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Abstract Intertidal shoals are vital components of estuaries. Tides, waves, and sediment supply shape
the profile of estuarine shoals. Ensuring their sustainability requires an understanding of how such
systems will react to sea level rise (SLR). In contrast to mudflats, sandy shoals have drawn limited attention
in research. Inspired by a channel‐shoal system in the Western Scheldt Estuary (Netherlands), this research
investigates governing processes of the long‐term morphodynamic evolution of intertidal estuarine sandy
shoals across different timescales. We apply a high‐resolution process‐based numerical model (Delft3D) to
generate a channel‐shoal system in equilibrium and expose the equilibrium profile to variations in wave
forcing and SLR. Combined tidal action and wave forcing initiate ridge formation at the seaward shoal edge,
which slowly propagates landward until a linear equilibrium profile develops within 200 years. Model
simulations in which forcing conditions have been varied to reproduce observations show that the bed is
most dynamic near the channel‐shoal interface. A decrease/increase in wave forcing causes the
formation/erosion of small tidal levees at the shoal edge, which shows good resemblance to observed
features. The profile recovers when regular wave forcing applies again. Sandy shoals accrete in response to
SLRwith a long (decades) bed‐level adaptation lag eventually leading to intertidal area loss. This lag depends
on the forcing conditions and is lowest near the channel and gradually increases landward. Adding mud
makes the shoal more resilient to SLR. Our study suggests that processes near the channel‐shoal interface
are crucial to understanding the long‐term morphodynamic development of sandy shoals.

Plain Language Summary Intertidal area is the coastal zone that undergoes a rhythm of wet‐dry
cycles under the influence of tidal action. Intertidal shoals are vital components of the estuarine
environment. They have high ecological value but also help in reducing flood risk by wave attenuation. It is
important to understand how these shoals will react to sea level rise in order to plan sustainable
management strategies. We developed a high‐resolution model to investigate the long‐term evolution of an
intertidal sandy channel‐shoal system. The model describes tidal flow, wave action, and associated sediment
transports and generates an intertidal sandy shoal in equilibrium. Changes in equilibrium forcing lead to
morphodynamic adaptation. A drop in wave height causes the formation of small‐scale tidal levees at the
channel‐shoal edge, which are also observed in reality. High wind‐wave activity causes shoal erosion. Shoals
accrete in response to imposing sea level rise, but the accretion rate is smaller than the sea level rise rate
leading to the loss of intertidal area and increased inundation. Inclusion of mud makes the shoal more
resilient to sea level rise. Our study suggests that processes near the channel‐shoal edge are crucial to
understanding the long‐term morphodynamic evolution of sandy shoals.

1. Introduction

Intertidal shoals are a major component of many estuaries worldwide. During the tidal cycle, they undergo a
rhythm of wet‐dry cycles which develops a unique ecosystem that supports a diverse array of species, espe-
cially at vegetated zones (Lipcius et al., 2013). The intertidal area provides ecosystem services and accommo-
dates commercial fisheries. It also plays a major role in erosion control and flood protection by wave
attenuation (Narayan et al., 2017; Shepard et al., 2011).

Being the buffer zone between sea and land, the intertidal zone is subject to continuous pressures like urba-
nization, changing river flow regime and sediment supply, subsidence, and sea level rise (SLR).
Anthropogenic influence may notably impact the estuarine morphology (e.g., Jaffe et al., 2007;
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Luan et al., 2016; Ranasinghe et al., 2019) potentially leading to a notable degradation of the intertidal
ecosystem and a continuous threat to associated ecosystem services.

Estuarine shoals may be considered as emergent features that evolve as a result of a fundamental instability
of the morphodynamic system under tidal forcing. An initial bed‐level perturbation triggers a positive
morphodynamic feedback between currents and morphology leading to the emergence of large‐scale
channel‐shoal patterns (Coeveld et al., 2003; Hibma et al., 2003; Schramkowski et al., 2002; Seminara &
Tubino, 2001). Over a long timescale (centuries to millennia), the residual sediment transport diminishes
and leads to a relatively stable channel‐shoal morphology where braiding ebb and flood channels circum-
vent sandy shoals (Ahnert, 1960; Hibma, 2004; Leuven et al., 2016; van der Wegen et al., 2008; van der
Wegen & Roelvink, 2008; van Veen et al., 2005). Confined estuarine plan forms govern the location and evo-
lution of particular channel‐shoal patterns (Dam et al., 2016; Leuven et al., 2018; van der Wegen &
Roelvink, 2012).

Although the previous section suggests that shoal formation is primarily associated with tidal currents,
waves play an important role when shoals become shallow and intertidal (e.g., Kohsiek et al., 1988).
Observations and modeling studies suggest that tidal flats tend to evolve toward a morphologically
steady‐state maintained by a balance between sediment supply, wave action, and tidal forcing
(Friedrichs, 2011; Friedrichs & Aubrey, 1996; Hu et al., 2015; Maan et al., 2015, 2018; Roberts et al., 2000;
van der Wegen et al., 2017, 2019). Tidal forcing is usually associated with deposition while erosion tends to
be associated with wind‐wave activity (e.g., Allen & Duffy, 1998; Christie et al., 1999; Janssen‐Stelder, 2000;
Yang et al., 2003). Spatial gradients in hydrodynamic energy and suspended sediment concentrations (SSC)
across the tidal flat impact the direction of sediment flux. Tidal currents cause highest bed stresses at the
deeper (subtidal) flat section, driving a landward transport, while wind‐waves cause highest stresses on
the shallower (intertidal) flat section, driving a seaward transport (e.g., Friedrichs, 2011; Kohsiek et al., 1988;
Ridderinkhof et al., 2000; Yang et al., 2003). Janssen‐Stelder (2000) shows a landward directed tidally
averaged suspended sediment flux across tidal flats in the Wadden Sea during calm wave conditions, which
reverses to seaward as wave heights grew.

In addition to its erosional capacity, waves impact the sediment redistribution along the flat (Carniello
et al., 2005; Houser & Hill, 2010; Zhou et al., 2015). Intertidal shoals can be mudflats, sand flats, or a mixture
depending on the sediment supply and hydrodynamic conditions. They can be found in a free (no landward
constrains) or a fringing form. Sand fractions exist at locations where wave action and strong tidal currents
prevent fine sediment deposition while mud fractions exist at more sheltered low‐energy embayments and
fringes.

