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ABSTRACT

Accurate prediction of long-term morphodynamic evolution in mixed-energy coastal systems requires models
that resolve key hydrodynamic processes and reproduce the correct sequence and magnitude of forcing events.
However, determining what constitutes the ‘correct’ events remains challenging because the governing processes
operate across a wide range of temporal scales. In this study, we develop a hydro-morphodynamic modelling
framework based on the TELEMAC suite to simulate multi-decadal morphological changes along the Belgian Part
of the North Sea (BPNS). After validation against hydrodynamic and suspended particulate matter observations,
a 10-year benchmark run is used to establish a target morphology against which 43 tests to optimize boundary
conditions for morphological acceleration using the MORFAC approach are evaluated. The optimization results
show that predictive morphodynamic skill is linked to the co-occurrence of energetic wave events with the
spring-neap tidal cycle. We subsequently introduce a new metric, the y-factor, which quantifies the wave-tide
interaction and can be used for MORFAC-based optimization. Optimal performance is achieved when syn-
thetic wave series preserve the natural alignment of high-energy waves with spring tides, consistent with the
benchmark run. In addition to the wave-tide timing (y-factor), the optimization test shows that the predictive
skill also depends strongly on the combined choice of MORFAC value and wave schematization. When applied to
hindcast the 1984-2022 BPNS evolution, the optimized model reproduces the large-scale development of the
deeper sandbanks but fails to capture the coastward migration of a shallower bank. This mismatch is attributed to
missing wave-induced cross-shore sediment transport processes and is subsequently resolved by including effects
of wave nonlinearity and Stokes-drift on sediment transport in the model equations. A final sensitivity analysis
demonstrates a significant risk of model equifinality: an inaccurate representation of wave conditions and their
temporal alignment with tidal cycles can still appear to produce correct morphological behaviour when
compensated by parameter tuning, thereby hiding the shortcomings in the physical forcing. This underscores the
need for physically informed and deliberate modelling choices when predicting long-term morphological
changes.

1. Introduction

This evolution is shaped by the interaction between natural forces
occurring at multiple temporal and spatial scales (such as tides, surges,

Coastal areas are highly dynamic environments where human ac-
tivities and unique natural ecosystems co-exist (Zhang et al., 2012;
Kroon et al., 2025; Neumann et al., 2015; Zhao et al., 2024). Managing
trade-offs between coastal protection, economic development, recrea-
tional use and biodiversity requires a clear understanding of coastal
morphological evolution (Barbier et al., 2011; Hoagland et al., 2023).
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and waves) and human interventions (Roelvink et al., 2009; Wright and
Thom, 2023). Because these natural and human drivers act simulta-
neously, it is challenging to distinguish cause and effect when assessing
morphological changes. In this context, numerical models serve as
valuable tools. They can predict the consequences of different man-
agement strategies or environmental change and can facilitate a deeper
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understanding of drivers for short- and long-term morphodynamic
development (De Vriend et al., 1993a, 1993b; He et al., 2022; Roelvink
et al., 2001; Wang et al., 2014). Advances in computational power have
facilitated the widespread use of complex numerical models (such as
TELEMAC-GAIA (Tassi et al., 2023), Delft3D (Lesser et al., 2004), and
XBeach (Roelvink et al., 2009)) to simulate 2-D and 3-D hydrodynamics
and sediment transport in coastal systems (Dastgheib et al., 2008;
Guillaume Olivier et al., 2021; Yin et al., 2019; Zhang et al., 2010).
These numerical models, of which TELEMAC is used in this study, rely
on solving systems of partial differential equations (PDEs), which
impose numerical constraints on the choice of computational time steps,
resulting in high computational demands. This is particularly problem-
atic for long-term morphological predictions over decadal to centennial
timescales (Kroon et al., 2025; Ranasinghe et al., 2011; Shaeri et al.,
2019; Wang et al., 2014). While more efficient PDE solvers, GPU ac-
celeration and local time stepping could mitigate these computational
costs (Hu et al., 2025; Lyu et al., 2024; Zhao et al., 2025), establishing
boundary conditions for periods lacking observational data persists as a
critical challenge in long-term morphological modeling.

To reduce the high computational demand along with uncertainties
in the boundary conditions for these predictions, several morphological
acceleration methods have been developed (Roelvink, 2006). These
techniques are usually based on the assumption that the morphological
response of the system is much slower than its hydrodynamic response.
Here, we focus on the most common techniques, i.e. tide-averaging,
MorMerge and the MORFAC approach (Roelvink, 2006). The
tide-averaging method freezes the morphology during computation and
updates the bed-level after a tidal cycle using tide-averaged sediment
transport quantities. The MorMerge method, on the other hand, uses a
limited set of representative tide and wave conditions, created from
statistics of measured data. Subsequently, these different forcings are
applied to the same initial morphological configuration and predicted in
parallel for a given time-step. At the end of the corresponding time-step
the bed level change produced by the different forcings is merged into a
combined morphology by weighting the bed level change per forcing
with their occurrence. The new updated morphology is then used for the
next time step for all the parallel runs (Boechat Albernaz et al., 2023). A
third widely used technique for the morphological upscaling is the on-
line morphological factor (MORFAC) approach (Lesser et al., 2004;
Roelvink, 2006). It assumes that, within limits, morphological change
caused by hydrodynamic forcing can be linearly upscaled in time. More
specifically, for instance a morphological change predicted after 1s of
hydrodynamics can be upscaled (e.g. using a MORFAC of 10) into 10s of
morphological change by simply multiplying the bed level changes
(Ranasinghe et al., 2011) or net sediment fluxes with the MORFAC
(Mathew and Winterwerp, 2022). Hypothetically, the choice of the
MORFAC magnitude is determined by the requirement that the
morphological change created after updating the morphology (using the
MORFAC method) should not significantly alter the flow pattern
(Roelvink, 2006). In practice, the critical MORFAC is mostly determined
experimentally, although there have been also attempts to determine it a
priori (Ranasinghe et al., 2011).

