
1. Introduction
The intertidal zone is a key component of many estuaries and tidal basins. It provides flood protection, ero-
sion control (Narayan et al., 2017; Reed et al., 2018), has significant recreational and cultural value (Wilson 
et al., 2005), and includes valuable habitats for fish, benthic species, and birds (e.g., Galbraith et al., 2002; Lip-
cius et al., 2013).

Worldwide, intertidal areas are experiencing a notable decline due to anthropogenic impact and climate change 
(Airoldi & Beck, 2007; Murray et al., 2014, 2019; Song et al., 2020). Pressure sources include urbanization (Lai 
et al., 2015; MacKinnon et al., 2012), changes in riverine flows and sediment supply (Blum & Roberts, 2009; 
Jaffe et al., 2007), and sea-level rise (SLR; Lovelock et al., 2017; Passeri et al., 2015).

Ensuring the sustainability of soft-sediment intertidal environments (e.g., unvegetated intertidal shoals) requires 
an understanding of the processes governing their capacity for SLR adaptation. The global mean sea level (MSL) 
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Plain Language Summary The intertidal zone is defined as the area between high and low water, 
where land meets the sea. Intertidal ecosystems have a high environmental and economic value. The currently 
observed and forecasted sea-level rise (SLR) rates raise questions on the fate of intertidal areas. While natural 
unconstrained systems could adapt to SLR by lateral expansion or landward migration, systems constrained by 
sea defenses or geology face a greater risk. Our research applies a model to investigate the impact of SLR on 
the century-time scale morphological evolution of unvegetated intertidal shoals in a constrained system. Model 
results show that shoals accrete under SLR. However, the accretion is lower than the SLR eventually leading 
to loss of intertidal shoal areas. Locations near a sediment source adapt better to SLR. Small wind-generated 
waves, increased sediment supply, as well as the presence of mud in the system enhance the morphodynamic 
adaptation to SLR. The knowledge developed in this study serves as a fundamental step toward understanding 
the potential impact of SLR on the sustainability of the valuable intertidal environment.
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has increased by about 20–25 cm since 1880, with about 9.5 cm since 1993 (NASA, 2020; Sweet et al., 2017). 
The current global SLR rate is about 3.3 mm/yr (NASA, 2020) which is unprecedented over the past 2 millennia 
(Kemp et al., 2011; Kopp et al., 2016). This rate is predicted to accelerate, although exact rates remain uncertain. 
SLR projections for the 21st-century range from about 0.3 to 2.7 m, depending on the potential rapid loss of the 
Antarctic ice sheet mass (Church et al., 2013; Le Bars et al., 2017; Miller et al., 2013; Sweet et al., 2017).

Channel-shoal systems form as a result of an instability of the morphodynamic system under tidal currents. This 
triggers a positive morphological feedback leading to the emergence of large-scale channel-shoal patterns when 
tide-residual transports converge over shoals enhancing their growth and diverge in the channels leading to their 
deepening (Coeveld et al., 2003; Schramkowski et al., 2002; Seminara & Tubino, 2001). Over decades to centu-
ries, the residual transports gradients gradually diminish resulting in decreased morphological activity and stable 
patterns (e.g., Hibma, 2004; van der Wegen & Roelvink, 2008). Shoals can exist in a free form surrounded by 
deeper channels or in a fringing form connected to the land.

In addition to tidal currents, fine sediment (mud, 4  <  D50  <  62.5  μm, or very fine and fine sand, 
62.5 < D50 < 250 μm; Wentworth, 1922) supply is a key factor for tidal flat formation (e.g., Friedrichs, 2011; 
Reineck & Singh, 1980). Fine fractions are more effectively transported by tidal currents toward calmer shoal 
locations than coarser fractions which can resist the higher flow velocities in deeper channels. For example, sand 
dominates the Western Scheldt estuary and Wadden Sea (The Netherlands) with coarser sandy material present in 
channels than on the shoals, while mud dominates the low energy locations (Kuijper et al., 2004; Postma, 1957).

Relatively high wave impact at open coasts causes the formation of steep sandy beaches. Calmer wave condi-
tions around sheltered locations in estuaries or tidal basins allow for the formation of intertidal shoals. How-
ever, relatively small waves can still play an important role in shaping the intertidal morphology (e.g., Allen 
& Duffy, 1998; Christie et al., 1999; Elmilady et al., 2020; Friedrichs & Aubrey, 1996; Janssen-Stelder, 2000; 
Roberts et al., 2000; van der Wegen et al., 2017). Measurements show that subsequent periods of lower and higher 
wave action cause cycles of shoal erosion and deposition, respectively (e.g., Fan et al., 2002; Houser & Hill, 2010; 
Janssen-Stelder, 2000; Kohsiek et al., 1988).

Observations and modeling studies suggest that, over decades to centuries, shoals evolve toward a state of de-
creased morphological activity (Elmilady et al., 2020; Friedrichs, 2011; Maan et al., 2018; Roberts et al., 2000; 
van der Wegen et  al.,  2017). Short-term forcing variations such as storm activity (de Vet,  2020; Elmilady 
et al., 2020; Q. Zhu et al., 2017) or seasonal changes (van der Wegen et al., 2019) result in morphological adap-
tation which, in most instances, recovers when normal forcing is restored. On the other hand, longer-term forcing 
variations can notably impact the intertidal morphology (e.g., de Vet et al., 2017; Jaffe et al., 2007).

SLR will impact the hydrodynamics of tidal systems including tidal current velocities, tidal asymmetry, and 
tidal range (Friedrichs et al., 1990; Jiang et al., 2020; Seiffert et al., 2014; Wachler et al., 2020). The antici-
pated impact depends on the basin geometry and bathymetry (Du et al., 2018; Friedrichs et al., 1990; Leuven 
et al., 2019). Changes in the tidal regime will influence residual sediment transports and the associated import/
export trends and it will trigger a long-term morphological adaptation process (e.g., Dissanayake et al., 2009; van 
der Wegen, 2013).

Different modeling strategies are available to assess SLR impact on the morphodynamics of estuarine systems. 
Lodder et  al.  (2019) Rossington and Spearman  (2009), Van Goor et  al.  (2003) and Wang et  al.  (2018) show 
the ability of low-resolution models based on empirical equilibrium relationships to reproduce historic decadal 
morphological development and predict SLR impact. Process-based, high-resolution modeling studies include 
real case studies with validated hindcasts followed by SLR forecasts (Elmilady et al., 2019; Ganju & Schoell-
hamer, 2010; van der Wegen et al., 2017; X. Zhou et al., 2013), and schematized modeling which systematically 
investigates governing processes (Best et al., 2018; Dissanayake et al., 2009; Elmilady et al., 2020; van der We-
gen, 2013; van Maanen et al., 2013; Z. Zhou et al., 2016).

A common finding of these studies is that the intertidal areas accrete under SLR albeit with a time lag. The 
projected 21st century accelerating SLR rate increases the risk of intertidal areas drowning especially in sys-
tems with low sediment supply and systems constrained by sea defenses or geological outcrops, with no room 
for lateral expansion or landward migration. In natural unconstrained systems, the intertidal areas (vegetated or 
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unvegetated) could be maintained if SLR causes marine transgression which depends on the available accommo-
dation space and sediment supply (Allen, 1990; Beets & van der Spek, 2000; Townend et al., 2021).

Thus far, most modeling studies have focused on muddy environments, whereas limited attention was paid to 
sandy shoals. Also, sandy studies (e.g., Dissanayake et al., 2009; Lodder et  al., 2019; van der Wegen, 2013) 
implemented coarse resolution grids and neglected wave impact as they mainly focused on the large-scale SLR 
impact such as basin-scale import/export trends. Elmilady et al. (2020) applied a high-resolution (≈20m grid) 
model of a single, fringed, sandy shoal showing the importance of detailed wave attenuation processes and tidal 
levee formation.