1.1. Modeling Intertidal Flats

Several morphodynamic modeling studies explored tidal evolution and equilibrium profiles for a muddy
environment including wave impact. This “morphological equilibrium” is loosely defined in literature as
a state at which tide‐residual transport diminishes and limited morphological development occurs within
a characteristic forcing time span (Friedrichs, 2011; Zhou et al., 2017). Friedrichs and Aubrey (1996) pro-
posed a dynamic equilibrium theory with analytical solutions under the assumption of spatially constant
maximum shear stress. Assuming a similar equilibrium concept, Hu et al. (2015) implemented the dynamic
equilibrium theory while allowing for spatially and temporally varying bed shear stress.

Other studies implemented a process‐based approach without underlying assumptions of equilibrium (e.g.,
Pritchard et al., 2002; Pritchard & Hogg, 2003). Roberts et al. (2000) and van der Wegen et al. (2017, 2019)
showed modeled 1‐D profiles similar to observed mudflat profiles; 2‐D/3‐D processed‐based models pro-
vided skillful reproduction of observed morphodynamic developments in entire estuaries such as San
Francisco Bay (Ganju et al., 2009; van der Wegen et al., 2011; Elmilady et al., 2019), Western Scheldt
(Maan et al., 2018), and Yangtze Estuary (Guo, 2014; Luan et al., 2016, 2017).

However, process‐based modeling studies covering sandy shoals only applied relatively coarse grids and
excluded wave dynamics (e.g., Dam et al., 2016; Guo, 2014; Hibma, 2004; van der Wegen, 2013; van der
Wegen & Roelvink, 2008, 2012) to reduce computational effort and model complexity. Braat et al. (2017)
modeled waves in a sand‐mud estuarine environment, albeit with a sand transport formulation (Engelund
& Hansen, 1967) which models a total transport and exclude sand stirring by waves. The inclusion of
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waves in sandy systems could be of high relevance, especially for the intertidal morphology. In addition, a
relatively coarse grid could potentially disregard relevant subgrid (wave) dynamics and features.

1.2. Tidal Levees

An example of subgrid features is a tidal levee. Levees are small ridges formed by deposits that build up along
the sides of a channel. Their formation is commonly pronounced in riverine and deltaic systems during flood
events (Adams et al., 2004; Brierley et al., 1997) or along submarine fan system channels during high flow
turbid events (Normark et al., 2002; Straub &Mohrig, 2008). In tidal environments, they can be found along
creeks in salt marshes and mudflats (Perillo & Iribarne, 2003; Temmerman et al., 2005) or on the edge of
channels and shoals in tidal basins and estuaries (Cleveringa, 2013). They often fall dry near low water
before the surrounding shoal area and usually consist of coarser material than that found on locations
further away from the channel edge. Unlike riverine levees, tidal levees have drawn limited attention in
research.

Based on field observations of sand transport and morphological changes in intertidal areas (Eastern Scheldt
estuary; The Wash, UK; Wadden Sea), Wang et al. (2018, pp. 194–197) developed a conceptual model for
sandy tidal flat development over long timescales. They describe the flat evolution as the outcome of the
opposing supply of suspended sand by the tide, predominantly at the shoal edge, and (re)suspension or ero-
sion of the shoal surface sediments by waves. Formation of tidal levees has been observed during periods of
mild wave conditions.

1.3. SLR

Tide gauge records show that the sea level has risen about 20 cm during the past century (Kemp et al., 2011).
Currently, the SLR rate is 3.3 mm/year (NASA, 2019) with considerable global variations
(Handleman, 2015). This rate is expected to accelerate toward the end of the 21st century (Church et al., 2013;
Parris et al., 2012). It is unclear how estuaries will morphodynamically react to SLR in particular with respect
to the fate of intertidal area. The estuarine resilience to SLRmay strongly depend on local conditions of tides,
waves, sediment supply, and local SLR rate.

Process‐based models provide useful tools to explore the possible impact of SLR on estuarine morphody-
namics. SLR impact studies include validated modeling hindcasts (Elmilady et al., 2019; Ganju &
Schoellhamer, 2010; van der Wegen et al., 2017; Zhou et al., 2013) or more schematized settings systemati-
cally exploring governing processes (Best et al., 2018; Dissanayake et al., 2009; van der Wegen, 2013; van
Maanen et al., 2013; Zhou et al., 2016). Rossington and Spearman (2009) and Van Goor et al. (2003) provide
SLR studies applying an empirical approach (ASMITA), albeit that potential wave impact was not consid-
ered explicitly. A common finding of previous studies is that SLR leads to intertidal area accretion; however,
the accretion rate is less than the SLR rate. A limited, linear rise in sea level may allow for an accretion rate
equal to the SLR rate after an initial period of intertidal area loss (Van Goor et al., 2003).

1.4. Research Objective

This study aims to explore the mechanisms that drive the long‐term morphodynamic evolution of sandy
intertidal shoals across a range of timescales. This includes the mechanisms driving the formation of tidal
levees and the impact of SLR. We hypothesize that a stable intertidal shoal morphology evolves from a bal-
ance between constant sediment supply, tidal action, and wave forcing and that changes in forcing lead to
adaptation of this equilibrium profile that may recover when prevailing forcing is maintained again.

First, we focus on observed sandy shoal dynamics. We revisit field measurements carried out by Geomor
team (1984) at the Galgeplaat shoal in the Eastern Scheldt Estuary (Figure 1). We then explore satellite ima-
gery of sandy shoals in theWestern Scheldt Estuary (WS, Figure 2) and LIDAR data at the Frisian Inlet in the
Wadden Sea (Figure 3). Second, we apply a process‐based model (Delft3D) that allows for a flexible applica-
tion of processes across a range of scales. Using a schematized configuration inspired by conditions in the
WS, we investigate sandy shoal evolution and perform a sensitivity analysis for different model parameters
and varying forcing conditions including variations in wave forcing and SLR rate. Finally, we qualitatively
compare model results with observations and literature in order to test the developed knowledge regarding
shoal dynamics and tidal levees. SLR impact is compared to the findings of an empirical, more aggregated
modeling approach (ASMITA).
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2. Sandy Shoals Observations

The Eastern andWestern Scheldt estuaries (Figure 1a) are located in the southwest of the Netherlands, while
the Wadden Sea tidal basin is located in the north of the Netherlands (Figure 3). The morphology of these
systems comprises a sandy system of deep channels and intertidal shoals which generally become muddier
in more landward located regions. They are tide‐dominated systems, the mean tidal range at the mouth of
the WS (Vlissingen; Figure 1a) and the Frisian Inlet (Figure 3) is about 3.8 and 2 m, respectively. Shoals
in the inner estuary are relatively sheltered from large offshore waves; wave attack is usually limited to small
(Hs < 0.25 m) local wind‐generated waves.