An additional challenge in long-term morphological predictions is
the choice of representative forcing conditions throughout the predic-
tion period. Especially in the context of the discussed morphological
upscaling techniques, considerations of the relevant dominant forcing
factors (i.e. tides, surges, and waves) for a specific site need to be made.
For instance, tide dominated systems were previously expressed using
representative tide concept which focuses on finding one or more
observed or synthetic tides that could reproduce the residual sediment
fluxes caused by the difference between ebb and flood currents in real
site conditions (Latteux, 1995; Schrijvershof et al., 2023). However,
storm surges and wave conditions are more stochastic in time and
therefore more difficult to schematize. Moreover, storm surge return
intervals and magnitudes are often disregarded in long-term morpho-
logical simulations. This is in contrast with the various techniques that
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are available to represent wave conditions in long-term morphological
simulations, such as finding a representative period reproducing aver-
aged annual longshore sediment transport quantities (Kolokythas et al.,
2023) or the use of wave energy flux method expressing the wave record
based on the observed probability distribution (Roelvink et al., 2018).
However, both methods compress long-term data into a limited set of
conditions raising the question on how well such compressed datasets
are able to capture morphological path dependency or the occurrence of
extreme events that could lead to substantial morphological changes.

The present study focuses on the Belgian Part of the North Sea
(BPNS), situated in the Southern Bight of the North Sea (Fig. 1), and
characterized by an extensive system of tidal sandbanks (Deleu et al.,
2004). This study is part of the TESTEREP Project, which investigates
the Belgian Coastal evolution over the past 5 000 years through nu-
merical modelling informed by geological and archaeological re-
constructions. However, morphological modelling of such long time
scales remains challenging due to the high computational demands and
the uncertainties associated with the accurate representation of
boundary conditions. In this context, several modelling studies have
explored long-term morphological evolution along the BPNS. Around
the Port of Blankenberge, both the Delft3D (Lesser et al., 2004) and
XBeach (Roelvink et al., 2009) models achieved good agreement with a
year-long observed morphological evolution, using a constant MORFAC
combined with representative tide and synthetic wave forcing
(Zimmermann et al., 2012). A similar study using Delft3D, on the other
hand, applied the MorMerge approach for a 10-year simulation between
Nieuwpoort and the Western Scheldt, and was able to reproduce general
trends but failed to capture sandbank migration correctly (Wang et al.,
2014). In a third study, a more comprehensive, two-non-cohesive sed-
iment-class model was applied for the entire Belgian coast, using the
TELEMAC modelling suite with representative tidal and wave forcing. It
showed good agreement with the observed 10-year long morphological
evolution near Zeebrugge (Kolokythas et al., 2023). Collectively, these
studies highlight both the usefulness and limitations of morphological
upscaling approaches, particularly regarding boundary data availability
and sediment transport representation. However, they also demonstrate
the absence of a consensus on the most suitable acceleration technique
or representative forcings for the BPNS.

While the MORFAC method is widely used in morphodynamic
models, its efficiency remains unclear in systems governed by regular
(tides) and intermittent (waves, storms) forcing linked with non-linear
wave-tide-surge interactions. Despite the complexity of mixed wave-
tide energy systems, the specific impact of wave-tide timing, as well as
the dominant sediment transport processes on long-term morphological
evolution remain largely unexplored in the existing literature. In this
study, we aim to address these gaps under three main sections summa-
rized in Fig. 2. First (Section 2.2), we calibrated and validated a hy-
drodynamic and sediment transport model, the Belgian Coast Model
(BCM), against field measurements from 2013. Following this section,
the validated model was run for 11 years (2012 for spin-up and 2013-
2023) using real flow and wave boundary conditions generated by a
larger-scale hydrodynamic model (see Section 2.3). The resulting
morphological changes were then used as a benchmark to systematically
optimize the MORFAC value and the tide, surge, and wave boundary
conditions of the accelerated model. Here, a new method is established
to quantify the temporal alignment between field-observed wave con-
ditions and spring-neap cycles. This methodology enables a more ac-
curate representation of the hydrodynamic chronology within
accelerated simulations forced by synthetic wave time series and spring-
neap tides. The Brier Skill Score (BSS) and the percentage of matching
erosion and deposition areas (An ) were used to evaluate the perfor-
mance of the accelerated model against the benchmark simulation.
Finally (Section 3.2), the optimized accelerated model was applied to
hindcast the morphological evolution of the western Belgian Coast over
the 1984-2022 period, allowing the identification of the dominant
physical processes driving long-term coastal change and introducing
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Fig. 1. (a) North Sea Model (NSM) domain (blue), (b) Belgian Coast Model (BCM) domain mesh elements (red and gray) and nesting procedure indicated with yellow
arrows. The model domain covers parts of the French, BPNS (black solid line), and Dutch Coasts. Coordinate system is WGS84.

briefly the equifinality issue of the morphological models.

2. Materials and methods
2.1. Site characteristics

The Belgian coastline is approximately 65 km long, with a sandy
nearshore seabed, beaches, and dunes. The BPNS is characterized by
tidal and shoreface connected sand banks. These include the Coastal
Banks (Nieuwpoortbank, Stroombank, Balandbank, Wenduinebank),
Flemish Banks (Oostdyck, Buitenratel, Kwintebank, Middelkerkebank,
Oostendebank), Hinder Banks (Fairy Bank, Westhinder, Noordhinder,
Oosthinder, Bligh Bank) and the Zeeland Ridges (Thorntonbank, Goo-
tebank, Akkaertbank) (Lanckneus et al., 2001) (Fig. 3). These sand
banks are oriented shore-obliquely in the offshore (e.g. Kwintebank and
Buitenratel) whereas closer to the coast their orientation becomes nearly
shore-parallel (e.g. Nieuwpoortbank and Stroombank). Most of these
banks display a general northeastward (longshore) migration, although
Coastal Banks exhibit also cross-shore migration towards the coast
(Dujardin et al., 2023). This study focuses on the zone hosting the
Coastal Banks, which is characterized by complex hydrodynamics and
sediment transport influenced by the local erosion of Palaeogene clay,
causing the presence of clayey and coarse sandy sediments up to a me-
dian grain size of 500 pm (Lanckneus et al., 2001). The Coastal Banks
have a landwards-directed steep slope (De Maeyer and Wartel, 1988;
Van Lancker, 1999). The complex hydrodynamics in this zone are driven
by tides, waves and storms combined with intense human activity, such
as dredging, dumping and nourishments (Van Lancker et al., 2007),
which prevent a clear understanding of the processes driving the sedi-
ment transport (Fig. SI-1). Therefore, morphodynamic modelling in this
zone, especially over timescales from decades to centuries is a challenge
for state-of-the-art models.