This research aims to investigate SLR impact on the long-term morphodynamic evolution of a sandy chan-
nel-shoal system in a short tidal basin (15–25 km) dominated by intertidal sandy shoals. Our main focus is on 
the intertidal shoal morphodynamics including the impact of wind waves and the potential presence of mud. The 
“intertidal shoals” investigated in this study are mainly free shoals along with some small fringing shoals in a 
constrained system. Although some shoals in nature may eventually develop into vegetated environments (e.g., 
mangrove belts, seagrasses beds, and salt marshes), our research investigates unvegetated shoals. We implement 
a schematized high-resolution large-scale process-based numerical modeling approach driven by main forcing 
conditions (tidal action, waves, and sediment supply).

2. Model Description
We schematize the system as an enclosed, non-convergent, rectangular (2.5 × 20 km) tidal basin with an open 
seaward boundary, see Figure 1. The model grid has an outer coarse grid (100 × 200 m) for both the seaward and 
landward sides and an inner fine grid (≈33 × 66 m) for the middle section. The high-resolution middle section 
allows for a detailed study of the shoal structure and for exploring the impact of processes related to wave atten-
uation and tidal levee formation that would be sub-grid in a lower resolution grid.

We apply the Delft3D (D3D) process-based numerical model in 2D mode (Deltares, 2017; Lesser et al., 2004), 
which solves the unsteady two-dimensional shallow water equations (momentum and continuity; Appendix A). 
The domain decomposition option was applied (three domains) to allow for parallel computation and to link 
coarse and high-resolution domains.

The initial bathymetry is a mildly sloping bathymetry from −6 to −2 m with an initial random meandering 10 cm 
bed level perturbation to mimic the morphology of a natural landscape that drowns due to tidal invasion. We 
apply an initial evenly distributed sediment mixture of two sandy sediment fractions of 100 and 250 μm repre-
senting fine and coarse fractions, with a sediment density of 2,650 kg/m3 and a dry bed density of 1,600 kg/m3. 
The implementation of multiple fractions serves to represent the variation of sediment sizes found in nature, with 
coarse material mainly existing in deep channels and finer fractions at shallow locations (see Figures S1 and S4 in 

Figure 1. Model domain and the initial model bathymetry (m).
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the Supporting Information S1 for an example showing the Wadden Sea basins' bathymetry and mean grain size). 
The available sediment depth was set to 20 m to allow for the evolving channels to deepen.

The seaward open model boundary was prescribed by a semidiurnal (12 hr) tidal component with an amplitude 
of 1.5 m mimicking a meso-tidal environment. The use of a 12 hr instead of 12 hr 25 min tidal period is for 
simplifying the analysis of the results and is commonly used in idealized morphodynamics modeling work (e.g., 
Ridderinkhof et al., 2016). The remaining boundaries are closed boundaries. This schematization represents a 
constrained system, with no room for lateral expansion or landward migration, which is the case in several estu-
aries and tidal basins around the world (e.g., Wadden Sea, Western Scheldt, and San Francisco Bay) either due to 
urbanization (e.g., sea defenses) or geology.

Constant suspended sediment concentrations (SSC) of 0.05 and 0.01 kg/m3 were set at the boundary for the 
coarse and fine sand fractions, respectively, based on typical concentrations observed at the Wadden Sea Inlets 
(Postma, 1961, 1967, 1981). To avoid SSC discontinuities at the boundary during turning tides, we applied a 
Thatcher-Harleman relaxation time lag of 120 min (Thatcher & Harleman, 1972). The coastal boundaries option 
in D3D was applied to prevent the advection terms at the boundary from generating an artificial boundary layer 
(Deltares, 2017). To prevent instabilities by intertidal areas at the open boundary, the water depth, only at the 
boundary, was not allowed to drop less than 0.5 m.

The spectral wave model SWAN (Booij et al., 1999; http://swanmodel.sourceforge.net/; Appendix B) is used in 
stationary mode to simulate small wind-generated waves (10–20 cm) by a constant landward directed wind field 
of 4 m/s. The wave model covers the whole flow domain with a constant grid resolution of 100 × 200 m. No waves 
are prescribed at the seaward boundary, so that wave action is limited to locally generated wind waves. SWAN is 
coupled to D3D-FLOW through online coupling at a 30-min interval implying constant wave conditions during 
that interval. Each hydrodynamic time step (15 s), D3D-FLOW computes the flow including wave generated 
forces (Fx and Fy) as a source in the momentum equations. The Fredsoe formulations (Fredsøe, 1984) are used to 
compute the maximum shear stress (τmax) based on the combined current (τc) and wave (τw) shear stress.

The default Van Rijn (1993) formulations are used to compute the sand transport (suspended load and bedload) 
for the combined effect of waves and currents. Based on the locally and time-varying velocities and water levels, 
the suspended sediment transport is calculated every timestep by an advection-diffusion solver which includes 
a sink and source term describing sediment exchange with the bed (Appendix C). Bed level changes are com-
puted based on the divergence of the sediment transport field. Using the MORFAC approach, bed-level changes 
are multiplied by a morphological acceleration factor (MF) to enhance the morphological evolution. Extensive 
modeling studies for similar tidal systems show good results up to a MF of 400 (e.g., Braat et al., 2017; Dissan-
ayake, 2011; Roelvink, 2006; van der Wegen & Roelvink, 2008), while wave action usually requires a lower MF.

In this research, we simulate 2 hydrodynamic years with a MF of 100 resulting in 200 years of morphological 
development. This MF provides stable morphodynamics with a reasonable computational effort. We perform our 
investigations using a configuration without (referred to as Flow simulations) and with wave action (referred to as 
Wave simulations). Both simulations incorporate wind forcing. The model takes about 2.5 and 4 days to simulate 
1 hydrodynamic year on a 4-core (2.6 GHz) computer for the Flow and Wave simulations, respectively.

To account for bed slope effects, the streamwise and transverse bed gradient factors AlfaBs (αbs), and AlfaBn 
(αbn) were set as 1 (default) and 25, respectively, based on initial sensitivity runs within the reported range in lit-
erature. The αbn is a very important parameter for the channel-shoal morphology and is often used as a calibration 
parameter, while model results are practically insensitive to αbs. In estuarine and tidal basin models, especially 
when using the Van Rijn transport formulations, the αbn is often set much (an order of magnitude) larger than the 
experimental and default values (1.5; Ikeda, 1982) to prevent the formation of unrealistically steep banks, and 
narrow deep channels with sharp bends (e.g., Dissanayake, 2011; van der Wegen & Roelvink, 2012).

3. Model Results
In this section, we present model results without SLR which serve as validation for our modeled morphological 
evolution.

http://swanmodel.sourceforge.net/
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3.1. Morphology

We simulate the morphological evolution of the initial bathymetry for 200 years toward a stable channel-shoal 
system (Figure 2). Over time, channel-shoal patterns emerge eventually creating intertidal areas. The morpholog-
ical development is rapid in the beginning but gradually decreases over time leading to a state of low morpholog-
ical activity. Movie S1 shows an animation of the channel-shoal system evolution over time.

For both Flow and Wave simulations, shoals develop at roughly the same locations. The end morphologies 
(T = 200 years) show that the Wave simulation leads to more coherent, lower elevation shoals with fewer inter-
secting channels and a smoother surface than in the Flow simulations. The Wave simulation also shows wider 
and shallower channels.

Previous studies (e.g., Allen & Duffy, 1998; Carniello et al., 2005; Elmilady et al., 2020; Fagherazzi et al., 2007) 
provide an explanation for this. Flood tides supply sediments to the shoals that deposit near the channel-shoal 
edge as tidal levees. These sediments are re-suspended by wave-induced shear stresses at lower water levels. 
Subsequent flood flows then transport the re-suspended sediments further on to the shoal.

Figure 2. Modeled bathymetry (m) of the high-resolution domain over time for the Flow (left panel) and Wave (right panel) simulations. The white color band is the 
average low water level (LW ≈ −1.6 m) which indicates the approximate border between the intertidal (shoal) and subtidal (channels) areas.
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3.2. Shear Stresses

For both simulations, the tidally averaged maximum shear stresses (𝐴𝐴 𝐴𝐴𝐴max) is highest at the beginning as the initial 
shallow bathymetry causes high flow resistance (Figure 3a). As shoals start emerging and gain elevation, the 
flow gets redirected into the deepening channel. The 𝐴𝐴 𝐴𝐴𝐴max over the shallow sections gradually decreases with time 
toward a relatively stable state.