2.1. Eastern Scheldt

From 1982 to 1984, a unique pilot study was conducted with the aim of understanding the morphological
evolution of the Eastern Scheldt shoals (Geomor team, 1984; Kohsiek et al., 1988; van
Vessem, 1984a, 1984b). Since we managed to obtain only poor copies of these reports, we digitized the data
and summarize their findings here. The study site is the Galgeplaat (Figure 1b) which is one of the largest
(≈2.3 × 5.5 km) sandy intertidal shoals in the estuary. It becomes completely inundated during high tide
while most of it is exposed during low tide.

Geomor team (1984) monitored bed‐level changes on a 400 × 700 m grid of the Galgeplaat (Figure 1b, Black
Rectangle) with four lateral monitoring cross sections (not shown on map) each with 11 monitoring points
starting from the seaward shoal edge going landward. Geomor team (1984) and Kohsiek et al. (1988) noted

Figure 1. (a) Layout and bathymetry (m) of the Western and eastern Scheldt estuaries with the location of the Galgeplaat indicated. (b) The 1993 Galgeplaat
bathymetry (m; reversed coordinates) showing the location of the 1982–1983 monitoring grid (black rectangle) along with the five cross sections (CRS1 to
CRS5) monitored during 1983–1984 period. (c) Bed‐level changes (cm) at four cross sections inside the monitoring grid during the 1‐year monitoring period
(M1) divided into the mean annual gross erosion (red) and sedimentation (blue) along with the net annual erosion/sedimentation (black). (d), (e), and (f) bed‐level
changes (cm) at CRS1 to CRS5 (colors correspond to cross sections in Figure 1b) during the monitoring periods of M2, M3, and M4, respectively. The figure
was constructed by the digitization of Geomor team (1984) and van Vessem (1984a; 1984b). The bathymetric data (source: Rijkswaterstaat) are with respect to
NAP (Dutch ordnance level).
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that the seaward shoal edge experienced most bed‐level fluctuations compared to areas on top of the shoal.
Shoal edge erosion mainly occurred under the influence of powerful wave action (wind speed > 5 Bft or ≈ 8
m/s,Hs > 0.27 m, Tp ≈ 3 s). The increased wave action resulted in higher wave orbital velocities hence more

Figure 2. Google Earth satellite images showing small‐scale levee formations at the channel‐shoal interface in the WS. Note: Large and small images scales
(bottom right) are 6 km and 200 m, respectively.

Figure 3. The left panel shows the 2018 bathymetry (m; reference NAP) of the intertidal zone at the Frisian inlet of the Wadden Sea obtained from LIDAR
imagery (source: Rijkswaterstaat) along with the locations of eight cross sections (A1–A8). The right panel shows bed‐level profiles for 2018 (black line and
solid hatch) and 2012 (blue line). The left and right sides of a cross section are the seaward and landward sides, respectively.
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resuspension. Combined with longshore and wind‐driven currents, wave action increased the erosional
transport capacity during stormy conditions. In contrast, during limited or no wave action (wind speed < 5
Bft or ≈ 8 m/s, Hs < 0.2 m, Tp ≈ 2 s), sedimentation processes dominated, especially during spring tides.
Figure 1c shows that over the whole year (M1 monitoring period from September 1982 to August 1983), ero-
sion and sedimentation were in the same order resulting in a relatively small net sedimentation/erosion.

From 1983 to 1984, bed levels were measured at five additional cross sections (CRS1 to CRS5, Figure 1b) at
different points in time for durations ranging from 1 to 3 weeks (van Vessem, 1984a, 1984b). In this research,
we present three monitoring periods (Figures 1d–1f), the two periods M2 and M3 represent intervals char-
acterized with high wind‐wave conditions while the period M4 represents an interval with mild
wind‐wave conditions. During M2 and M3, a clear erosional trend was observed, while during M4, the pro-
file experienced net sedimentation. Similar to the 1‐year monitoring period (M1), bed‐level fluctuations
mainly occurred at the shoal edge and decreased when going landward.

2.2. Remote Sensing at Western Scheldt and Wadden Sea

Relatively high elevation longitudinal ridge formations with dissecting drainage channels can be observed at
the channel‐shoal interface in sandy estuaries (e.g., Western Scheldt Estuary, Figure 2) and tidal basins (e.g.,
Wadden Sea, Figure 3). They can be visually identified as areas that emerge earlier during ebb tide than the
surrounding shoal. Their width can be as small as 10 m which combined with their dynamic nature makes
them hard to capture in large‐scale bathymetric surveys. Figure 2 shows examples of levee formations spread
along the WS. Cleveringa (2013) reports yearly measured high‐resolution bed‐level cross sections at several
locations in the WS, some of which show levee formations at the channel‐shoal interface.

LIDAR surveys during low tide are able to record the small‐scale structures of the intertidal area. In this
research, we present two LIDAR data sets (Figure 3) showing the Frisian Inlet of the Wadden Sea in 2012
and 2018 with 5 and 2 m spatial resolution, respectively.

Morphological ridge features resembling levees can be observed in a number of profiles at the shoal seaward
edge. Their spatial scales can differ notably as their cross‐sectional width ranged from 20 m (A6) up to 80 m
(A1 2018). Tidal levees have a relatively dynamic nature, A4 and A6 show levees in both surveys, while A1,
A3, and A5 show levees in just one survey. They can exist on a relatively flat profile (A1, A3, and A4) or on a
sloping profile (A5 and A6). Also, in some cases (A2, A7, and A8), no visible levee formations were identified.

A7 and A8 are located on a sand‐dominated shoal that resembles the schematized modeling configuration
implemented in this study (section 3.1). The shoal is adjacent to a deep channel (15–20 m) on the north sea-
ward side, and its configuration is relatively fringed. The adjacent polder blocks the flow from the eastern
and southern direction and a groin blocks a portion of the flow from its open shallow western boundary.
A7 experienced shoal edge erosion while the landward shoal side remained relatively constant. A8 shows
an accreting profile with the highest accretion rates near the channel.

Within the presented map, there are several locations at which levees exist, but locations without levees are
more common. The eight presented cross sections were selected from a large number of analyzed cross sec-
tions in order to show different morphodynamic behavior.

3. Numerical Model Setup
3.1. Model Setup and Forcing

We implemented a small‐scale idealized 2DH modeling configuration that represents a fringing shoal in an
estuarine channel‐shoal system (Figure 4). This idealized approach allows for reducing the system's com-
plexity. The setup is inspired by fringing shoals found along the edges of the WS (e.g., Maan et al., 2018).
The initial bathymetry comprises a flat submerged 850 m wide shoal (−3 m MSL) adjacent to a 150 m wide
channel (−15 m MSL). The model domain is covered by a 2‐D horizontal fine resolution rectangular grid
(20 × 30m). We apply the Delft3D (D3D) process‐based numerical model (Deltares, 2017; Lesser et al., 2004).
Delft3D‐FLOW computes the flow by solving the two‐dimensional shallow water equations at a high spatial
(20 × 30 m) and temporal (12 s) resolution (supporting information Text S1).