Tides in the BPNS are dominated by the M2, S2 tidal constituents
forming the spring-neap variation with a mean spring and neap tidal
range of 4.3 m and 2.8 m, respectively (Fettweis et al., 2007). The
generally flood-dominant tidal currents are oriented towards the

northeast (southwest) during peak flood (ebb) with the minor axis of the
tidal ellipsis decreasing from offshore to onshore. The dominant wave
direction based on wave statistics is south west followed by waves
approaching from west-northwest to north-northwest sector (Vuik et al.,
2020). Stormy wave conditions, which drive significant changes in
dunes, supratidal beaches (Haerens et al., 2012), and shallow-water
morphology, are typically associated with waves originating from the
north-northwest sector (Kolokythas et al., 2023). Along the Belgian
coast, the seabed is predominantly sandy in the western sector, while
finer, cohesive sediments (mixtures of sand and mud) are concentrated
in the northeast, particularly within the coastal turbidity maximum near
Zeebrugge (Fig. 3). These fine sediments are believed to originate from
the paleo-Scheldt River and are redistributed by local hydrodynamics.
Their concentration exhibits strong seasonal variability, with higher
surface suspended particulate matter during winter months (Adriaens
et al., 2018; van Maren et al., 2020).

2.2. Numerical model

2.2.1. Model formulation

The TELEMAC-MASCARET modelling suite (v8.4) consists of several
modules to predict coastal, riverine, and estuarine hydro-morpho-
dynamics. Firstly, the TELEMAC2D model solves the non-linear
shallow water equations to model the dynamics of the long waves, i.e.
in cases when the water depth is much smaller than the wavelength. The
depth-averaged equations are solved using the finite element method.

oh ohU ohV _

o Ty =0 W
o(hU) a(hUU) o(hUV) 0z,

st et PV 7ghE+V°[h(U+Vt)VU] + S« ®))
o(hv)  A(hUV) ohVV) oz,

5t e T - gh oy +V-[h(v+1,)VV] +S, 3

Egs. (1)-(3) are the mass conservation, and momentum equations in
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Fig. 2. Research strategy and modelling framework.

x and y directions respectively. Here t is time, h is the total water depth,
U and V are the depth averaged velocities in x and y directions, g is the
gravitational acceleration constant, Z; is the free surface elevation, v and
v, are the molecular and turbulent viscosities respectively. S, and S,
represent source and sink terms due to wind, Coriolis, wave forces and
bottom friction. To take the turbulence effects into account, the Sma-
gorinsky sub-grid turbulence model was used to determine the value v,
(Smagorinsky, 1963). The bottom friction is usually a parameter that
needs calibration to match the measured free surface and current speeds
to their modelled equivalents. However, the friction model accounting
for the water depth (Bi and Toorman, 2015) was used to spend less ef-
forts to calibrate the model. Unlike the original implementation, the
effects of suspended sediment concentration on flow viscosity were
omitted from the present study to avoid numerical instability, as high
suspended sediment concentrations in the water column led to

unrealistically high viscosity values in intertidal zones.

Secondly, the short wave model TOMAWAC which was coupled with
TELEMAC?2D, solves the time dependent wave action equation (Egs. (4)—
(6)) to model the temporal and spatial variation of the power spectrum
of wind-induced waves in deep, intermediate and shallow waters by
using the finite element method.

ON ON ON .0N 0N
54’ 74’ @‘«“k k kydk Q(kx7ky7x7.y~, t) ()]
k ky
k+Uandy Ck+V (5)
. 0o oh . do oh Ju
kx:_%;x'_kx dky: ahg—kg (6)
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Fig. 3. The Belgian tidal sandbanks within the model domain (Hinderbanks and Thorntonbank are not shown in this figure since they lie outside the model domain).
Orange triangles show the locations of the existing measurement stations for model validation; hydrodynamics (BVH) and sediment transport (MOW1). (See Fig. SI-2
and Table SI-1 for the locations and Fig. SI-4-10 for the validation results of additional stations).

In these equations N is the directional spectrum of wave action density,
X, y and k;(‘y are the transfer rates in the respective direction, Q(kx, ky,x,
¥,t) is the source-sink term that takes energy transfer from winds to
waves, whitecapping, non-linear quadruplet and triad interactions,
bottom friction effects, wave breaking effects, enhanced breaking
dissipation due to the presence of current, vegetation effects and porous
media related dissipation into account, C, is the group velocity which

the wave energy moves at, k is the wave number vector such that k =
kel + kyA', o is the relative angular frequency that obeys the dispersion

relation, and u is the current velocity such that u = Ui+ Vf. Since the
Belgian nearshore (Fig. 3) is characterized by a gentle sloping seabed,
the breaking formulations currently implemented in TOMAWAC pro-
duce excessive energy losses, as they assume breakers to behave as fully
saturated bores. Initial model tests indicated that this overestimation of
breaking-related energy losses leads to an increasing underestimation of
wave heights from deeper to shallow zones. In the present study, the
depth-induced breaking energy losses were modified using a method
that accounts for local bed slope effects in gentle sloping bottom
topography (Pezerat et al., 2021). After a thorough comparison between
the original wave breaking formulation of Battjes and Janssen (1979)
and the modified version proposed by Pezerat et al. (2021), the latter
was selected for the rest of the simulations.