Waves increase the maximum shear stresses over the shoals. The wave impact (the difference between the solid 
and dashed identical color lines in Figure 3a) on the 𝐴𝐴 𝐴𝐴𝐴max is highest at the shallow intertidal areas and gradually 
decreases with depth. On the other hand, the highest 𝐴𝐴 𝐴𝐴𝐴max occurs at the deep subtidal channels and decreases 
toward the shallow intertidal areas (Figures 3b and 3c). Movie S2 shows the development of Figure 3 over time.

3.3. Sediment Transport

The initial bed level perturbation creates variations in the currents and sediment transport. This triggers a mor-
phological feedback in which tide-residual sediment transport convergence accretes the shoals and sediment 
transport divergence deepens the channels. The emergence of intertidal areas decreases the tidal prism and the 
tidal asymmetry which favors flood dominance and landward-directed tide-residual sediment transport. Also, the 
channel deepening decreases the depth-averaged SSC levels. Over time, the residual transport gradually dimin-
ishes resulting in a stable channel-shoal system. As an example, Figure 4 shows the residual sediment transport 
magnitude and direction for the Wave simulation at a state of low morphological activity after 150 years. The 
presented sediment transport throughout this paper is the total transport (bed and suspended). The bed transport 
is highest at the initial stages of the channel-shoal formation. Over time, the bed transport decreases and becomes 
an order of magnitude smaller than the suspended transport. Movie S3 shows the 200-year temporal development 
of Figure 4 along with the corresponding development for the Flow simulation.

3.4. Wave Impact

Tide-residual sediment transports generate channel-shoal patterns, while wave action only becomes important 
when shoals emerge. To explore the long-term impact of waves on the shoal morphology, we subjected the 150-
year modeled Wave morphology to a 50-year variation in the wave forcing (Figure 5). Three wave conditions were 
investigated: (a) no waves; (b) 10–20 cm waves (continuation of Wave Base-case normal forcing); (c) 15–25 cm 
waves (increased wave action).

Figure 3. (a) Temporal development of 𝐴𝐴 𝐴𝐴𝐴max (N/m2) spatially averaged over the whole model domain and over 1 m vertical elevation bins. The bin range is with respect 
to LW and is divided into subtidal bins (−2 to −1 m; gray, and −1 to 0 m; blue), and intertidal bins (0 to 1 m; green, and 1 to 2 m; yellow). Solid and dotted lines 
correspond to Wave, and Flow simulations, respectively. Panels (b, and c) 𝐴𝐴 𝐴𝐴𝐴max map of the high-resolution domain at T = 100 years for the Wave, and Flow simulations, 
respectively. The black contour lines indicate the border (LW) between intertidal and subtidal areas.
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The variation of wave conditions only had an impact on the shoal area and elevation. Excluding waves (Fig-
ures 5b, 5e and 5h) resulted in the largest area and highest elevation shoals with high elevation ridges at the shoal 
edges and drainage channels on top of the shoal. The highest accretion occurs at the shoal edge and decreases 
going landward. This can be explained as the profile accretes over time, the cross-shore velocities over the shoal 
start gradually dropping until they are not strong enough to resuspend the sediment supplied by the channels and 
distribute it across the shoal. In the absence of wave-induced resuspension, the sediment accumulates at the shoal 
edge causing the formation of high elevation ridges (tidal levees) and a seaward extension of the shoal (widening). 
Wang et al. (2018) show that tidal levee features are indeed found on sandy shoals in Dutch estuaries, although 
they may be short-lived due to strong variations in wave action. On the other hand, for the increased wave action 
case (Figures 5d, 5g and 5j), the higher wave shear stresses resulted in the smallest area and lowest elevation 
shoals with the smoothest surface and limited drainage channels. For all forcing conditions, the morphodynamic 
activity decreases over time which suggests that it is approaching an equilibrium state.

4. Sea-Level Rise
SLR is imposed as a rise of the MSL over 100 years, starting from the modeled morphology at T = 100 years 
to T = 200 years (Figure 6). At this stage (T = 100 years), the system has reached a relatively stable state with 
limited morphological activity which allows for investigating and isolating the SLR impact. We explore four SLR 
scenarios; the rise is imposed either as a non-linear rise (0.96, 1.67, and 2.63 m/century) based on a sinusoidal 
function rising from the minimum to the intercept or as a linear rise with a constant rate (0.96 cm/yr). The SLR 
magnitude is based on high-end global SLR probabilistic projections by Le Bars et al. (2017) which includes the 
potential rapid loss of the Antarctic ice sheet mass. The 0.96 m is maybe the most likely scenario and corresponds 
to the 50th percentile of the representative concentration pathway scenario RCP4.5, while the 1.67 and 2.63 m 
correspond to the 50th and 95th percentile of the RCP8.5 scenario, respectively.

Figure 4. (a) The modeled bathymetry (m) at T = 150 years for the whole model domain. The black box indicates the 
location of the bottom plot. (b) The tide-residual sediment transport magnitude (m3/s/m) and direction. Arrows are RMS 
normalized and plotted on a grid with half the model grid resolution to make them more visible. The white contour lines 
indicate the border (LW) between the intertidal and subtidal areas.
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4.1. Morphology

SLR notably impacts the shoal morphology. Figure 7 shows the 0.96 m non-linear SLR impact on the shoal 
morphology for the Base Wave (BW; a, b, c, d, and e), and the Base Flow (BF; f) simulations. The initial bathym-
etry of the BF run (not shown) is the 100-year bathymetry of the no SLR run with Flow. Comparing Figures 7a 
with 7b shows that limited morphological change occurs during the 100 years with no SLR, while shoals accrete 
significantly in case of SLR (Figure 7c). Figure 7d shows that shoals remain at approximately the same locations 
while experiencing more accretion (red color) under SLR. Spatial variations exist in the accretion magnitude. 
Shoal accretion is highest near the seaward boundary (basin sediment source). On the shoal scale, accretion is 
highest at the shoal edges near the channels (shoal sediment source). This causes the formation of high elevation 
ridges (tidal levees) at the shoal edges.

In most locations, the accretion magnitude is less than the SLR magnitude. Correcting the shoal elevation with 
the SLR magnitude (Figure 7e) and comparing it with the No SLR elevation (Figure 7b) shows that the intertidal 
shoal areas experienced a notable decrease in their relative elevation and a slight decline in their areal extent.

In general, we see the same response from the Flow simulation under SLR. A major difference is that much shoal 
accretion occurs near the channel-shoal interface leading to more pronounced levee formation at shoal edges 
(Figure 7f and Figure S5 in the Supporting Information S1), while waves lead to smoother intertidal flats.

Figure 5. (a) The initial bathymetry (m) (Wave simulation; T = 150 years) along with the location of the two cross-sections (CRS 1, and CRS 2). The modeled 
bathymetry after 50 years of (b) no waves, (c) Base-case waves, and (d) increased waves. The cross-sectional profile development over time for CRS 1 (e, f, and g), and 
CRS2 (h, i, and j) for the three wave scenarios. The profiles were chosen parallel to the wind field direction and on the upwind side of the shoals which is subjected to 
the highest wave attack.
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4.2. Hydrodynamics and Sediment Transport

Figure 8 shows the SLR impact on the hydrodynamics and sediment trans-
port, the presented SLR results are for the 0.96 m non-linear scenario as it is 
the most likely scenario. Other SLR scenarios have the same impact, albeit 
with different magnitudes (see Figure S6 in the Supporting Information S1). 
We present the maximum flood and ebb velocities in the plots because their 
difference shows a good correlation with the tide-residual transport magni-
tude and direction since the majority of sediment transport occurs during or 
in the vicinity of peak flow.