The only open model boundaries are at the channel, the northern, southern, and seaward boundary (black
lines; Figure 4a). The seaward boundary is specified with a semi‐diurnal, 1.75 m amplitude M2 water level.
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The northern and southern boundaries are Neumann water level gradient boundaries specified with a phase
difference based on the tidal wave propagation in the channel. Equilibrium sediment concentrations at the
boundaries were applied. A Thatcher‐Harleman relaxation time lag of 120 min was set at the boundaries to
avoid SSC discontinuities during the turning of tides (Thatcher & Harleman, 1972). We applied the “coastal
boundary” option to allow non‐perpendicular flow across the boundaries (Deltares, 2017).

3.2. Wave Model

Wave heights (Hs) and orbital velocities are computed using the “roller model” (Deltares, 2017, appendix
B.15; J. A. Roelvink, 1993) which is coupled with Delft3D‐FLOW through online coupling that includes
wave‐current interactions (wave‐induced forcing included in the momentum equations). The roller model
is used to simulate small (Hs= 0.2 m), short waves (Tp= 3 s) propagating from the seaward boundary toward
the shoal (perpendicular to the shoal; Figure 4b). It incorporates a short wave energy balance equation in
which friction and wave breaking are the dissipation mechanisms. Short wave energy dissipation due to
wave breaking acts as the source term for a roller energy balance equation which delays the momentum
release from wave breaking. Each time‐step (12 s), the FLOWmodule computes (e.g., water level, velocities,
and bed shear stress), and the roller model solves the wave energy propagation and dissipation across the
shoal in order to evaluate the wave heights and its associated wave‐induced shear stress. The Fredsoe
wave‐current interaction model (Fredsøe, 1984) is used to compute the maximum shear stress (τmax, used
for sediment computations) based on the combined flow (τc) and wave (τw) shear stress. A more detailed
description of the roller model is provided in the supporting information (Text S2).

3.3. Sediment Transport and Morphodynamics

Suspended sediment transport is calculated in D3D by an advection‐diffusion solver which includes a sink
and source term and is based on the local and time‐varying velocities and water levels. The Van
Rijn (1993) formulations are used to compute the sandy sediment transport for the combined effect of waves
and currents for both bed and suspended load transport (Text S3 provides more detailed information on the
transport formulation).

We applied a noncohesive sediment fraction with a D50 of 150 μm, a sediment density of 2,650 kg/m3 and a
dry bed density of 1,600 kg/m3. The minimum depth for sediment computations was set to 0.15 m. To
account for bed slope effects, the transverse and streamwise bed gradient factors AlfaBn and AlfaBs were
set as 20 and 1, respectively. The available sediment layer was set to−17 mMSL as initial runs showed a gra-
dually continuous channel deepening. Instead of fixing the channel bed, this approach allows for the free
development of the shoal along with limiting channel deepening.

Each time step (12 s), the MOR module in Delft3D‐FLOW uses the combined hydrodynamics
(FLOW + WAVE) to compute the sediment transport rates. Bed‐level changes are calculated based on the
divergence of the sediment transport field. Following that, bed‐level changes are multiplied by a morpholo-
gical acceleration factor (MF) to enhance morphological developments (Roelvink, 2006). This loop is

Figure 4. Model configuration and initial bathymetry (a) plan view with the location of the three open model boundaries (black lines) and (b) cross‐sectional
profile indicating the seaward and landward side along with the MSL, tidal range, wave direction, and initial sediment thickness and properties.
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repeated for the next time‐step using the updated bed levels. AMF of 100 was implemented for the base‐case
model based on a sensitivity analysis which showed minimal bed‐level differences compared to a MF of 25
(Figure S1; supporting information of section 4.3). Using this approach, modeling 4 years of hydrodynamics
with a MF of 100 is equivalent to 400 years of morphodynamic development. This approach has been widely
applied in various long‐term morphological studies (Elmilady et al., 2019; Dam et al., 2016; Ganju &
Schoellhamer, 2010; Guo et al., 2015). The presented model takes about 2 days to simulate four hydrody-
namic years on a 4‐core computer.

4. Model Results
4.1. Development Toward Equilibrium

The initial bathymetry was subjected to constant tidal and wave forcing. The profile development starts first
by a ridge formation near the channel which gradually grows horizontally landward and accretes vertically
(Figure 5). The morphological development is rapid at the beginning but slows down over time.
Morphological changes after a long time period (>200 years) are negligible. A 400 year simulation period
was chosen to ensure equilibrium is achieved in all sensitivity simulations.

The initial bathymetry does not impact the equilibrium profile, but it affects the timescale at which equili-
brium is achieved. The equilibrium bathymetry is slightly asymmetric along the y‐axis due to a tide‐residual,
counter‐clockwise wake flow on the shoal generated by the tide propagating from north to south. Also,
higher flood velocities in the channel at the north leads to slightly higher SSC (sediment supply) during flood
tide compared to southern locations. Since bed‐level variations across the flat width are limited, all the
cross‐sectional plots and profiles presented throughout this research (e.g., Figure 5b) are a width‐average
of the 2‐D model. The small bed‐level irregularity at the landward most location is due to the assumption
of a closed boundary which blocks the wave energy propagation leading to an abrupt drop in the wave group
velocity and a local, small increase in wave height at the last cell (see Figure 6).

4.2. Intratidal Dynamics

We inspected the profile development during a tidal cycle (TCini) at an early stage of the simulation when
the profile development is rapid. A MF of 200 is used to make bed‐level changes more visible. TCini starts
and ends at high water (Figure 6). The tidal wave is an almost standing wave. The phase lag between water
levels and velocities is about 1 hr while the lag is about 0.5 hr longer on the shoal than in the channel. Movie
S1 shows an animation of Figure 6 with higher temporal resolution.

The initial profile shows a ridge located at the shoal seaward side. In the vicinity of low water (t = 6 hr,
Figures 6g and 6h), the shallow water depth over the ridge leads to high wave orbital velocities and wave
energy dissipation due to bottom friction and breaking. The high wave‐induced shear stress causes resuspen-
sion and creates a local SSC peak which combined with the flow drives suspended sediment transport. A
landward directed suspended transport occurs at the landward section of the ridge which is slightly
enhanced by a cross‐shore wave‐induced current. Whereas, a seaward directed transport occurs at the sea-
ward shoal/ridge edge. In addition to the flow‐induced transport, there is a wave‐induced suspended trans-
port component (included in Figure 6 within the bed load as described in supporting information Text S3)
due to wave asymmetry effects. This component acts along the direction of the wave attack (landward).
Both mechanisms cause erosion of the ridge top. A portion of this sediment is transported from the shoal
toward the channel while the rest is redistributed landward resulting in the landward ridge growth.