For the sediment transport computations and related bed level up-
date, GAIA is coupled online with TELEMAC2D and TOMAWAC (Tassi
et al., 2023). Suspended cohesive and non-cohesive sediment transport
is solved with the advection and diffusion equation (Eq. (7)):

OKC,  RUC;  RVC,_ 9 (, 3G\ , 0 (, oC,
a " ox | ay ox\ax) oy "oy

) +E; —D; @

Where C; =Ci(x,y,t) is the depth-averaged mass concentration of
sediment class i in g/l, U and V are the depth averaged velocity com-
ponents in x and y directions, respectively, ¢ is the turbulent sediment
diffusivity such that & = v;/0, where o, is the Schmidt number and

taken as equal to 1.0, E; and D; are the erosion and deposition fluxes of
the corresponding sediment class i, respectively.

In this study, the mixed sediment erosion fluxes and critical shear
stress for erosion were taken into account by the approach proposed by
Le Hir et al. (2011) which is incorporated into GAIA by default. Ac-
cording to this method, if the bed mud mass fraction exceeds 50%, the
bed is considered mud. In this regime, the critical erosion shear stress
and erosion flux are defined by the mud properties and computed using
Partheniades’ law (Partheniades, 1965). Conversely, when the mud
fraction falls below 30%, the bed is characterized as non-cohesive.
Under these conditions, the critical shear stress is set to the sand
value, while bedload and erosion fluxes are calculated using the
Soulsby-van Rijn formulation (Soulsby, 1997). This formulation assumes
a local equilibrium where the sediment transport load instantaneously
reaches capacity conditions. We consider the Soulsby-van Rijn equation
the appropriate choice to predict sediment transport through the com-
bined action of waves and currents. For intermediate mud fractions
(30-50%), the mixed-sediment erosion flux and critical shear stress are
obtained by linearly interpolating between the erosion characteristics of
the individual sediment classes. The depth-averaged suspended trans-
port equation (Eq. (7)) accounts for suspension capacity through a
theoretical closure for the critical shear stress for deposition, which is
derived from suspension capacity theory by Toorman (2000), that was
first implemented into TELEMAC by Bi and Toorman (2015). Further-
more, the active layer concept (Hirano, 1971) with a 0.05 m layer
thickness is used to limit the availability of sediments that can be
mobilized to avoid overestimation of bed erosion. While the sediment
transport formulation described here represents a specific configuration,
the MORFAC optimization procedure detailed in Section 2.3 remains
applicable for any sediment transport equation set.

In GAIA, morphological evolution is modelled using the Exner
equation which solves the sediment bed mass conservation (Eq. (8)). In
this equation, 4 is the sediment porosity which is equal to 0.4, 2, is the
bed elevation above datum (m), p; is the sediment density (kg m’3), Qmp
is the vector of dry mass transport rate per unit width without pores (kg
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m~!s71), MORFAC is the morphological acceleration factor, D and E are
the deposition and erosion fluxes (kg m 2 s™1), respectively.
0(Py2s)

(1-2) =374V - Quy = MORFAC x (D~ E) ®

2.2.2. The Belgian Coast Model (BCM)

In this study we used an online coupling of the depth-average flow
module TELEMAC2D, the wave-module TOMAWAC and the sediment
transport/morphodynamics module GAIA. The resulting coupled model
is able to predict the impact of tides, storm surges and waves on coastal
sediment transport and morphodynamics. To achieve realistic boundary
and hydrodynamic conditions in the Belgian coastal zone, we employed
a nesting approach following Escobar et al. (2023). A coarse resolution
hydrodynamic model of the entire North Sea (further referred to as
North Sea Model, NSM) couples flow (TELEMAC2D) and waves (TOM-
AWAQ). The flow model is forced by all tidal constituents available in
the TPXO9 database (Egbert and Erofeeva, 2002). The NSM uses the
spatially and temporally varying wind field from the ERA5 1.0°
resolution-hourly 10-m data product (Hersbach et al., 2020) to generate
wind-induced currents and short waves. The high resolution
hydro-morphodynamic Belgian Coast Model (BCM), integrating flow
(TELEMAC2D), waves (TOMAWAC), and morphodynamics (GAIA), is
nested within the NSM. The nesting is realized by using the NSM to
provide boundary conditions to the BCM, including free surface eleva-
tion and flow velocity for TELEMAC2D, and a wave spectrum covering
12 directional and 25 frequency bins for TOMAWAC.

The limits of the BCM stretch from Calais (France) to the Dutch Coast
including the Western and Eastern Scheldt estuaries. The proposed
model shares the similar spatial extents as the model proposed by
Kolokythas et al. (2021) with the exclusion of schematized Western
Scheldt upstream (Fig. 1b). The BCM covers an area that is roughly 250
x 50 km in longshore and cross-shore directions, respectively. The
coupling between TELEMAC2D and TOMAWAC was performed with the
TEL2TOM approach (Breugem et al., 2019) eliminating the requirement
of having identical meshes for TELEMAC2D and TOMAWAC which
allowed for substantial reduction in the computational time. Both
meshes were generated using GMSH (Geuzaine and Remacle, 2009). In
the offshore area the mesh resolution was defined inversely proportional
to the local bottom slope. In the area of interest (Fig. 3), between
Nieuwpoort and Oostende, the TELEMAC2D (TOMAWAC) mesh size
was refined to 100 m (400 m). This refinement was needed to represent
the Nieuwpoortbank and Stroombank (Fig. 3) dimensions accurately, for
which the morphological validation was performed. The resultant mesh
(Fig. 1b) for TELEMAC2D (TOMAWAC) has 137 802 (21 472) nodes and
the mesh size varies between 25 and 1000m (100-1400m). The model
time-step was set to 15s (300s) for TELEMAC2D (TOMAWAC) and the
wave and flow models were coupled every 600s. While larger time steps
and mesh sizes yielded similar hydrodynamics, the present configura-
tion produced more accurate suspended particulate matter (SPM) values
compared to the field measurements as finer mesh captured the bottom
and stratigraphical gradients more accurately by reducing the uncer-
tainty related to the mesh interpolation to which the SPM was more
sensitive. Following a parallel efficiency analysis to optimize computa-
tional cost, the model was run using 42 cores on Intel Xeon Platinum
8360Y CPUs (2.4 GHz) to reduce computational time.