Both flood and ebb velocities increase due to an increase in the tidal prism 
under SLR (Figures 8c–8f). The increase in the tidal prism is mainly due 
to the inundation of intertidal areas along with a slight increase in the tid-
al range. For example, for the 0.96  m SLR, at the seaward border of the 
presented domain (e.g., Figure  8c), the tidal prism increased by 18% and 
the tidal amplitude increased by approximately 1.5%, while the tidally av-
eraged cross-sectional volume increased only by 9%. In addition to the in-
crease of flow velocities, SLR enhances the tidal asymmetry favoring flood 
dominance. The increase in flood velocities is larger than that for the ebb 
velocities (Figures 8g–8h). Also, the flood duration is shortened while the 
ebb duration is elongated (Figure S7 in the Supporting Information S1). This 
increased asymmetry is caused by the inundation of the intertidal areas.

Changes in the system's hydrodynamics under SLR notably impact the tide-residual sediment transports (Fig-
ure 8i and 8j). Without SLR, the residual sediment transport gradually diminishes over time leading to a state 
of low morphological activity (Figure 8i). The SLR-induced increase in flow velocities elevates the SSC levels 
in the system (Figure S8 in the Supporting Information S1). This combined with the increased flood dominance 
with SLR results in a notable landward tide-residual sediment transport and sediment import to the system (Fig-
ure 8j). The majority of the sediment import to the system is composed of the fine sand fraction.

4.3. Sensitivity Analysis

We performed a sensitivity analysis to explore the SLR impact with different forcing conditions such as SLR 
scenarios (set 1, and 2), wind-wave activity (set 3), tidal forcing (set 4), sand supply (set 5), and the inclusion of 
mud fractions (set 6), Figure 9. The sensitivity analysis was carried out based on the two Base-case simulations 
discussed in Section 4.1; Base Flow (BF; set 1), and Base Wave (BW; set 2 to 6). The shoal and channel volumes 
are calculated based on a fixed datum (LW) of the No SLR case. This allows for visualizing the impact of SLR on 
the morphology while excluding the state changes between shoals and channels which is caused by the SLR-in-
duced increase in the water level. The shoal volume (m3) is defined as the sediment volume above LW, while 
the channel volume (m3) is defined as the water volume below LW. For example, an increase in shoal volume 
indicates depositional shoals, while a decrease in channel volume indicates channel infilling.

4.3.1. Sea-Level Rise Scenarios

The SLR-induced sediment import to the system results in notable deposition on the shoals and in the channels. 
The shoal volume increases while the channel volume decreases (Figure 9; set 1, and 2). The increase/decrease 
magnitude depends on the SLR magnitude and rate. Higher SLR results in more sediment import. Also, a linear 
SLR causes more deposition compared to a non-linear rise. For the linear SLR, during the entire simulation peri-
od, the SLR magnitude is higher than that for the non-linear SLR which only reaches the same magnitude at the 
end (see Figure 6). This allows the system with the linear rise more time to adapt to the imposed SLR thus result-
ing in higher accretion. Elmilady et al. (2020) note this behavior and highlight a faster adaption to the linear rise.

Figure 10 shows the temporal development of the shoal and channel volume and area for the Wave simulations 
under the different SLR scenarios. The dashed lines are based on a fixed reference (LW), while the solid lines are 
based on a moving datum with the SLR (LW + SLR). In this section, parameters (e.g., shoal volume) based on 
the moving datum are referred to as “relative” parameters as being relative to the SLR.

Figure 6. The mean sea level (MSL; m) for the implemented sea-level rise 
scenarios.
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SLR induces shoal deposition with higher magnitudes with the increasing SLR leading (Figure  10a; dashed 
lines). However, accounting for the SLR-induced rise in the water levels, the relative shoal volume (Figure 10a; 
solid lines) decreases for all scenarios. The morphodynamic adaptation lags behind SLR as accretion rates do 
not match the SLR rate. For all the non-linear SLR scenarios, this lag continues to increase with the accelerating 

Figure 7. Sea-level rise (SLR) impact on the shoal morphology for the simulation including wind-wave impact (a, b, c, d, and e; Base Wave; BW). (a) The initial shoal 
elevation (m; with respect to mean sea level (MSL)), (b) the shoal elevation (m; w.r.t MSL) after 100 years with no SLR, (c) the shoal elevation (m; w.r.t MSL) after 
100 years with a non-linear 0.96 m/century SLR, (d) the difference between the shoal elevation for the SLR and No SLR scenarios (color bar from −0.96 to 0.96 m), 
and (e) the shoal elevation (m; w.r.t MSL + SLR) corrected with the SLR magnitude. (f) The shoal elevation (m; w.r.t MSL + SLR) corrected with the SLR magnitude 
(0.96 m) but for the simulation excluding wind-wave impact (Base Flow; BF). The black lines are the elevation contours with 1 m intervals.
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Figure 8. The modeled bathymetry (m) for the Wave Base-case simulation after 100 years with (a) no sea-level rise (SLR), and (b) 0.96 m SLR. The black box 
indicates the location of the below plots. (c, and d) Maximum flood velocities, (e, and f) Maximum ebb velocities, (g, and h) difference between maximum flood and 
ebb velocities, and (i, and j) the tide-residual sediment transport magnitude (m3/s/m) and direction. Arrows are RMS normalized and plotted on a grid with half the 
model grid resolution to make them more visible. The black/white contour lines indicate the border (LW) between the intertidal and subtidal areas.
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SLR which leads to continuous shoal drowning. Remarkably, the linear constant SLR rate (0.96 cm/yr), experi-
enced the least shoal volume decline. There is an initial loss of the relative shoal volume in the first ≈50 years 
which gradually flattens and follows the No SLR signal when the SLR-induced accretion rates start approaching 
the constant SLR rate. This behavior has been noted in previous modeling studies with ASMITA (Van Goor 
et al., 2003; Wang & Roelfzema, 2001) and D3D (Elmilady et al., 2020). It represents the system's adjustment to 
the “initial” perturbation due to the introduction of SLR and a need to establish an “overdepth” to generate a new 
dynamic equilibrium that follows the SLR at the same rate.

SLR also favors channel deposition with higher magnitudes under increasing SLR (Figure 10b; dashed lines). 
However, the SLR-induced rise in the water levels causes an increase in the relative channel volume (Figure 10b; 
solid lines). Similar to the shoal volume, the non-linear SLR resulted in the least relative channel volume increase.

SLR causes a drop in the relative shoal area and an equivalent increase in the relative channel area (Figure 10c 
and 10d; solid lines). For instance, by the end of the simulation, the relative shoal area became 12.5% (0.96 m 
linear SLR) to 51.5% (2.63 m non-linear SLR) smaller than that for the No SLR scenario.

For all SLR scenarios, the percentage of the relative shoal volume decrease (Figure 10a; solid lines) is higher than 
that for the relative shoal area decrease (Figure 10c; solid lines) thus resulting in lower elevation surviving shoals. 
For example, with the 2.63 m SLR scenario, SLR caused a decrease in the relative shoal volume and area of 77% 
and 51.5%, respectively, leading to a drop in the average relative shoal elevation (w.r.t LW + SLR) from 1.22 m 
with No SLR to 0.57 m with SLR. On the other hand, SLR caused an increase in the relative channel volume and 
area of 31% and 67%, respectively, leading to a drop in the average relative channel depth (w.r.t LW + SLR) from 

Figure 9. Summary of the sensitivity analysis for different forcing conditions showing (a) the shoal volume (m3; w.r.t LW), and (b) the channel volume (m3; w.r.t LW) 
for the whole model domain for the initial state (blue), after 100 years without sea-level rise (SLR) (Orange), and after 100 years with SLR (Green). The legend presents 
the abbreviations used for the different simulations and the description of the varying forcing condition. BF and BW refer to the Base Flow and Base Wave simulations, 
respectively.
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4.3 m with No SLR to 3.4 m with SLR. The main reason behind this relative depth decrease is that the SLR-in-
duced increase in water level changes a large portion of the intertidal areas to shallow channels. However, the 
whole domain is becoming deeper with SLR, especially the deepest subtidal sections.

