 years, although the intertidal storage at the end of 100 years is larger than that at the beginning (Figure 9b). SLR, however, induces a decrease in intertidal volume (evaluated on the fixed frame) compared with the reference scenario. Given that the intertidal area is comparatively larger in the SLR scenarios (see Figure 7a), it suggests that the initially present intertidal zone gains sediment under SLR. Overall, these results indicate that SLR leads to subtidal channel erosion and intertidal accretion in the tidal basin.

The calculation on a moving tidal frame demonstrates that the increase in channel volumes is more significant under SLR (Figure 9c). In contrast, the intertidal storage volume increases at a larger rate than the reference scenario (Figure 9d). The differences in the calculation between the fixed and moving frames suggest the role of lateral expansion in modulating the channel-flat morphology as regards to the increase in plan areas, channel volumes, and inter-tidal storage volumes.
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Figure 9. Changes of (a, c) channel volumes below mean sea level (MSL) and low water (subtidal), and (b, d) intertidal storage volumes inside the tidal basin. The panels (a, b) and (c, d) are the results calculated according to fixed and moving tidal frames, respectively.
4. Discussion
4.1 Importance of lateral expansion

To indicate the importance of the low-lying land under SLR, we run extra simulations by removing the low-lying floodplains with elevation above the high water at the beginning of the SLR scenarios, to represent a constrained tidal basin. The shorelines within the tidal basin are then fixed and do not migrate laterally under SLR (see Figure S12). Compared with an unconstrained tidal basin (with low-lying lands), the tidal prism still increases with rising sea levels in the constrained basin, but at a smaller rate (see Figure S9b). However, the sediment flux at the mouth does not increase with SLR compared with the reference scenario in the constrained basin (see Figure 6b). The intertidal flat areas decrease at a larger rate compared with the reference scenario, which contrasts strongly with an increase in the unconstrained basin (see Figure S13). It is because the constrained tidal basin exports sediment and the initially present tidal flats are submerged under SLR, both of which enhance the drowning of the tidal basin and the losses of intertidal flats.

The above comparison suggests that the low-lying land flanking the main channel is an important component of the dynamic behavior of the tidal basin by influencing tidal prism, tidal asymmetry and subsequent sediment transport. The hydraulic storage effect of intertidal zones is likely to induce stronger ebb currents, which leads to ebb dominance and sediment export (de Swart and Temmerman, 2009; Robins and Davis, 2010; Ridderinkhof et al., 2014). The ebb dominance of net sediment transport in this study is attributed to the combined influence of the intertidal flat storage effect and a seaward return flow compensating the Stokes drift. The Stokes return flow becomes important in long tidal basins where non-standing waves develop (van der Wegen et al., 2008; Guo et al., 2014). The seaward residual current itself would induce seaward tidally-averaged sediment transport. Furthermore, its interaction with the oscillating tidal currents could drive seaward tidally-averaged sediment transport as well (Guo et al., 2014). Sediment export persists in all simulations, which is probably because static morphodynamic equilibrium has not been reached.

In addition, lateral shoreline migration and expansion under SLR creates new tidal flats, which compensate intertidal flat loss owing to drowning of the initially present flats. Moreover, the subsequent changes in basin geometry and hypsometry alter tidal asymmetry and associated sediment export. The SLR-induced change in tidal wave deformation is small as the amplitudes and phases of the principle tide and overtide change marginally. As the depth of the main channel increases under SLR, the magnitude of Stokes return flow would decrease, because it is distributed over a larger water column (Ridderinkhof et al., 2014). However, the intertidal storage volume increases at a larger rate than the increase in channel volume in the SLR scenarios, which leads to a smaller reduction in the intertidal storage volume to channel volume ratio compared with the reference case, even an increase in the SLR 2.0 m scenario (see Figure S14). Such changes suggest enlarged intertidal storage effect under SLR, which would dominate over the other changes and eventually enhance the ebb dominance. Moreover, the tidal prism increases at a larger rate when lateral expansion is allowed, which also benefits larger sediment transport flux. Although more sediment is exported out of the tidal basin under SLR, lateral expansion to low-lying floodplains makes new tidal flats which counteract the drowning impact of SLR.