The model bathymetry is composed of two different sources: (i) the
bathymetry data for the North Sea was obtained from GEBCO Database
(GEBCO Compilation Group, 2020), (ii) the bathymetry for the near
coastal zone collected by the French, Belgian and Dutch authorities and
compiled by Kolokythas et al. (2021) was utilized for the region closer to
Belgium, and parts of the French and Dutch coasts. The latter was uti-
lized for the hydro-sediment predictions and the MORFAC optimization
performed with the BCM. To keep computational time manageable
across multiple tests, coastal structures (e.g., groins and breakwaters)
were excluded, as accurately resolving these features requires a grid
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resolution significantly finer than 100 m. For example, Kolokythas et al.
(2021) used a 25 m mesh to resolve the Belgian Coast morphodynamics
with coastal structures included, which resulted in nearly double the
number of nodes compared to this study. Additionally, dredging and
dumping were not included due to a lack of data for the long-term
simulation. The initial mud content (bed material <63 pm) in the
BCM varied spatially and was compiled from different sources
(Fig. SI-3): for the offshore sector, the survey results from Van Lancker
et al. (2007) were utilized; for the Western Scheldt, the maps published
by Eck (1999) were digitized; and for the offshore part of the
Netherlands and the Eastern Scheldt, the data obtained from SHOM
(2021) was used. The bed was discretized into four vertical layers,
referred to as, from top to bottom, layers 1 to 4. The upper layer rep-
resents the easily erodible fluffy mud layer which was mainly confined
near the region around Port of Zeebrugge and has an initial thickness of
0.5 m (Van Maren et al., 2020) (Fig. SI-3). The thicknesses of the lower
three layers, namely Upper Holocene, Lower Holocene and Pleistocene,
varied spatially based on the 3D Voxel model for the BPNS proposed by
Hademenos et al. (2019). The thicknesses of the remaining parts that are
outside the BPNS were initially set to 0.5 m and 1.5 m for the
Upper-Lower Holocene and Pleistocene layers, respectively, based on Bi
and Toorman (2015). The Lower Holocene layer represents tidal flat
environments only present in the nearshore area and submerged around
7 500 cal BP, including coarse-grained to very-fine sand. The Upper
Holocene covers the entire Belgian Continental Shelf and consists of fine
sands related to an estuarine-marine environment in the nearshore area,
and medium to coarse sand further offshore (Hademenos et al., 2019).
The Pleistocene layer reflects the older, compacted and harder to erode
bed material. To reduce the impact of uncertainties and discontinuities
in the initial data, the model was run for one year (year 2012) to smooth
the spatially discontinuous bathymetry and stratigraphy until the
equilibrium between hydrodynamics, sediment transport and
morphology was established.

The BCM predicts transport of two sediment classes: non-cohesive
sand (dsp = 300 pm) and cohesive mud (dsp = 60 um). The process of
flocculation was not explicitly accounted for in the current model.
Values for the settling velocities of sand and mud (0.045 m/s and 0.003
m/s, respectively), critical shear stress for mud erosion (7. m,), mud
concentration and erosion rate constant of the layers (E) (Table 1) were
used to calibrate the sediment transport model based on the SPM data
collected by Fettweis et al. (2016) at MOW1 station (Fig. 3). The in-
crease of 7., and mud concentration per layer related to bed stratifi-
cation (fluffy, upper & lower Holocene and Pleistocene) represents the
presence of consolidated layers with reduced erodibility.

2.2.3. Hydrodynamic and sediment transport performance of the BCM
(2013)

The hydrodynamic performance of the present model was evaluated
for year 2013, after conducting a one year spin-up period (year 2012).
Model predictions on free surface elevation, current velocity, wave
height, wave period and wave direction were compared with observa-
tional data from https://www.meetnetvlaamsebanken.be for the
observation piles and wave buoys presented in Fig. SI-2 (four measuring
piles for TELEMAC2D, seven wave buoys for TOMAWAC). The year
2013 was selected because it included a major storm event, Xaver locally
also called “Sinterklaasstorm”, which produced the highest water levels
since the infamous storm of 1953 (Montreuil et al., 2015). This, there-
fore, allowed an assessment of the model performance under both calm
and storm conditions. As all relevant hydrodynamic quantities were
recorded at the Bol van Heist (BVH) station during the Sinterklaasstorm,
the results are presented for BVH in the main text (Fig. 3). Data from
other stations, along with their plots, coordinates, and abbreviations,
were provided in the supplementary material (Fig. SI-2 and Table SI-1).

The free surface elevation, depth averaged current speed and direc-
tion, spectral wave height, spectral wave period, and mean wave di-
rection at the BVH station are shown as an example of model the
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Table 1
Stratigraphic properties defined in the model.

# Layer Term [Pal Mud concentration of the layers [g/L] E [kg/m?/s] Initial Thickness [m]
BPNS Other
1 Fluffy 0.5 250 8x 104 0.5m
2-3 Upper & Lower Holocene 1.2 500 8x 1074 3D Voxel 0.5
4 Pleistocene 2.5 750 8x 104 3D Voxel 1.5

slight mismatch between observed and modelled water levels and cur-
rent velocities that can be attributed to several sources of uncertainty.
First, uncertainties in the initial bathymetry, compiled from various data

performance (Fig. 4a-f, see Fig. SI-4-10 for additional results). The co-
efficient of determination (R?) for the entire year of 2013 range from
73.12% to 98% for water level and current velocity. However, there is a
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Fig. 4. Validation of (a) free surface elevation, (b) current speed, (c) current direction, (d) wave height, (e) wave period, (f) wave direction at Bol van Heist station,
(g) ensemble averaged SPM at MOW1 station. Shaded blue zone in (a-f) highlights the Sinterklaas storm R? values in (a-f) and RMSE value in (g) are computed for the
entire 2013.
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sources collected in different years, affect tidal propagation, as the
modelled bathymetry deviates from the actual bed morphology.
Furthermore, anthropogenic interventions such as dredging, dumping,
and coastal structures being not accounted for in the model alter the
actual morphology compared to the bathymetry used in the model.
Second uncertainty arises from the model formulation itself. More spe-
cifically, the used depth-averaged model, may be misrepresenting flow
patterns at some locations e.g. the BVH station where three-dimensional
transport phenomena are crucial.