Flow simulations (Figure S9 in the Supporting Information S1) show a trend of morphological evolution under 
SLR that is similar to the Wave Simulations (Figure 10). A difference is that, for all SLR scenarios, Flow simula-
tions experience larger channel deposition. For the Flow linear SLR, the relative channel volume even turns from 
increasing to decreasing. The reason behind this is that shoal accretion in the flow simulations mainly occurs at 

Figure 10. The temporal development of the shoal (a) and channel (b) volume (m3) and the shoal (c) and channel (d) area (m2) for the whole model domain and for the 
Wave simulations. The solid black line is the No sea-level rise (SLR) scenario, while the color lines are for the different SLR scenarios. (e) Schematic showing the shoal 
and channel definition along with the datums used for the dashed lines (fixed datum; LW), and the solid lines (moving datum; LW + SLR).
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the channel-shoal interface (see Section 4.1). The SLR turns a portion of this area into shallow channels thus this 
deposition is considered as channel accretion. Also, since most of the SLR-induced accretion is composed of the 
fine fraction (Section 4.2), this makes channels in Flow simulations more likely to experience sediment fining 
which impacts the equilibrium channel volume (decreases).

SLR can impact the large-scale channel-shoal patterns. As shown before in Figure 7, this impact is minimal for 
the 0.96 m non-linear SLR. Shoals remained in approximately the same location while experiencing accretion and 
slightly losing intertidal area from their edges. The SLR impact on the spatial patterns becomes more pronounced 
with the higher SLR scenarios (e.g., Figure 11 including wave action). The secondary shallow channels (black 
arrows in Figure 11a) connecting the two main deep channels experience notable deposition which results in 
shoals merging. Figures 11 a, and b show the morphology not corrected with the SLR magnitude. A large section 
of the merged shoal is not intertidal since only specific locations can keep pace with the SLR and do not drown.

The hypsometry curves and the shoal slopes for the Flow and Wave simulations are presented in the Supporting 
Information (Figures S10, and S11, Text S2 in the Supporting Information S1).

4.3.2. Wave Action

In the Base-case Wave simulation (BW) we implement a constant (4 m/s) wind field, while in nature the wind 
field varies continuously. Also, in the Wadden Sea region, the average wind speed ranges from 6 to 7 m/s (Brink-
man et al., 2001; KNMI, 2014). Modeling a high wind speed (>6 m/s) requires decreasing the morphological 
factor (MF), especially during the initial period (≈100 years) with high morphological activity. The Base-case 
value of 4 m/s allows for performing a sensitivity analysis without extensive simulation times and with equal 
MFs. In this section, starting from the BW initial (T = 100 years) morphology, we investigate different wind 
conditions including lower, higher, and time-varying wind speeds. The spatially (over the model domain) and 
temporally averaged wave-orbital velocity squared 𝐴𝐴 (𝑢𝑢2orb) was used as a metric to compare the wave action between 
the different simulations. For the No W simulation, there is no wave action. The constant base wind speed of 
4 m/s (BW) creates approximately equivalent wave action to a varying wind speed from 2 to 5.35 m/s (W1). Text 
S1 and Figure S12 in the Supporting Information S1 provide more information regarding the variable wind speed 
implementation and the wave orbital velocities.

Model results suggest that the largest wave action leads to the highest SLR shoal adaptation capacity, albeit that 
the resulting morphology is different. Figure 9; set 3 shows the shoal and channel volume for the different wind-
wave conditions. Variations in wind-wave activity mainly impact the shoal volume, while the impact on the chan-
nel volume is relatively low. Compared to the BW simulation, excluding waves (No W) resulted in larger shoal 
deposition without SLR which is further enhanced by SLR. Time-varying conditions (W1) with an approximately 
equivalent wave action resulted in similar shoal deposition magnitudes to that of the BW both with and without 
SLR. The increased wave action (W2) resulted in slight shoal erosion with No SLR, however, similar to the other 

Figure 11. (a, and b) The shoal elevation (m; w.r.t mean sea level) for the 0.96, and 2.63 m non-linear sea-level rise (SLR), respectively. The black arrows in (a) point 
to the location of the secondary channels. (c, and d) The shoal elevation difference (m) between the SLR and No SLR scenario. The plots are for simulations including 
wave action.
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conditions, SLR induces shoal deposition. The SLR-induced shoal deposition magnitudes for the No W, BW, 
and W2 are 1.23, 1.35, and 1.18 × 107 m3 which represent a 29%, 39%, and 50% increase to their No SLR shoal 
volume of 4.25, 3.43, and 2.38 × 107 m3, respectively.

Similar to the noted behavior when starting from different initial bathymetries (Section 4.1), wave action ex-
clusion (Figures 12a and 12c) resulted in spatial variations in the SLR-induced shoal accretion with the highest 
accretion occurring at the shoal edges. On the other hand, the highest wave action (Figures 12b and 12d) resulted 
in the most uniform accretion and the smoothest shoal morphology under SLR. This is caused by the added wave 
shear stresses which enhance sediment resuspension and distribution over the shoal (see Section 3.4). In addition 
to the shoal-scale impact, waves also enhance the sediment distribution along the basin's longitudinal axis. This 
leads to larger accretion and faster adaptation of landward shoals to SLR.

Despite the differences between the two opposite end situations (without waves and with high wave action), the 
system reacts to the SLR in the same manner. Also, a constant wind speed showed similar results to an approxi-
mately equivalent wave action generated by a time-varying signal.

4.3.3. Tidal Forcing

We investigated the impact of the tidal range (dH) on the morphological response to SLR by comparing the Base-
case wave simulation (BW; dH = 3.0 m) to other simulations with lower (dH = 2.5 m) and higher (dH = 3.5 m) 
tidal range (Figure 9; set 4). Unlike the waves, the change in the tidal range notably impacts the channel volume. 
Without SLR, a drop in the tidal range (dH = 2.5 m) resulted in a notable channel volume decrease due to dep-
osition, while an increase in the tidal range resulted in a notable channel volume increase due to erosion. This 
response represents the system's adaptation to the newly imposed forcing conditions that deviate from the original 
forcing. The increase in tidal range causes higher channel flow velocities which leads to channel deepening. This 
is the only simulation in which the system shifted from a slightly importing system to being an exporting system. 
The opposite happens with the drop in tidal range leading to an increase in the sediment import and to shallower 
channels.

Despite the different morphodynamic evolution of the channel, in all simulations, the system responds to SLR 
in the same manner. SLR induces sediment import in the system resulting in channel deposition thus leading 
to shallower channels compared to the No SLR case. For the dH 2.5 case, the SLR-induced channel deposition 
(1.78 × 107 m3) is notably higher than the dH 3.5 case (1.07 × 107 m3). The reason is that for the dH 2.5 case there 
are two forcing changes that are enhancing sediment import to the system, the SLR and the drop in tidal range. 
While for the dH 3.5, the SLR-induced import is opposing the export trend caused by the increase in dH. With 
regard to the shoal volume, SLR causes an increase in shoal volume due to deposition, again this increase is more 
pronounced in the case of dH 2.5 for the same above indicated reason.

Figure 12. (a, and b) The shoal elevation (m; w.r.t mean sea level) for the No W and W2 wind-wave conditions, respectively. (c, and d) The shoal elevation difference 
(m) between the sea-level rise (SLR) and No SLR scenario for each wind-wave condition.



Journal of Geophysical Research: Earth Surface

ELMILADY ET AL.

10.1029/2021JF006152

16 of 26

In addition to the tidal range, we also investigated the impact of a lunar spring-neap tidal cycle (LUN) and a 
schematized mixed semi-diurnal tidal cycle (MS) by implementing the tidal constituents M2 with S2, and M2 with 
C1 (artificial constituent combining K1 and O1; Lesser, 2009), respectively. The amplitudes for the M2, S2, and C1 
are 1.5, 0.4, and 0.2 m, respectively. The ratios between the tidal amplitudes are based on Wadden Sea conditions 
(Herrling & Winter 2015). We assume no phase differences between the constituents.