The above discussion implies that allowing lateral expansion changes the system's morphodynamic behavior. An unconstrained tidal basin has a buffer capacity which, to some degree, alleviates the drowning effect of SLR through sediment redistribution within the system, both vertically and horizontally (Figure 10). The tidal basin provides a space for tidal evolution under SLR. The altered tidal asymmetry then plays a role in redistributing sediment and controlling the direction of morphodynamic adaptation. Other than the consequence of a direct tidal flat loss under SLR, the morphodynamic adaptation of unconstrained tidal basins to SLR has larger variability than the situation in open coasts and river deltas, given the dynamic changes in mean water depth, tidal wave propagation, basin hypsometry, sediment redistribution and the morphodynamic feedback mechanism.
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Figure 10. Sketches showing the cross-section profile changes under SLR and consequent morphological evolution: (a) initial condition; (b) under SLR, and with morphological changes under SLR in (c) constrained and (d) unconstrained tidal basin. HW and LW indicate high water and low water, respectively, and Vc and Vs are channel volume below mean sea level and inter-tidal storage volume, respectively. The dashed lines indicate the new profiles considering morphodynamic adjustment under SLR.
4.2 Impact of SLR


The morphodynamic modeling results demonstrate some of the likely impact of SLR on the types of estuaries considered. An increase in channel width and the areas of shallow tidal flats under SLR might result in a decrease in tidal amplitude, as tidal amplitude is negatively proportional to channel width (Jay, 1991). An increase in channel depth implies a smaller friction, which would increase tidal current velocity and tidal prism. This change would amplify tidal range in shallow tidal basins and estuaries (van der Wegen and Roelvink, 2008; van der Wegen et al., 2008). In this study, however, the water depth along the tidal basin is comparably large (>15 m), so that the tidal amplification is less sensitive to SLR because the fractional change in both resonant frequency and frictional effect is buffered by the large depth (Talke and Jay, 2020).


When considering morphodynamic adaptations, SLR causes hypsometry changes by increasing water depth and inducing lateral expansion. The low relief of coastal plain tidal basins and the concave tidal flat profile imply the presence of a larger portion of high tidal flats than low tidal flats. Therefore, a small increase in mean sea level is likely to induce a large change in intertidal areas. The newly inundated low-lying lands under SLR have the potential to erode, which reduces their elevation. Moreover, the initial intertidal flats accrete under SLR but their vertical accretion rate lags behind SLR. For instance, the vertical accretion rate of the tidal flats in the tidal basin is approximately 2.2 mm yr-1 larger in the 1.0 m SLR scenario, compared with the reference case, which is smaller than the rate of SLR of 10 mm yr-1 (see Figure S15). Hence, although SLR induces more sediment export, the intertidal flat zone inside the tidal basin laterally migrates and the intertidal area does not necessarily shrink.

The morphodynamic response of the ebb-tidal delta to SLR is similar to that of river-dominated deltas in past studies (van de Lageweg and Slangen, 2017). The exported sediments mainly deposit in the ebb-tidal delta front regions, which leads to more delta progradation (horizontal expansion in delta area) than aggradation (vertical increase in elevation) (Figure S7). This is partially because the ebb-tidal delta keeps advancing given no waves and alongshore currents that transport the sediment away. The tidal flats over the ebb-tidal delta are drowned under SLR although more sediment is available. When taking the tidal basin and ebb-tidal delta as a whole into consideration, their total intertidal areas do not decrease owing to the lateral expansion under SLR.

The vertical flat accretion rate does not match SLR at the centennial time scale. The impact of SLR is much more significant in the last 50 years owing to a prescribed exponential increase in sea level over time. From this study and previous studies (van der Wegen, 2013), one explanation is that the morphodynamic adaptation occurs at a slower rate than the changes in sea level and associated hydrodynamics. The adaptation time scale of large-scale morphodynamics is very large, possibly longer than 100 years (van der Wegen, 2013; Lodder et al., 2019). Note that the morphodynamic time scale of a tidal basin is dependent on system dynamics like tidal strength, accommodation space, and the amounts of sediment being transported during a tidal cycle.  Previous studies reported that the morphodynamic time scale is comparably shorter for the Humber Estuary in the UK (e.g., ~40 years) and longer for the Western Scheldt Estuary in the Netherlands (e.g., >100 years) (Jeuken et al., 2003). This time scale difference could influence the morphodynamic behavior in response to long-term changes like nodal tide and sea level (Wang and Townend, 2012). Determination of the morphodynamic time scale of simplified systems can be made by considering basin surface area, channel volume, and sediment concentrations etc. (Kragtwijk et al., 2004; Townend et al., 2016), but it remains technically challenging for complicated systems. Another uncertainty is that the morphodynamic time-scale in the model may not match that of estuaries in nature, due to the use of the morphological acceleration approach and the simplified settings.
4.3 Limitations and implications of this study