As the water level rises and during maximum flood (t= 10 hr), the high flow velocities elevate the SSC in the
channel which results in landward suspended sediment transport from the channel toward the ridge
(Figures 6k and 6l). This mechanism causes deposition on top of the ridge which restores the previously
eroded sediment and increases the ridge elevation slightly.

The sediment balance of the shoal can be simplified as tide‐induced sediment input from the channel to the
shoal edge counteracted by wave‐induced erosion. During the initial stages of the profile development,
tide‐induced deposition is higher than wave‐induced erosion due to the low shoal profile. The net sediment
input to the shoal gets redistributed landward resulting in horizontal landward ridge growth along with
slight vertical accretion as seen when comparing the initial bed‐level profile (dotted black) to the profile
at the end of the tidal cycle (solid black) in Figures 6m and 6n. This cycle repeats and the ridge continues
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to move landward and increase in height. The horizontal landward ridge motion is rapid at the beginning of
the evolution and slows down notably with time (Figure 5b) because sediment supplied from the channel
needs to be transported over a longer distance. After the ridge reaches the landward boundary, the net
landward transport accretes the profile which continues until a linear tidally averaged steady‐state profile
develops. Similar to the horizontal ridge growth, the vertical accretion rate decreases with time.

With the increase in profile elevation, the wave‐induced shear stress increases resulting in higher
wave‐induced erosion. An equilibrium shoal profile is achieved when the tide‐induced sediment supply
from the channel to the shoal edge is balanced by a seaward sediment transport by wave‐induced erosion.
Figure 7a shows the tidally averaged flow (τc), wave (τw), and maximum (τmax) shear stresses for tidal cycle
TCini (at an early development stage) and TCeq (at equilibrium). The shear stress distribution for TCeq
shows good resemblance with observations and modeling results presented by Maan et al. (2018) for a simi-
lar fringed shoal setting in the WS.

There is a limited difference in τc between TCini and TCeq, while τw and τmax increase notably over the equi-
librium profile (Figure 7a) due to a higher elevation profile. For TCeq, the high τmax at the seaward shoal
edge (x ≈ 200–400 m) is due to both high τc and τw. Flow velocities are higher than landward locations, also
it is subjected to wave attack for a long period within the tidal cycle. Figure 7b shows the time‐varying τw
during tidal cycle TCeq.Wave shoaling occurs across the shoal which creates a positive landward τw gradient
with a peak near the landward extent of the wet section followed by a sudden drop if wave breaking occurs.
At low water (t = 6 hr), wave influence is confined to the shoal edge causing a high narrow local peak.

4.3. Sensitivity Analysis

A sensitivity analysis was performed using different forcing conditions (Figure 8) and model parameters
(Figure S1 in the supporting information). Please refer to Table S1 in the supporting information for a full
list of sensitivity runs. Exclusion of waves limits the suspension of sediments deposited at the shoal edge
leading to the development of a pronounced high ridge (Figure 8a) and limited landward transport. A higher
Hs steepens the profile with lower bed levels at the seaward shoal edge (Figure 8a). TheHs increase results in
an increase in τw causing higher SSC over the developing ridge and more ridge top erosion along with higher
transport rates. The landward section gets shallower due to larger landward sediment transport while higher
τw at the shoal edge lowers its elevation. Also, the profile reaches equilibrium faster than that for milder
wave conditions.

As the wave period (Tp) increases the profile gets steeper (Figure 8b). However, unlike the Hs increase, this
increase is only due to higher bed levels at the landward edge while the seaward edge remains relatively con-
stant. The reason is that the increase in Tp contributes to an enhanced wave asymmetry effect inducing land-
ward suspended transport. However, it does not significantly impact τw on the developing ridge. Also, a
larger Tp results in faster profile development.

Figure 5. Modeled (a) equilibrium bathymetry after 200 years and (b) cross sectionally averaged bed‐level profile showing the profile evolution over time toward
an equilibrium state.
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Figure 6. Cross‐sectional profile showing the initial (t = 0 hr, dashed black) and time‐varying (black) bed level, water level (blue), Hs (red), SSC (yellow), bed
(magenta), and suspended (green) transport during tidal cycle TCini. Positive and negative transport are landward and seaward directed, respectively.
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The base‐case applied a tidal range (dH) of 3.5 m to simulate a meso‐tidal environment. Changing the tidal
range alters the tidal velocities and the equilibrium concentrations at the boundary. Increasing dH shows a
corresponding increase in the equilibrium profile elevation and a milder profile slope (Figure 8b). Larger dH
results in higher channel flow velocities hence elevated channel SSC and a corresponding enhanced sedi-
ment supply toward the shoal.

Implementing finer (125 μm) and coarser (175 μm) sand fractions than the base‐case (D50= 150 μm) showed
that coarser fractions result in steeper equilibrium profiles with a shallower landward shoal edge (Figure 8c)
which provides a good agreement with observed trends in beaches.

In most sandy estuaries, fine mud fractions are present along sand in sheltered low‐energy areas (e.g.,
Houser & Hill, 2010). We thus also explored the impact of a sand‐mud mixture by starting from an initial
sandy bed (D50 = 150 μm) and adding a relatively low mud concentration (25 mg/L) at the boundary. The
Partheniades Krone formulations (Partheniades, 1965; see supporting information Text S3) are used for
mud transport, with a critical erosion shear stress (τc,e) of 0.2 N/m2, an erosion parameter (M) of
2.5 × 10−4, and a settling velocity (ws) of 0.25 mm/s. For simplicity purposes, we do not account for
sand‐mud interactions. Figure 8c shows that the mixture equilibrium profile is steeper due to higher eleva-
tions at the landward edge. The relatively calm hydrodynamic conditions at the landward locations enhance
mud deposition resulting in amuddier shoal than that at seaward locations. Also, the mixture profile reaches
equilibrium faster than the base‐case sand profile. This trend provides good agreement with previous studies
(Maan et al., 2018; van der Wegen et al., (2017, 2019). In our model, this is attributed to the combined effect
of a larger sediment supply and, more importantly, to the ability of mud fractions to remain in suspension for
a longer time than sand so that landward locations are reached faster.