Results show a similar SLR adaptation as the base case (BW) simulation, albeit with different magnitudes. For 
the LUN case, without SLR, the increased tidal range/flow velocities during the spring tides resulted in deeper 
channels (lower channel volume). However, the SLR adaptation remained the same with channels and shoals 
experiencing accretion. For the MS case, the small amplitude of the diurnal signal (0.2 m) resulted in limited 
differences compared to the BW simulation with the semi-diurnal signal.

It is important to note that the values presented in Figure 9 (set 4) are not corrected for the change in LW (border 
between shoals and channels) due to the change in the tidal range between the simulations. The only difference is 
the volume magnitude based on what is considered shoals and channels. However, the SLR impact on the mor-
phological development and the noted differences between the simulations does not change when implementing 
the corrections.

4.3.4. Sand Supply

We investigated the impact of the sandy sediment supply on the morphological adaptation to SLR (Figure 9; 
set 5). We implemented lower (LS) and higher (HS) sand supply scenarios compared to the BW simulation by 
increasing and decreasing the open boundary SSC of the fine sand fraction by 50%, respectively. Without SLR, 
the decrease and increase in sediment supply mainly impacted the channel volume causing larger, and smaller 
volumes compared to the BW, respectively. For all sand supply scenarios, shoals and channels accrete in response 
to the SLR. However, the SLR-induced accretion is notably higher for the HS case than that for the LS. The shoal 
and channel accretion for the HS (1.68 × 107 and 1.67 × 107 m3) is more than 2 and 3.5 times than that for the LS 
(0.77 × 107 and 0.45 × 107 m3), respectively.

4.3.5. Mixture Sand and Mud Fractions

In most sand-dominated estuarine environments and tidal basins, fine mud fractions are present as well in shel-
tered low-energy locations (e.g., Colombia River Estuary; Sherwood & Creager, 1990, Western Scheldt Estuary; 
Kuijper et  al.,  2004, and Wadden Sea; Postma, 1957). We thus explored the impact of mud presence on the 
morphological response to SLR. Starting from an initial sandy bed (BW), we impose a mud fraction as a small 
constant concentration (20 mg/l) at the model seaward boundary. For these mixture runs, we simulate two sit-
uations of 100 years without and with 0.96 m/century nonlinear SLR. The mud transport is modeled using the 
Partheniades Krone formulations (Partheniades, 1965; Appendix C). This implementation accounts for the mud 
impact on the sand erodibility but not vice versa. The applied mud fractions have a critical erosion shear stress 
(τc,e) of 0.25 N/m2, an erosion parameter (M) of 2.0 × 10−4, and a settling velocity (ws) of 0.5 mm/s for simulation 
Mix1 and 1 mm/s for simulation Mix2.

Figure (9; set 6) shows that, without SLR, the inclusion of mud results in more deposition in the model domain 
reflected by a larger shoal volume and less channel volume. This increase in sediment import to the system is 
due to the higher and finer SSC (sediment supply) imposed at the seaward boundary in the case of the mixture.

Sediment supplied at the seaward boundary needs time to reach landward locations (Figures 13b and 13d). With 
the sand fractions, the landward-directed sediment transport is slower than with the finer mud fractions that can 
remain in suspension for a longer duration. This results in a larger deposition gradient along the basin axis for the 
sandy case. Mud inclusion resulted in a notably larger deposition at the landward section (10–20 km) along with 
lower deposition at the more energetic seaward section. For the mixture cases, shoals experienced more SLR-in-
duced deposition than the sandy case due to mud deposition. On the other hand, the channel deposition is lower 
as mud fractions are less likely to settle in the deep channels.

Figure 14 shows the mud percentage in the top sediment layer (0.25 m) for Mix1 and Mix2 with and without 
SLR. Mud fractions mainly settle on the shoals while the channels with larger flow velocities remain relatively 
mud-free. Without SLR, the mud presence in the system remains comparatively low. SLR results in muddier 
shoals with landward locations mainly experiencing the largest differences, while the mud content in the channels 
does not change much. A difference in the mud settling velocity (ws) has an impact on the mud availability in 



Journal of Geophysical Research: Earth Surface

ELMILADY ET AL.

10.1029/2021JF006152

17 of 26

the system. With the ws of 1 mm/s (Mix2), mud is more easily deposited on the shoals which results in muddier 
shoals than the lower ws of 0.5 mm/s (Mix1). However, the deposition locations are similar for both cases. Mud 
fractions favor deposition in locations subjected to low flow velocities and wave attack such as downwind shoal 
locations and landward shoals.

5. Discussion
In accordance with previous studies (e.g., Coeveld et al., 2003; Hibma, 2004; van der Wegen & Roelvink, 2008), 
this study shows that tide-residual sediment transports are the main driver of the morphological development of 
channel-shoal systems in a tidal embayment. Our work highlights that changes in the tidal currents combined 
with the sediment availability drive the SLR morphodynamic adaptation of intertidal sandy shoals by accretion. 
Wave action is a secondary but important process which impacts the shoal morphology but not the basin's SLR 
response. The presence of fine sediment supply (mud) enhances the morphological adaptation.

Figure 13. (a, and c) The elevation difference (m) between the SLR and No SLR scenarios for the sand (BW) and mixture 2 (Mix2) simulations, respectively. The 
black contour line indicates the border (LW) between the intertidal shoals and channels. (b, and d) The colored solid lines show the temporal development of the width 
averaged elevation difference. The dotted line shows the end elevation difference averaged over the whole domain.
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5.1. Implications for Real Case Studies

Forcing conditions vary in nature between the different systems depending on the local environment and hy-
draulic conditions. We expect the relevance of the mechanisms underlying SLR adaptation (e.g., tidal action, 
sediment supply, and wave action) to vary between the different systems as well. Mudflats in San Francisco Bay 
are projected to accrete with SLR mainly due to a drop in the wave-induced shear stresses at larger water depths 
which allow for mud deposition (Elmilady et al., 2019; Ganju & Schoellhamer, 2010; van der Wegen et al., 2017). 
A lack of sediment supply constrains shoal accretion causing a notable decline of the intertidal areas due to the 
morphodynamic adaptation time lag.

Forcing conditions at the Wadden Sea basins are closer to those described in this study. The Wadden Sea sandy 
shoals accrete under current SLR mainly due to a tide-driven sediment import to the system caused by the crea-
tion of accommodation space under SLR, while waves play a secondary role by inducing sediment resuspension 
over the shoals (Dissanayake et al., 2009; Elmilady et al., 2020; Wang et al., 2018). During the Holocene, over the 
past 7000 years, the Wadden Sea tidal basins reacted to SLR by shifting landward. SLR not only caused a vertical 
increase in accommodation space but also a landward expansion of the basin boundary. An apparently insuffi-
cient external sediment sand supply could not fill this increase, leading to substantial erosion and recession of 
the coastline of the bounding barrier islands. Hence, the whole system migrated landward. With the deceleration 
of the Holocene SLR, the basin partly filled in and coastal recession declined (see Beets & van der Spek, 2000, 
for details). The construction of dykes and partial reclamation of the tidal basins prevent a landward translation 
of the Wadden Sea under future accelerating SLR. The predicted accelerating SLR is expected to increase the 
flood dominance of the system and the associated sediment import (Dissanayake et al., 2009; Seiffert et al., 2014; 
Wachler et al., 2020). Lodder et al. (2019), Wang et al. (2018) and Van Goor et al. (2003) predict a lag in the 
morphological adaptation to SLR leading to loss of intertidal areas. Their work highlights a critical SLR rate at 
which sediment import can become insufficient for the basin bed levels to follow the SLR causing the system 
to drown. Even with ample sediment availability, this drowning can occur due to insufficient transport capacity 
through the inlet.