Interpretation of the findings from the schematized tidal basin should be confined to the forcing and boundary conditions in this study. The tides are very much amplified inside the tidal basin owing to strong channel convergence, with tidal ranges >4.0 m, which represents a macro-tidal environment (Davis, 1964). The strong tides stimulate morphodynamic development and rapid formation of the channel-shoal structure in the initial 500 years. In addition, a large tidal range is accompanied by a wide intertidal zone, which serves to highlight the potential impact of SLR on more inundation of low-lying lands. Lateral expansion would be at a smaller rate in meso- or micro-tidal environments, and sediment transport and morphodynamic adjustment rate might be also smaller and slower. Therefore, micro-tidal systems are likely to be more vulnerable to SLR compared with macro-tidal systems. Moreover, including overtides at the seaward boundary of the modeled estuary would induce additional tidal asymmetry and modulate the direction and magnitude of residual sediment transport. For instance, including overtides may induce landward residual sediment transport (sediment import), which counteracts the impact of Stokes flow in inducing seaward residual transport (Guo et al., 2014). Tidal asymmetry caused by overtides is largely response for the sediment import in the real systems like the Humber Estuary and the Dutch Wadden Sea (Townend and Whitehead, 2003; Wang et al., 2018).

River flow and associated sediment supply are excluded in this modeling study, making the schematized system more like a tidal embayment than an estuary. An extra simulation considering a river discharge of 1,000 m3/s in the same schematized basin exhibits a similar channel-shoal pattern to the tidally-dominated case (not shown). Including a larger river flow would induce a number of more complex dynamic processes, including raised subtidal water levels, enhanced subtidal currents and associated seaward sediment flushing capacity, water stratification and density currents (Guo et al., 2014; Olabarrieta et al., 2018; Zhou et al., 2020). Guo et al. (2014) suggested that even a small river discharge could overrule the role of tides in controlling tidally-averaged sediment transport and reinforce the seaward sediment flushing and inducing basin emptying, while a high river discharge induces more sediment supply and dampens the tide, which is likely to cause basin infilling. As the sediment export is enhanced by river flow, it becomes more difficult to sort out the control and the impact of basin hypsometry change on sediment flux. Sediment availability is also important for estuarine morphodynamic adaptation. For instance, external sediment sources from river and/or coasts may alter the balance of sediment import/export in tidal basins, e.g., increasing the sediment distribution within the tidal estuary and the resilience to SLR.  Another factor not considered in this study was the impact of SLR in the presence of waves and storms. Waves and associated alongshore currents would remove sediment from the ebb-tidal delta and transport them away, which tends to reduce delta progradation. This may explain the continuous delta progradation in this modeling study. As the mean sea-level rises and the water depth becomes larger, the wave impacts may reach more inland and may alter the tidal flat morphology particularly over the ebb-tidal delta front region. Further investigation of the influence of SLR in estuaries considering river flow and riverine sediment supply and wave forcing would provide greater insight.