5. Forcing Variations

The equilibrium profiles presented in section 4 develop under constant forcing. However, in nature, external
forcing conditions can vary continuously on a short (e.g., wind‐waves) or long‐term basis (e.g., SLR) which
leaves the morphology out of equilibrium. In this section, we inspect the morphological response of the
base‐case equilibrium profile to forcing variations.

5.1. Wave Conditions

The base‐case equilibrium profile was subjected to an increase and a decrease in wave height for six morpho-
logical months. Figure 9 shows that an increase inHs results in a steeper profile with erosion at the seaward
edge along with slight deposition at the landward limit. In contrast, the profile at the shoal seaward edge
accretes in response to a decreased wave height, forming a small tidal levee with negligible bed‐level changes
more landward. The profile is in the process of adjusting toward a new equilibrium state with a milder slope
and higher bed levels at the seaward shoal edge. In case of high elevation levees, drainage channels dissect-
ing the levee start forming. Profile recovery after restoring the original forcing took somewhat longer than
the perturbation duration.

Figure 7. Modeled (a) flow (τc), wave (τw), and maximum (τmax) tidally averaged shear stresses for tidal cycle TCini (dotted) and TCeq (continuous) and
(b) wave‐induced shear stress (τw) during tidal cycle TCeq. Note: For simplicity purposes, τw is roughly estimated by the difference between τmax and τc.
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The profile response to 12 hr (MF = 1) stormy wave conditions (Hs ≥ 1 m, and Tp = 6 s) was similar to the
response to the increased wave action but with a higher magnitude. Notable erosion occurred at the seaward
shoal edge. The largest portion of the eroded sediment was transported seaward out of the model domain
while a smaller portion got deposited landward on the shoal. Following the storm, the profile starts recover-
ing rapidly. The largest part recovers within ≈2 years after the storm, although some small differences from
the original equilibrium profile remain after 10 years. Please refer to supporting information Figure S2 for
the impact of stormy conditions and recovery.

5.2. SLR

We imposed SLR on the equilibrium profile for 100 years with year 2000 as a starting point. The rise was pre-
scribed as an increase in the mean sea level (MSL) based on a sinusoidal function and as a linear rise.

Figure 8. Sensitivity analysis showing the equilibrium profiles corresponding to different forcing conditions. The light blue shading indicates the base‐case tidal
difference, and the dashed black line indicates the initial profile.
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Following that, we assume an abrupt stop of SLR for the following 200 years (2100–2300). This assumption
allows for investigating the recovery from SLR.

When the SLRs based on a sinusoidal function (rising from the minimum to the intercept) during the first
100 years, the profile accretes in response (Figure 10). The larger water depth decreases the wave‐induced
shear stress allowing the profile to heighten. The accretion is largest near the channel and gradually extends
landward. Due to inertial effects, a phase lag (decades) exists between SLR and the bed‐level response. This
lag increases over time with the increasing SLR rate. The lag is smallest near the channel and increases land-
ward leading to a milder profile slope. Similar to tidal levee formation (section 5.1), the disturbance propa-
gates from the shoal edge toward the landward limit (see Movie S2 for an animation of Figure 10).

Extending the simulations for 200 years with constant MSL showed a continued profile accretion till the pro-
file reaches a new equilibrium state approximately equal to the old equilibrium profile plus the SLR magni-
tude. The recovery can range from decades to centuries based on the system's forcing conditions and the
shoal dimensions. Seaward locations recover faster than landward locations. By 2300, the accretion was spa-
tially uniform and the profile restored its initial 2000 slope. However, the profile remained about 3 cm deeper
compared to MSL. A probable explanation is that the channel was maintained at the original depth so that
tidal velocities decreased in a deeper channel leading to lower prevailing SSC at the channel edge.

Figures 11a and 11b show that for all simulations, by 2100, SLR resulted in a loss of intertidal area along with
increased inundation (ratio between inundation duration and tidal period). Depending on the wave forcing,
the intertidal area decline ranged from about 7% to 60%, and the inundation increased by about 8% to 15%.
The initial profile at Year 2000 played an important role in determining the intertidal area resilience. The
higher the initial elevation and the lower initial inundation, the less the intertidal area decrease was. A
14% increase to the initially high inundation (≈74%) ofHs= 0.1 m resulted in a notably larger intertidal area
loss compared to a 10% increase to the initially lower inundation (≈57.5%) of the base‐case (Hs = 0.2 m).
Simulations with higher wave action experienced less intertidal area loss. The higher wave energy leads to
an increase in sediment resuspension and transport rates which accelerates SLR adaptation.

Increased SLR rate results in an increased inundation and intertidal area decline (Figures 11c and 11d). This
impact is nonlinear; the loss created by the 1.5 m scenario is not triple of that for the 0.5 m. In reality, this
nonlinearity is expected to be more pronounced due to large‐scale changes such as sediment supply, salinity,
tidal prism, and tidal asymmetry.

We implemented a linear rise of a constant 10 mm/year (Figures 12a and 12b) leading to a rise in MSL after
100 years equal to the sinusoidal SLR. The reason to explore this is that SLR at the Dutch coast has been lin-
ear to date and no SLR rate increase has been observed (Vermeersen et al., 2018). This may be an exceptional
but temporal trend due to specific local (northwestern Europe) conditions of SLR dynamics.

The linear 2100 profile experienced larger accretion at all points compared to the sinusoidal rise, with the
difference increasing going landward. This resulted in a steeper profile along with a slight decrease in

Figure 9. Cross‐sectional bed‐level profile after six morphological month wave forcing change.
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intertidal area loss and inundation. The accretion is also largest near the channel edge and follows, with
increasing lag the SLR. Fastest adaptation was at locations closer to the channel edge. After 100 years, the
accretion rates at all locations are approximately similar, suggesting that the profile shape developed by
then does not notably change. However, the 2100 rate (about 8.5 mm/year) is somewhat smaller than the
SLR rate (10 mm/year). Extending the linear SLR toward 2200 (see supporting information Figure S3),
showed that by 2200, the rates at all points approximately match the SLR rate. This suggests that the
profile reached a new deeper, milder slope, equilibrium state that follows SLR at the same rate with a
constant “overdepth.”

We also imposed a sinusoidal SLR to the sand‐mud mixture equilibrium profile presented in Figure 8c. The
mixture simulation showed larger accretion in response to SLR, especially at landward locations
(Figures 12c and 12d). The seaward most point (P1) experienced negligible differences as high shear stresses
at seaward locations limit mud deposition. Mud fractions are able to remain in suspension for a longer per-
iod and reach calm landward locations faster than sand. This suggests that sandy‐mud shoals are more resi-
lient against SLR but will become muddier in case of SLR.