Figure 14. The mud percentage (%) in the top 0.25 m sediment layer for the simulation with a settling velocity of (a, and b) ws = 0.5 mm/s, and (d, and e) ws = 1 mm/s 
each without and with SLR, respectively. The difference between the mud percentage (%) for the No SLR and the 0.96 m non-linear SLR scenario for the different 
settling velocities. The black contour lines indicate the border (LW) between intertidal shoals and channels.
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The following sub-sections discuss some of our main modeling approach assumptions and their potential impli-
cations for our understanding of the SLR impact.

5.1.1. Marine Transgression

We simulate a constrained system and the active build-up of existing intertidal shoals under SLR. Figures S1, S2, and 
S3 in the Supporting information S1 show examples of constrained systems in the Netherlands (Wadden Sea basins), 
Australia (Venus Bay), and New Zealand (Otago Harbour). In natural unconstrained systems, marine transgression 
(lateral expansion or landward migration) may also occur as a SLR adaptation mechanism (Allen,1990; Beets & van 
der Spek, 2000; Guo et al., 2021; Townend et al., 2021). In addition to the active shoal build-up, marine transgression 
will lead to “passive shoal formation” due to the drowning of the coastal plain causing dry land to shift from the su-
pratidal realm into the intertidal realm. Guo et al. (2021) show the lateral expansion of a convergent system forming 
new tidal flats along its margins while existing inner intertidal shoals experience accretion in response to SLR.

5.1.2. Interacting Time Scales

We follow an approach that is based on isolating a century-scale SLR impact signal in a system with low mor-
phological activity. In reality, the modeled morphological development could occur over a much longer time 
scale. Also, in real case studies, there could be other simultaneous and ongoing morphological adaptations with 
different time scales (decadal to geological) that could influence the SLR adaptation. Around the world, estu-
aries and tidal basins are subjected to dredging activities (Depreiter et al., 2013), land reclamation (MacKinnon 
et al., 2012), subsidence (Fokker et al., 2018), and changes in the tidal regime (Eelkema et al., 2013), varying riv-
erine discharges, and sediment supply (Jaffe et al., 2007; Portela, 2006; B. Zhu et al., 2020). Also, other systems 
are still infilling and not in equilibrium (e.g., de Haas et al., 2018; van der Spek, 1994). This includes systems 
that were formed by the Holocene SLR and are still adapting to the decreasing SLR rates to their current levels 
(van der Spek & Beets, 1992). The past century's relatively low global SLR (≈0.2 m/century) makes it difficult to 
discriminate the SLR impact from other adaptations. Calibrating and validating long-term morphological models 
using observed historical evolution (e.g., bathymetries) is a challenging task that comprises notable uncertainties 
and does not necessarily guarantee the ability to capture the SLR contribution to the morphological evolution. 
Also, such historical data sets with sufficient frequency are extremely scarce. This makes the schematized ap-
proach presented by this study necessary for understanding the fundamental processes.

5.1.3. Sediment Fractions and Supply

In nature, tidal flats/shoals form in sediment-rich environments with sufficient fine-grained sediment supply (e.g., 
Friedrichs, 2011; Gao, 2019). Channel-shoal systems usually comprise a wide range of sediment fractions including 
coarse material which mainly exists in energetic deep sections (e.g., Wadden Sea; Postma (1957), and Figure S4 in 
the Supporting Information S1). In this research, we implement two sand fractions. The coarse fraction mainly exists 
in channels and plays an important role in stabilizing the channel-shoal patterns such as by controlling the channel 
deepening, while shoals are mainly composed of the finer fraction. The existence of the finer sand fraction played 
an important role in the shoal SLR adaptation as it constituted the majority of the SLR-induced sediment import to 
the system causing the shoal accretion. They were more easily suspended and transported to fill the accommodation 
space created by the SLR. On the other hand, simulations with a single coarse sand fraction (not presented) showed 
limited shoal adaptation due to low SSC levels and associated transports.

The imposed Base case SSC levels are based on typical conditions in the Wadden Sea (Postma, 1961, 1967, 1981). 
We assumed a constant sediment source at the boundary, while this might not be the case in reality if the mor-
phological response of other elements (e.g., ebb-tidal delta) leads to a change in prevailing SSC. Some systems 
are predicted to face sediment supply shortages, while other systems could experience an increase in sediment 
supply (e.g., due to the erosion of other morphological elements). Our sand supply sensitivity showed that a sedi-
ment supply shortage/increase could limit/enhance the morphological adaption, respectively. Adding a finer mud 
fraction also enhanced the morphological adaptation.

5.2. Future Work

Gradually increasing the complexity of schematized models is of great value to better understand the potential 
SLR impact. Our research contributes by adding waves, mud, and high-resolution modeling along with focusing 
on the intertidal shoals. Several subjects remain for future exploration.
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In our research, we mainly focus on a meso-tidal environment with a semi-diurnal tidal signal. Sensitivity anal-
ysis with tidal ranges, a lunar spring-neap tidal cycle, and a schematized mixed semi-diurnal tidal cycle showed 
the same trend of SLR morphological adaptation. We recommend performing a more detailed investigation of 
the impact of lunar and mixed semi-diurnal tidal cycles by testing different amplitudes and relative phasing. Also, 
overtides (e.g., M4, and M6) and their relative phasing could be highly relevant for the morphodynamics of tidal 
systems (e.g., Lesser, 2009). In addition, the impact of the SLR-induced changes of the tidal dynamics at the 
seaward boundary of tidal systems requires exploration.

We investigated non-convergent, short tidal basins which are dominated by intertidal shoals. Future work should 
investigate different geometries and bathymetries along with larger-scale basins and the availability of accom-
modation space. The dimensions (length, width, depth, and convergence) of tidal systems can impact their SLR 
adaptation (Leuven et al., 2019). Including riverine discharges and sediment supply makes findings more relevant 
to estuarine systems with notable riverine influence. Finally, implementing a more complex sand-mud interaction 
scheme would further increase the value of the results

6. Conclusions
Our work investigates the SLR impact on the long-term morphological development of intertidal sandy shoals. 
This includes exploring the importance of small wind-generated waves along with the mud presence to the in-
tertidal morphodynamics. We implemented a 2DH process-based numerical model (D3D) which simulates the 
morphological evolution and the SLR adaptation of a channel-shoal system in a constrained short tidal basin 
dominated by intertidal shoals.

Tidal currents are the main driver of the channel-shoal system morphological evolution. Shoals evolve as a result 
of the tide-residual sediment transport convergence. Over time, the morphological activity gradually slows down 
as the residual transports diminish. Our work highlights that wave action is a secondary but important process 
which impacts the shoal morphology but does not fundamentally change the morphological evolution of the 
system. Wave-induced shear stresses enhance the sediment transport and distribution over shoals leading to lower 
and smoother intertidal flats.

Shoals accrete in response to SLR due to tide-residual sediment transports. Wave action, again, plays a secondary 
role in the sense that they impact the intertidal shoal morphology but not the basin's response to SLR in general 
terms. The morphodynamic adaptation lags behind SLR eventually leading to the drowning of intertidal shoal 
areas under SLR. Loss of shoal area favors flood dominance which, combined with the availability of sediment 
supply, triggers sediment import to the system. Locations near the sediment source experience more accretion 
both on a basin-scale and on a shoal-scale. A larger sediment supply enhances the SLR morphodynamic adap-
tation. Waves help distribute sediment supplied from channels across shoals. The presence of mud enhances the 
morphodynamic adaptation leading to faster, more uniform, accretion and muddier shoals under SLR.

The knowledge developed in this study serves as a fundamental step towards assessing the potential impact of 
SLR on the sustainability of valuable, intertidal environments. Future studies should focus on including other 
processes and forcing conditions.