The initial morphology and simplified setting in this study might also influence the findings about the impact of SLR. The physical length of a tidal basin has impact on tidal wave propagation and subsequent morphodynamics, therefore tidal basins of varying lengths and geometry respond to SLR differently (Du et al., 2018). Morphodynamic adaptation to SLR in short tidal basins and lagoons (basin length << tidal wave length) can be different from the long tidal basin in this study, given that standing waves and synchronous tides are prone to occur in short basins. For instance, Dissanayake et al. (2012) found enhanced flood dominance and sediment import in a short tidal inlet-basin system under SLR of 2-7 mm yr-1 over 110 years, whereas van Maanen et al. (2013) reported enhanced sediment export in a similar but smaller system under SLR of 2.8-11.2 mm yr-1 over 200 years. The contrasting results are attributed to the size and shape of the tidal basins which affect tidal evolution and tidal asymmetry under SLR. The shape and gradient of the tidal flat profiles affect the system's buffering capacity to SLR. The concave profile shape in this study benefits submergence of low-lying land under SLR. The morphodynamic adaptation of tidal basin to SLR under different cross-section geometry requires site-specific investigation (Friedrichs et al., 1990; Leuven et al., 2019).

The net sediment export reproduced in this study may be overestimated because mud transport is excluded. Consideration of both sand and mud transports may induce more complex behavior given different mechanisms in controlling tidally-averaged transport of coarse and fine sediments (Dronkers, 1986). For example, the export of sand and import of mud leading to net sediment import are detected in actual estuaries such as the Western Scheldt Estuary (Dam et al., 2007) and the Humber Estuary (Townend and Whitehead, 2003). SLR in such systems leads to an increase in accommodation space, which implies that more sediment import is needed as the system seeks to restore equilibrium (Townend et al., 2007; Van der Wegen, 2013; Lodder et al., 2019). Although the model size and forcing conditions in the schematized model were prescribed to be similar to that of the North Branch in the Changjiang Estuary (Guo et al., 2021), the modelled channel pattern is more braided and bifurcated compared with the two-channel configuration found in reality. This difference is probably because mud transport, waves and alongshore currents acting on the North Branch were all excluded. Including suspension transport of sand (e.g., using other sediment transport formula) and mud might change the sediment export regime and the channel pattern over the ebb-tidal delta region depending upon the relative contents of mud and sand, which needs future in-depth study (Hepkeman et al., 2019; Lenstra et al., 2019).

The initial morphology used in the SLR scenario simulations might have not approached an equilibrium state yet, although the morphological change rate has slowed down. In an ideal case it would be better to model and analyze the SLR impact when a morphodynamic equilibrium is reached, but morphodynamic equilibrium, either a static or dynamic equilibrium, is technically hard to define (Zhou et al., 2017) and may require much longer computation time for such a large-scale system. Van der Wegen (2013) has examined morphodynamic evolution with SLR under different initial bathymetries and found that the overall change in behavior persists, although the change rates are slightly different. This suggests that the interpretation of SLR impact is not unduly influenced by the initial morphology in the model. It may also be because the impact of the initial morphology is no longer morphologically significant, when compared with the sea level perturbation imposed.

The model-produced morphology may also be sensitive to other physical settings like the dry cell erosion parameter and the bed slope effect. Extra sensitivity simulations to examine the role of the dry cell erosion parameter suggests slightly smaller lateral shoreline migration rates when the dry cell erosion function is not activated (0%), or with a smaller dry cell erosion parameter of 50%, compared with the results of 100% (see Figure S16). However, the impact on the channel-shoal pattern and the cumulated sediment flux at the mouth section is overall less apparent. It is worth noting that the dry bed erosion function only produces gradual erosion of the dry cells and does not capture other lateral processes like bank collapse and cliff formation. The latter needs extra physical processes such as those examined by Zhao et al. (2019). Extra sensitivity simulations considering smaller (alfaBn=5) and larger (alfaBn=20) lateral bed slope effect reveals a more significant impact on the morphology. A smaller lateral bed slope effect leads to more braided channel pattern and larger transverse bed slope between the channels and shoals, while a larger lateral bed slope effect flattens the morphology and leads to less tidal flat area (see Figure S17). These sensitivity model results are consistent with the results in Dissanayake et al. (2012) and Baar et al. (2019), demonstrating the necessity to choose a suitable representation of the bed slope effect when modeling long-term and larger-scale alluvial morphodynamics.