The wave model results are in acceptable agreement with the
measured data with respect to wave height, period and direction, during
both calm and storm conditions (Fig. 4d—-f). The R? values for these
quantities range from 55.5% to 84.8%. On the other hand, high-energy
events are underestimated by 20% on average. Comparatively lower
performance of the wave model likely stems from the large-scale NSM,
which supplies spatio-temporally varying boundary conditions for the
BCM. The NSM uses ERA5 hourly wind reanalysis data (Hersbach et al.,
2020) for the computation of the wind source term in Eq. (4) to drive the
large-scale wave field across the North Sea, which is highly sensitive to
wind forcing. Wang et al. (2021) reported that ERA5 database under-
estimate wind speeds at Westhinder station by up to 25%. This under-
estimation translates to lower wave heights in the NSM, which are
subsequently inherited by the BCM wave model via nesting. Overall, the
hydrodynamic model performs relatively good compared to the avail-
able studies for the region of interest (e.g., Bi and Toorman, 2015;
Escobar et al., 2023; Kolokythas et al., 2021; Wang et al., 2021). It
demonstrates its ability to capture dominant processes, namely, astro-
nomical tidal variations, wind-induced waves, surges and currents both
during storms (shaded blue area on the plots) and calm periods.

The performance of the sediment transport model GAIA was evalu-
ated by comparing the modelled depth-averaged sediment concentra-
tion with in-situ SPM measurements from station MOW1 (Fettweis et al.,
2016) (Fig. SI-2). At MOW1, sediment concentrations were measured at
two heights in the water column and must be converted to
depth-averaged values for model comparison. This conversion was
performed using a Rouse profile (Eq. (9)), with the Rouse number, b,
fitted from the two observations: the reference concentration, C4(2q =
0.2m), atlevel, z, = 0.2 m above the bed; and concentration at level z =
2.0 m given by C(z = 2.0 m). The water depth, h, at MOW1 was taken
from the hydrodynamically validated model. The fitted b was then
applied in Eq. (10) to integrate the profile over depth and to obtain the
corresponding depth-averaged SPM.

b
C(z)=C, (Z h-z ) ©

2 h—2,

-b
h 24 h—
fz’z Clz)dz Jz. Ca (7 mzi) dz
h o h

A comparison between the modelled depth-and-ensemble-averaged
SPM concentration and measured data shows that the model is
capable of reproducing the correct magnitudes of depth-averaged SPM
concentrations at the MOW1 station during ebb and flood (Fig. 4g).
While the model successfully captures the overall SPM dynamics, some
differences remain in the exact phase and magnitude of the ensemble-
averaged results. Such deviations are common in depth-averaged
mixed sediment transport models due to several reasons. First, the
model does not account for flocculation dynamics explicitly, which are
particularly important at the location of interest (MOW1) for the time
series analysis (Escobar et al., 2023). Reproducing detailed flocculation
dynamics, especially those governed by organic matter and phyto-
plankton (Shen et al., 2018), goes beyond the scope of the current study.
Incorporating such processes could potentially improve predictions but
would also introduce additional sources of uncertainty. Second, unlike
the present modelling strategy, SPM measurements capture not only

C= (10)
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suspended sediments with a continuous size distribution but also other
particulate matter, such as organic material which could also influence
bed erosion characteristics (Van Maren et al., 2020). Third, SPM
collected at 0.2 m and 2.0 m above the bed had to be converted to
depth-averaged concentrations assuming a Rouse profile, which is
strictly only valid under steady, uniform conditions. The validity of this
assumption over the entire time series remains unclear. Despite these
uncertainties, the model performs well compared to previous studies
modelling SPM concentrations at the MOW1 station (Bi and Toorman,
2015; Escobar et al., 2023; Van Maren et al., 2020).

2.3. MORFAC optimization

The following section outlines the optimization strategy for
morphological predictions using the MORFAC method. The validated
model was first applied to perform an 11-year morphological simulation
(2012-2023), using 2012 as a spin-up period and 2013-2023 as the
benchmark run. This reference simulation, conducted with a morpho-
logical acceleration factor (MORFAC) of 1 and forced by the “real” flow
and wave boundary conditions generated by the NSM, served as the
baseline for comparison. The optimization strategy for the MORFAC
method involves the systematic modification of three key components
(Fig. 2), thus dividing the model tests into three distinct groups (Group
A, B, C). Group A focuses on the discretization of hydrodynamical
boundary conditions, examining whether it is preferable to use real or
representative tides, with or without synthetic wave conditions, com-
bined with or without generated synthetic storm surges following
Pineau-Guillou et al. (2023). Results from this analysis were used to
determine the optimal boundary condition setup for subsequent model
runs. Group B evaluates the model's predictive performance in response
to the selected MORFAC values under calm and storm conditions. Group
C assesses the influence of assumptions made during the construction of
the synthetic wave time series on model predictions. Specifically, we
evaluated the effects of the number of schematized conditions (including
the separation of storm and calm conditions) used to generate the syn-
thetic wave time series, the exclusion of waves exiting the domain, event
sequencing, and event randomization on model performance.