6. Discussion
6.1. Observed and Modeled Trends

Monitoring technics of intertidal shoals have notably improved in recent years. However, it is still hard to
find a long‐term data set of bed‐level changes, waves, and currents with a high spatial and temporal resolu-
tion. This limits the possibility of performing a quantitative comparison between long‐term model results

Figure 10. The top panel shows the forecasted bed levels at Years 2100 and 2300 under 1 m SLR scenario starting from the 2000 equilibrium profile and 0 m MSL.
The bottom panel tracks the SLR and bed‐level changes overtime at 4 points on the shoal.
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Figure 11. Modeled development of intertidal area (m2) and its inundation over time for (a) and (b) different forcing conditions and (c) and (d) different SLR
scenarios.

Figure 12. The top panels show SLR and bed‐level changes at 4 points on the shoal (see Figure 10). The bottom panels show the rates.
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and observations. In this section, we discuss our modeling approach and results in relation to the literature
(section 1) and limited observations (section 2).
6.1.1. Shoal Dynamics
Shoals evolve over time toward a state of decreased morphological activity (e.g., Friedrichs, 2011; Maan
et al., 2015, 2018). However, they tend to maintain a short‐term, dynamic nature which can be mainly cor-
related to wind‐wave activity. During calm conditions, shoals experience a net landward transport leading to
shoal accretion while during high wave conditions a net seaward transport exists leading to shoal erosion
(e.g., Allen & Duffy, 1998; Janssen‐Stelder, 2000; Ridderinkhof et al., 2000; Wang et al., 2018). The seaward
shoal section experiences more bed dynamics than landward locations (e.g., de Vet, 2020; Geomor
team, 1984; Houser & Hill, 2010; Kohsiek et al., 1988).

Our modeling approach is based on the morphological equilibrium concept. Similar to previous modeling
studies (Maan et al., 2018; Roberts et al., 2000; van der Wegen et al., 2017, 2019), the shoal evolve over time
toward a state of reduced tide‐residual sediment transport maintained by a balance between sediment sup-
ply, tidal forcing, and wave action. This state might imply the loss of shoal dynamics. However, the system
dynamics are still maintained on the intratidal timescale. Despite being in an equilibrium state, the profile
experiences intratidal bed‐level changes which are largest at the shoal seaward edge (x ≈ 200–400 m; see
Movie S3 in the supporting information). The higher maximum shear stresses at this area (Figure 7a)
enhances resuspension and makes it more dynamic compared to landward locations.

The shoal dynamics are also reflected in the modeled morphological response to forcing variations. Changes
in equilibrium forcing impact the sediment balance leading to shoal evolution. Amorphological disturbance
starts at the shoal edge and propagates landward with time. Over the short timescale (days to month), the
disturbance is somehow limited to the shoal seaward section. A long‐term (century) forcing change such
as SLR has a larger spatial‐scale (whole shoal) impact with higher accretion again at seaward locations.
Restoration of original forcing showed the profile recovery with associated timescales. Shoals are thus quite
resilient systems that are able to adapt to and are not fundamentally changed by forcing variations.

Observations confirm this resilient nature, Geomor team (1984; Figure 1) show that during a monitoring
year, the Galgeplaat experienced both periods of erosion and deposition with a relatively small net effect.
Variations in the wind‐wave climate were the main driver for the bed‐level changes which were highest at
the shoal seaward section. de Vet (2020) and Zhu et al. (2017) show that, in most instances, intertidal flats
were able to recover from storm events. Van der Wegen et al. (2019) highlight that this resilience also holds
for mudflats in response to seasonal forcing changes. Similar to the Galgeplaat, the largest morphological
activity occurred at the mudflat edge and channel slope while it notably decreased toward the landward
section.
6.1.2. Tidal Levees
In nature, shoals usually appear to be quite stable in the sense that, over some characteristic period of
natural forcing, they do not experience notable morphological changes that fundamentally alter their struc-
ture. However, we do not expect that shoals reach an equilibrium state in the strict sense due to the contin-
uous forcing changes which operate at multiple timescales and the inertia involved in the profile adaptation
(Zhou et al., 2017).

A close investigation of measured intertidal shoal profiles and satellite imagery over the short timescale
(years) in the WS (e.g., Figure 2; Cleveringa, 2013) and Wadden Sea (e.g., Figure 3) showed tidal levee
formations at the shoal seaward edge (channel‐shoal interface). Such features have different spatial scales
(dimensions) and relatively dynamic nature (short‐lived features). They exist on different profile shapes,
while some profiles do not show such formations.

We hypothesized that their evolution is an essential part of the shoal evolution. Model results show that sus-
tained durations of forcing conditions favoring deposition (e.g., drop of wave action) resulted in a net land-
ward transport causing levee formation at the profile seaward edge. On the other hand, an increase in wave
action resulted in a net seaward transport causing the destruction of such features along with shoal edge
erosion.

Clear examples of tidal levees have been observed in the DutchWadden Sea during spring tides under extre-
mely calm wave conditions. Observations show that they usually exist on a small scale (width < 50 m). Our
work suggests that their spatial scale is related to the duration and magnitude of the forcing enhancing shoal
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edge deposition. Their evolution occurs over multiple tidal cycles and only in extreme situations (limited
wave action for days), they grow to extents which can be visually identified. In reality, the regular alternation
between forcing inducing deposition and erosion (e.g., Geomor team, 1984) could limit their growth to visi-
ble extents. A continuously varying wave climate in nature could be the reason for levees being short‐lived
dynamic features and that we do not see them in most profiles. Cross Sections A7 and A8 (Figure 3) are
located on a shoal that resembles our modeling configuration. Despite no visible levees being identified at
the two survey moments, both cross sections showed bed‐level changes with the highest changes being at
the shoal seaward section.

More long‐term high‐resolution data are needed to further validate the co‐relation between levees and
wind‐wave activity. The existence of such features could also be due to other forcing variations such as sedi-
ment supply or tidal range (e.g., spring/neap tides). Our work suggests that tidal levees are essential for
explaining the shoal evolution since the processes leading to their formation/destruction represent the sedi-
ment balance at the shoal seaward edge. The reproduction of such features can be a good indication of the
model's ability to capture the channel‐shoal dynamics. This relatively short timescale dynamics are highly
relevant for investigating the morphological impact of long‐term forcing changes such as SLR.

6.2. SLR

We assumed equilibrium concentrations at the model boundaries which are maintained during SLR.
However, in real scenarios, this may not be the case. Sediment needs to be available for import at the offshore
boundary. The morphological response of other estuarine elements (e.g., channels or ebb‐tidal delta) to SLR
may lead to a change in prevailing SSC and sediment redistribution within the system which would even-
tually impact the sediment supply toward the shoals and limit the shoal accretion.