This study examines the physical processes only, while the potential impact of vegetation on tidal flat accretion is not considered. The vegetated tidal flats tend to have a larger erosion resistance owing to the root-enhanced substrate contexts, which is likely to reduce dry land erosion. In addition, vegetation stimulates salt-marsh accretion compared with bare flats by increasing sediment trapping in the vegetated regions. Moreover, accumulation of underground organic matter in salt-marshes may also help tidal flat accretion (Thorne et al., 2018). There is increasing evidence that considering the ecological impact of the vegetation canopy can increase the resilience of tidal flats and salt-marshes to SLR (Kirwan et al., 2016; Best et al., 2018). The vegetation canopy is also expected to migrate landward to low-lying land in response to SLR if there is space (Enwright et al., 2016). For example, coastal salt-marsh and mangrove migration under SLR has been detected over Holocene and modern time scales (Cohen et al., 2020). Examination of the mutual evolution of the vegetation and morphology is an emerging topic (Murray et al., 2008; Passeri et al., 2015) and merits future study.


Although the schematized model is not supposed to represent specific tidal basins or estuaries in nature, the model domain and forcing settings mimic tide-dominated long tidal basins in coastal plains with low relief which can shed light on their morphodynamic behavior in response to SLR. The model results suggest that the tidal flats in the coupled tidal basin and ebb-tidal delta system might survive a low SLR over 100 years, while the drowning impact of a high SLR is mitigated by a negative feedback between geometric change, tidal evolution and morphodynamic adjustment, when lateral expansion is possible. It thus highlights the importance of conserving floodplains and wetlands surrounding tidal channels that provide a critical buffering capacity. However, human activities such as tidal flat reclamation, channel dredging, and construction of dikes and jetties to realign navigation channels (Boltt et al., 2006; Zhao et al., 2018) have substantially modified estuarine morphodynamics and constrained the free behavior of tidal basins and estuaries in the past centuries, such as in the Western Scheldt Estuary (Dam et al., 2013; see Figure S1a) and in the North Branch of the Changjiang Estuary (Guo et al., 2021). Constraining tidal systems by constructing extensive dikes and reclaiming low-lying floodplains, wetlands, and intertidal flats may significantly affect tidal propagation and amplification (Pelling et al., 2013; Talke and Jay, 2020) and reduce the systems' resilience to SLR. This confirms the ongoing mindset change in coastal defense and management reflected in the increasing popularity of soft engineering schemes which leave or restore space for nature (Temmerman et al., 2013; Bouma et al., 2014).
5. Conclusions

Understanding the impact of SLR on tidal basins and estuaries in the coming 100 years is of practical interest for coastal management and human development. In this work we deployed a numerical model to explore centennial morphodynamic evolution of a schematized tidal basin with broad tidal flats in response to SLR up to a rate of 20 mm yr-1. We find that sediment export at the basin mouth increased with SLR, owing to increased hydraulic storage on the tidal flats, which favors ebb dominance. The intertidal flat areas throughout the tidal basin and ebb-tidal delta increase under a low SLR, e.g., 2.5 mm yr-1 in this study. The intertidal flat areas still increase in the tidal basin under a higher SLR owing to lateral incursion, which converts sub-aerial floodplains into intertidal flats, while the ebb-tidal delta loses intertidal flats although it receives more sediment. The latter is because the vertical flat accretion occurs at a rate smaller than SLR, which is in turn partly because morphodynamic evolution is in essence much slower compared with the changes in mean sea level and tidal hydrodynamic adaptation.

The model results suggest that an unconstrained tidal basin can adapt to low SLR and has some resilience to high SLR by creating new flats and redistributing sediment. Further work is needed to consider river flow and associated sediment supply, initial presence of overtides at the seaward boundary, waves, suspension transport of sand and cohesive sediment, and coupled biological and morphological evolution to better under the tidal basin morphodynamic variability and its adaptation to SLR. For instance, considering these forcing and processes may lead to more variability in the direction and magnitude of the residual sediment transport and alter the morphodynamic adaptation time scale. Including external sediment source from river and coasts would increase the sediment availability in the estuary and possibly the resilience to SLR. Although interpretation of the model results can be influenced by the simplified model settings, the findings in this work provide insights into how SLR may affect natural tidal basin with a strong morphodynamic feedback. It clearly demonstrates the importance of conserving low-lying floodplains and wetlands surrounding tidal channels, which could sustain tidal basin systems' buffering capacity in response to SLR. 
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