Appendix A: Hydrodynamics
We apply the Delft3D (D3D) process-based numerical model (Deltares, 2017; Lesser et al., 2004). D3D-FLOW 
computes the flow by solving the unsteady two-dimensional shallow water equations (continuity and momen-
tum). The continuity equation (Equation A1) and the horizontal momentum equations (Equations A2, and A3), 
neglecting the influence of density differences, and Coriolis force are as follows:
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with,

𝑐𝑐𝑓𝑓 =
𝑔𝑔
𝑐𝑐2 (A4)

where, η is the water level with respect to the datum, h is the water depth, u and v are the horizontal depth-aver-
aged velocities in the x and y directions, respectively, g is the gravitational acceleration, ρ is the water density, cf 
is the friction coefficient, c is the Chezy coefficient (60 m1/2/s), ve is the eddy viscosity (1 m2/s), τs is the wind 
shear stress, and Fx and Fy are the depth-averaged wave-induced forcing.

Appendix B: Wave Model
The spectral wave Model SWAN (Booij et  al.,  1999; http://swanmodel.sourceforge.net/) is used in stationary 
mode to simulate the wind-generated waves. The SWAN model is based on the action density spectrum N(σ,θ), 
where σ is the relative frequency, and θ is the wave direction. The spectral action balance equation in Cartesian 
coordinates is:

𝜕𝜕
𝜕𝜕𝜕𝜕
𝑁𝑁 + 𝜕𝜕

𝜕𝜕𝜕𝜕
𝑐𝑐𝜕𝜕𝑁𝑁 + 𝜕𝜕

𝜕𝜕𝜕𝜕
𝑐𝑐𝜕𝜕𝑁𝑁 + 𝜕𝜕

𝜕𝜕𝜕𝜕
𝑐𝑐𝜕𝜕𝑁𝑁 + 𝜕𝜕

𝜕𝜕𝜕𝜕
𝑐𝑐𝜕𝜕𝑁𝑁 = 𝑆𝑆

𝜕𝜕 (B1)

where, cx, cy, cσ, and cθ are the propagation velocities in the x, y, σ, and θ-space, respectively. The first term on the 
left-hand side describes the local rate of change of the action density in time. The second and third terms describe 
the propagation of the action density in space. The fourth term describes the shift of the relative frequency due to 
depth and current variations. The fifth term describes the depth- and current-induced refraction. The right-hand 
side term denotes the source term for the action density which includes generation by wind, and dissipation by 
bottom friction, and depth-induced breaking. The D3D-Flow uses the gradients of the radiation stress tensor (S) 
to compute the depth-averaged wave-induced forcing (Fx and Fy; Equations B2 and B3) which is a source term in 
the momentum equations. Also, the hydrodynamic equations are solved in Generalised Lagrangian Mean (GLM; 
Andrews & Mcintyre, 1978) formulation in order to account for the stokes drift caused by the wave oscillating 
motion. Furthermore, the Fredsoe formulations (Fredsøe, 1984) are used to compute the maximum shear stress 
(τmax) based on the combined current (τc) and wave (τw) shear stress.

𝐹𝐹𝑥𝑥 = −𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥

𝜕𝜕𝑥𝑥
−
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𝜕𝜕𝑦𝑦 (B2)
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Appendix C: Sediment Transport
Suspended sediment transport is calculated in the D3D by an advection-diffusion solver (Equation C1) which 
includes a sink and source term and is based on the local and time-varying velocities and water levels.
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𝜕𝜕𝜕𝜕

) + 𝑆𝑆 (C1)

where c is the sediment mass concentration (kg/m3), εh is the prescribed horizontal diffusivity (7 m2/s), S is the 
source/sink term which represents the exchange of sediment between the bed and flow (water column). The Van 
Rijn (1993) formulations are used to compute the sandy sediment transport for the combined effect of waves and 
currents for both bedload and suspended load transport. A reference height a is defined to distinguish between 
the bed and suspended transport as follows:

� = min
[

max
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������.��,
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2
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]
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where AKSFaC is a user-defined proportionality factor, ks is a user-defined effective roughness height, Δr is the 
wave-induced ripple height (0.025 m). The critical bed shear stress is computed mainly based on the median 
sediment diameter (D50) and according to the classical Shields curves. A reference concentration is calculated 
based on the sediment availability in the top bed layer (Van Rijn et al., 2000). This concentration is imposed at the 
reference height in order to entrain bed sediment to the water column. The settling velocity (ws) of sand fractions 
in suspension is calculated based on (Van Rijn, 1993) as follows:

�� =
10�
�50

(
√

1 +
0.01(� − 1)��50

�2
− 1

)

for 100 �� < �50 ≤ 1000 �� (C3)

where, s is the relative density (ρs/ρw), and v is the water kinematic viscosity coefficient. For more details on 
suspended sediment entrainment and deposition computation please refer to (Deltares, 2017). The bedload is 
calculated according to (Van Rijn, 1993) based on the combined flow and wave as follows:

|𝑆𝑆𝑏𝑏| = 0.006𝜌𝜌𝑠𝑠𝑤𝑤𝑠𝑠𝐷𝐷50
𝑢𝑢eff(𝑢𝑢eff − 𝑢𝑢cr)1.4

[(𝑠𝑠 − 1)gD50]
1.2 (C4)

𝑢𝑢ef𝑓𝑓 =
√

𝑢𝑢2𝑅𝑅 + 𝑈𝑈 2
on (C5)

where, Sb is the bedload transport (kg/m/s), ueff is the combined velocity magnitude (m/s) of the flow depth-av-
eraged velocity and the near-bottom peak orbital velocity in the onshore direction based on the significant wave 
height (Hs), ucr is the critical depth-averaged velocity for motion initiation based on Shields curve (m/s), uR is 
the magnitude of an equivalent depth-averaged velocity (m/s), and Uon & Uoff are the high frequency near-bed 
orbital velocities due to short waves in the on and offshore directions, respectively. The direction of the bedload 
transport is computed based on a division into current-induced transport (Sb,c) which acts in the flow direction 
and wave-induced transport (Sb,w) which acts in the wave direction.

𝑆𝑆𝑏𝑏𝑏𝑏𝑏 =
𝑆𝑆𝑏𝑏

√
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|𝑆𝑆𝑏𝑏𝑏𝑏𝑏| = 𝑟𝑟|𝑆𝑆𝑏𝑏𝑏𝑏𝑏| (C7)

𝑟𝑟 =
(|𝑈𝑈on| − 𝑢𝑢cr)3

(|𝑢𝑢𝑅𝑅| − 𝑢𝑢cr)3
 (C8)

We apply the Partheniades-Krone formulations (Partheniades, 1965) for cohesive sediment transport as follows:

𝐸𝐸 = 𝑀𝑀𝑀𝑀𝑒𝑒(𝜏𝜏cw, 𝜏𝜏cr,𝑒𝑒), (C9)

𝐷𝐷 = 𝑤𝑤𝑠𝑠𝑐𝑐𝑏𝑏𝑆𝑆𝑑𝑑(𝜏𝜏cw, 𝜏𝜏cr,𝑑𝑑), (C10)

where,

𝐴𝐴 𝐴𝐴 erosion flux (kg m−2 s−1)

𝐴𝐴 𝐴𝐴 erosion parameter (kg m−2 s−1)

𝐴𝐴 𝐴𝐴𝑒𝑒(𝜏𝜏cw, 𝜏𝜏cr,𝑒𝑒) erosion step function: 
��(�cw, �cr,�) = ( �cw

�cr,�
− 1), when �cw > �cr,�

= 0 , when �cw ≤ �cr,�

𝐴𝐴 𝐴𝐴 depositional flux (kg m−2 s−1)

𝐴𝐴 𝐴𝐴𝑠𝑠 sediment fall velocity (m/sec),

𝐴𝐴 𝐴𝐴𝑏𝑏 average near bottom sediment concentration,

𝐴𝐴 𝐴𝐴𝑑𝑑 (𝜏𝜏cw, 𝜏𝜏cr,𝑑𝑑 ) deposition step function: 
�� (�cw, �cr,� ) = (1 − �cw

�cr,�
), when �cw < �cr,�

= 0 , when �cw ≥ �cr,�
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Data Availability Statement
There is no restriction on the data used in this study, readers can download the numerical model configurations 
and results, and the Wadden Sea data online at https://doi.org/10.6084/m9.figshare.14174597.
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