ASMITA is an example of a model that explicitly addresses these dynamics in an aggregated manner. The
grid resolution covers entire entities such as the ebb‐tidal delta, the basin's channel, and the basin's intertidal
flats represented as volumes. An important assumption of this model is that equilibrium occurs when
uniform concentrations exist within the system. Morphodynamic adaptation due to a forcing change (e.g.,
SLR) follows empirical equations that describe the sediment demand and availability along with the trans-
port capacity for the different morphological elements. A new dynamic equilibrium state is reached when
uniform concentrations are restored.

Our approach explicitly defines detailed processes while ASMITA is based on empirical equilibrium con-
cepts, which makes it more straightforward and faster to use. Wave impact and intratidal dynamics are
implicitly reflected by calibration coefficients. Both approaches aim to reduce tide‐residual sediment trans-
port gradients by morphodynamic adaptations. In that sense, they should lead to the same results. Here we
qualitatively compare our approach and model results to ASMITA.

Van Goor et al. (2003) explored SLR adaptation of tidal basins including intertidal area. Their work suggests
that a linear SLR will lead to a deeper profile that follows SLR at the same rate. Our model reproduces this
“overdepth” (see Figures 12b and S3) as well. We found that the adaptation timescale required to create the
constant “overdepth” profile is long (about 200 years for an 800 m profile when an abrupt linear SLR of
100 cm/century is imposed). Also, we show that the “overdepth” value varies across the profile because
the profile slope becomes milder under SLR. ASMITA confirms these results showing the inertia of entire
estuarine systems adapting to a change in linear SLR rate from 11 to 56 cm/century within 200–400 years
depending on the system's size and the element under consideration. Both approaches show that SLR adap-
tation timescale may be long (~centuries). It is plausible that the “overdepth” has been reached for the Dutch
conditions of more than a millennia of relatively constant linear SLR (Vermeersen et al., 2018). However, a
future increase in the SLR rate can still pose a notable threat to the intertidal area.

Both our work and Van Goor et al. (2003) suggest the existence of a state at which SLR is too fast to have a
stable “overdepth.” In our model, this state occurs when the SLR‐induced disturbances at the shoal edge
(“levees”) do not reach the landward shoal section and the flat disintegrates. Van Goor et al. (2003) highlight
that this drowning state comprises high uncertainties as it highly depends on parameters defining the adap-
tation timescale. ASMITA describes the detailed transport and adaptation processes described in this paper
(intratidally varying wave action and sediment concentration along the profile, changing profile shape) by
tuning parameters such as a diffusion coefficient and fall velocity. These parameters do not represent

10.1029/2019JF005397Journal of Geophysical Research: Earth Surface

ELMILADY ET AL. 17 of 21



actual physical values but merely reflect representative processes. There is insufficient long‐term field data
to improve the parameters estimates. Future studies may focus on quantifying these parameters by our
process‐based approach.

6.3. Future Research

There is value in gradually increasing the model complexity by incorporating more processes such as 3‐D
processes, multiple sand fractions, and more detailed implementation of cohesive fractions including
sand‐mud interactions. A real case study implementation can provide validation of the research findings
and a better connection to reality. This requires the acquisition of high temporal and spatial resolution
long‐term data with the focus on the channel‐shoal dynamics.

Extending the study toward a large scale incorporating a part of or a whole estuary configuration is the next
step. This extension would allow for investigating SLR impact on the different estuarine morphological ele-
ments along with their interactions and the impact of sediment supply. Also, it would enable exploring a
variety of geometric shoal configurations such as a free shoal.

7. Conclusions

This study explores the mechanisms that drive the long‐termmorphological evolution of estuarine intertidal
sandy shoals across a range of timescales. We developed a Delft3D, 2DH high‐resolution, process‐based
model to simulate the morphological evolution of a channel‐fringing shoal system inspired by conditions
in the WS.

Observations and modeling studies in literature suggest that shoals aim to evolve toward a stable morpho-
dynamic state maintained by a balance between sediment supply, wave action, and tidal forcing.
Short‐term morphological variations around the equilibrium occur in response to natural forcing variations
such as wind‐wave activity.

We investigated a shoal in morphodynamic equilibrium and its response to both short‐term (wave action)
and long‐term (SLR) forcing changes. These disturbances result in a morphological adaptation that first
impacts the shoal edge and gradually propagates landward. The area near the channel‐shoal interface
experiences the largest morphological adaptation. Tidal levees develop/erode at the shoal edge when wave
action decreases/increases. The levees resemble observed features in estuaries (e.g., Western Scheldt) and
tidal basins (e.g., Wadden Sea). A continuously varying wind‐wave climate in nature can be the reason
why they are dynamic and often short‐lived features that are hard to capture in bathymetric surveys. Our
work suggests that tidal levees are an essential part of the shoal evolution since their governing processes
represent the sediment balance at the shoal edge. Such features should be taken into account when exploring
the morphological response of shoals to long‐term forcing variations such as SLR.

SLR has a long‐term (approximately centuries) and a larger spatial‐scale impact. The whole shoal accretes in
response to SLR mainly due to the drop of wave‐induced shear stress. However, accretion rates are less than
the SLR rate due to inertia‐induced phase lag (decades) between the bed‐level response and SLR which is at
its highest at the landward edge and at its lowest near the channel. Natural recovery from 100 years of SLR
can range from decades to centuries depending on estuarine forcing conditions. Assuming the continuation
of the current observed linear SLR showed larger accretion rates and a decreased lag compared to a sinusoi-
dal rise, especially at landward locations. Accretion rates increased with time and reached the SLR rate after
≈200 years, suggesting that the profile reached a new deeper, milder slope, equilibrium state that follows
SLR at the same rate with a temporally constant “overdepth.” Incorporating mud fractions, it showed that
shoals in a muddy environment could be more resilient against SLR. The mixture profile exhibited larger
profile accretion due to increased mud deposition which made the shoal slightly muddier.

Shoals are quite resilient features in the sense that they are able to adapt to forcing changes without funda-
mentally changing their structure. However, a long (decades) lag is involved in the profile adaptation to SLR.
In all SLR simulations, shoals experience a drop in intertidal area and increased inundation. In real scenar-
ios, a possible shortage of sediment supply to shoals could amplify this effect. This raises questions about
possible mitigation and adaptation measures to ensure the sustainability of the valuable intertidal
environment.
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Data Availability Statement

There is no restriction on the data used in this study. The readers can download the LIDAR and bathymetry
data (source: Rijkwaterstaat). The reports used to construct Figure 1 and the numerical model configuration
can be downloaded online at https://figshare.com/s/5f3d76060c39a5f437f8 (temporary link).
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