To balance model accuracy and computational efficiency, the
(weighted) Brier Skill Score (BSS) (Sutherland et al., 2004) (Eq. (11))
and area percentage of matching erosion/deposition processes (Am )
(Eq. (12)) were used as metrics. The former provides a quantitative in-
formation on the morphological evolution while the latter gives an
estimation of the pattern prediction or qualitative accuracy.

n

2
> w; (Azj.MORFAc - AZj.Ref)
j=1

BSS=1 — an

n 2
_Z; W;(AZjres)
=

In Eq. (11), AZ; is the bed level difference between the final and initial
bathymetries for node j out of n number of nodes, and subscripts
MORFAC and Ref represents the accelerated and benchmark simulation
results, respectively. Since the model grid is unstructured, each node is
given a weight, wj, proportional to the Voronoi area it occupies. The
model performance can be classified by the BSS ranges provided in
Table SI-2.

n
>~ Match;
= % 100 12)

Amo =
In Eq. (12), Match; is a factor inidcating whether the accelerated model
could produce the same process (erosion or deposition) as the reference
model. For the former, Match; was set equal to 1, where for the latter it is
set to 0. Apart from scoring, the same algorithm was used to identify
whether the accelerated model produces false erosion, Ay, (reference
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— deposition, accelerated — erosion) or false deposition, Ay, (refer-
ence — erosion, accelerated — deposition) patterns. As a result of the
hierarchical optimization tests, a single model producing the highest
scores was selected to hindcast the morphological evolution of the
Belgian Coast between 1984 and 2022 around the region between
Nieuwpoort and Oostende. A summary of all group-test configurations is
provided in Table SI-3. Below, we present an overview of the conducted
tests together with the rationale for the selected tests and their sequence.

2.3.1. Group A: hydrodynamical discretization

Tides. Previous studies utilized morphological upscaling (using the
MORFAC method) by using real tides (i.e. dominant tidal constituents)
to capture natural variability or representative tidal cycles to simplify
boundary conditions and to reduce computational demands (e.g. de
Vriend et al., 1993a; Latteux, 1995; Schrijvershof et al., 2023; Steijn,
1992, 1989; Winter, 2007). Since the Belgian coastal zone is influenced
by waves, tides, and storm surges, it is crucial to carefully examine how
variations in each factor, as well as their interactions, affect morpho-
logical predictions. The present study investigated two different
spatially varying tidal boundary conditions both of which were gener-
ated by the larger scale NSM. The first configuration did not apply any
simplification to the tides and includes spring-neap variations. The
second option used the tidal elevations and velocities, modelled by the
NSM from 25 to 05-2014 17:20 to 26-05-2014 18:10 as a representative
tide which could reproduce the mean sediment transport quantities
during 2014 according to Kolokythas et al. (2023), and which was
repeated at the model boundary throughout the simulation.

Waves. The stochastic nature of the wave climate makes it chal-
lenging to reproduce the morphological impact of realistic wave con-
dition sequences in long-term simulations (De Vriend et al., 1993a). To
overcome this limitation, synthetic wave time series can be constructed
from schematized representative wave conditions based on observed
wave statistics. This approach enables systematic testing of the influence
of wave sequence and variability on model outcomes. Wave schemati-
zation was performed using wave data collected between 2013 and
2023 at the Westhinder wave buoy (Fig. 3), following the wave energy
flux concept (Roelvink et al., 2018). This approach was shown to be
successful in previous studies (Roelvink et al., 2018); however, it re-
mains unclear whether the separation of storm and non-storm condi-
tions is necessary, and if so, how such a separation should be

0 120 240
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Surge [m]
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implemented most accurately. The wave energy flux concept divides the
dataset into wave height and directional bins such that each bin contains
an equal amount of wave energy. To generate such a synthetic wave time
series, 12 calm and 6 storm conditions covering the directions from 0° to
360°N, along with their associated probabilities, were used to randomly
assemble the wave sequence. A threshold of Hy,,o > 3.0 m was applied to
classify data as storm conditions (Fig. 5a). The schematization was
carried out independently for storm and calm conditions, ensuring that
each bin within its group (storm or calm) contained equal wave energy.
During calm periods, the wave boundary condition was held constant for
one day and then transitioned smoothly over 10 min to the next con-
dition. Storm durations were limited to a maximum of 1.5 days, during
which the MORFAC value was reduced to 1.0. Throughout the first
group of tests, this same synthetic wave boundary condition was applied
whenever wave forcing was included. Tests excluding the waves from
the model were used to evaluate the importance of the waves on the
accurate modelling of the long-term morphological changes.

Storm surge. Due to their intermittent occurrence, the impact of storm
surges on morphological development is difficult to predict (Matheen
et al., 2021). Therefore, we tested the effect of synthetic storm surges on
the model results. The storm surge schematization was based on the
storm surge height extracted from the Westhinder measuring station. We
carried out a tidal fit computed with the MATLAB tool T_TIDE proposed
by Pawlowicz et al. (2002) and subtracted it from the measured signal.
Then, these residual data were used to generate the schematized storm
surge by the method proposed by Pineau-Guillou et al. (2023). The
resultant schematized surge time-series is given by Fig. 5b. The spatially
non-varying schematized surge was superposed to a spatially varying
tide at the model boundary for the relevant tests. If the wave schema-
tization of the relevant tests distinguishes the storm and calm condi-
tions, then the same surge peak occurs in the middle of the storm
regardless of the storm direction (Fig. 5c).

2.3.2. Group B: MORFAC value

In addition to the forcing schematization, the sensitivity of the pre-
sent model performance to the magnitude of the MORFAC values was
investigated. Roelvink (2006) suggested that the critical MORFAC is
reached before the model stops capturing the essential interaction be-
tween flow and morphology. However, this is difficult to assess in
large-scale simulations. Therefore, model predictions of bed level
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Fig. 5. An example of (a) wave (red for storm, green for calm conditions) and (b) storm surge schematization based on the measured data collected at the Westhinder
station between 2013 and 2023, used to generate (c) the synthetic wave and surge boundary conditions. Wave direction follows the nautical convention (0°N wave

direction represents the waves attacking towards north).
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changes were compared to a benchmark simulation to assess the
maximum permissible value. For these tests, different values and com-
binations of MORFAC during calm (MORFAC, g, 10, 30, and 50) and
storm conditions (MORFACom 1, 10, 30, and 50) were tested
(Table SI-3). To evaluate computational performance, a speed-up factor
(S, Eq. (13)) was used.

S— tref

= 13)
tMORFAC

In this equation, t. and tyorrac are the computational time (CPU time
onwards) to complete the reference and an accelerated model run. If the
difference in BSS between distinct MORFAC value tests is less than 5%,
then the test producing a higher S is considered as the most efficient.

2.3.3. Group C: synthetic wave time series

From a morphological viewpoint, morphodynamical predictions are
not only shaped by the magnitude and occurrence of forcing factors;
their number and sequence also matters. In the final set of tests, the wave
boundary condition, previously kept equal in each test, was further
refined to produce the most representative wave conditions. Similar to
the earlier tests, the schematized wave conditions and their associated
occurrence probabilities were used to generate randomized synthetic
time series at the boundary e.g., Fig. 5. The Group C tests were cate-
gorized into two subgroups. Under the Group C.1 tests, we generated
different synthetic wave time series used as the wave boundary condi-
tion, with different numbers of schematized wave conditions and
directional limits. On the other hand, Group C.2 investigated the
morphological impact of event sequences and the randomization of the
number of occurrences for each condition to generate the synthetic wave
time series. The event sequence tests examined the impact of an event
sequence by rearranging the order of fixed number of wave conditions
used in the time series for Group A, B, and C.1, generating 9 different
time series where the sequence was the only variable. In the randomi-
zation test, synthetic time series were generated using the same proba-
bility distribution but with different random seeds for selection and
sequencing. As a result, while the same probability distribution was
used, the number of occurrences for each condition varied slightly due to
the random selection, producing 14 additional time series. Group C.2
was therefore composed of 23 different test cases.

Since water level variations strongly influence wave transformation
and sediment transport, identical wave boundary conditions might
generate different morphological responses depending on the tidal stage
at the time of wave forcing. To understand the influence of timing be-
tween different forcing on morphological predictions, we need to
quantify the alignment between the tidal phase (spring or neap) and
wave forcing. For this purpose, first, a tidal modulation coefficient, y
(Eq. (14)), was developed to reflect the timing of the spring and neap
tides. This coefficient was computed at the model boundary close to
Westhinder, to minimize the uncertainties due to the evolving
morphology inside the domain within different tests.

R(t)
W) =g a4
Where R(t) is the modelled tidal range per cycle time series and Rpgy is
the maximum modelled tidal range during the accelerated model run.
Throughout the accelerated model runs, y varied between 0.45 and 1.0
for the neap and spring tides, respectively. Additionally, we also
computed the normalized wave energy time series, E,(t), for each test by

Eq. (15).

[Huo (£))*

m0,max

E, (t) = (15)

Where H,,(t) is the synthetic time series of the spectral wave height
forced at the model boundary and Hpg max is the maximum value of this
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time series. Finally, two resultant time series, u(t) and En(t), were
multiplied pointwise to produce a new time series. The mean of this
product, denoted as y (Eq. (16)), quantifies the tendency of higher wave
energy events to coincide with either high or low tidal ranges at the
boundary. A higher y value indicates that energetic wave conditions
predominantly occur during larger tidal ranges, when low water levels
are at their minimum, therefore enhancing the impact of waves on
sediment transport and morphological changes.

y=uxEy (16)

The accelerated model for each test that best represented the refer-
ence morphological changes, in terms of BSS and A+, while providing a
reasonable speed-up factor S, was selected for the next set of tests. Even
though the final similation outcome was path-dependent, as it was
influenced by the selection of the test group sequence, the computa-
tional demands of the model required the performance analyses to be
conducted sequentially without cross-group testing. The details of all the
tests conducted along with their morphological performance for the first
group can be found in Table SI-3.

3. Results
3.1. MORFAC optimization

Morphological changes between 2013 and 2023 predicted by the
benchmark model, completed in approximately 10.5 days, reveal a
general trend of bed migration aligned with the dominant tidal current
direction (towards the Northeast) (Fig. 6a, black arrows). In addition,
cross-shore movement of tidal sand banks is observed, including the
Nieuwpoortbank and the Stroombank. The Nieuwpoortbank migrates
towards the coast in a southeast direction (Fig. 6a, magenta arrows),
whereas the Stroombank is predicted to migrate offshore to the north-
east (light blue arrows).

3.1.1. Group A: hydrodynamical discretization

The Group A tests (Fig. 7a) demonstrate that including waves into
the model markedly improves its performance. More specifically, the
inclusion of waves increases the BSS from 0.729 to 0.883 under real-tide
conditions and from 0.641 to 0.848 under representative-tides. When
comparing the impact of real-tide and representative-tides on morpho-
logical performance, the real-tide conditions consistently produced
better performance of the accelerated model predictions: the BSS
increased from 0.847 to 0.883 (with waves included), and from 0.641 to
0.729 (with waves excluded). The real tide approach does not affect
Anmy, significantly compared to the representative tide approach
(Fig. 7a). Our model tests indicate that the synthetic storm surge signal
only plays a minor role in improving morphological predictions. Based
on the results of Group A test, the model configuration using schema-
tized waves, realistic astronomical tides, and no surge as boundary
conditions show the best correspondence to the benchmark case and was
selected for the Group B tests.

3.1.2. Group B: MORFAC value

The sensitivity of the model prediction to the magnitude of the
chosen MORFAC value reveals that lower values such as 10 and 30 show
comparable results, while a MORFAC of 50 leads to poorer predictions
(Fig. 7b), regardless of using different MORFAC values during storm
(MORFAC;torm) and calm conditions (MORFAC,4,). When MORFAC .4
is high (50), increasing MORFACgorm from 1 to 50 raises BSS drastically
from 0.781 to 0.849 (+8.7%). With lower MORFAC .4, (10-30),
increasing MORFACjorm from 1 to 30 increases BSS from 0.861 to 0.893
(+3.5%). Since the difference between the two best-performing models,
which are MORFAC gjm storm = 10 and 30, is less than 5% (BSS equal to
0.912 and 0.893, respectively) a MORFAC value of 30 for both calm and
storm conditions is selected to balance accuracy and computational cost
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(S = 27.2), and is carried forward into Group C testing.

3.1.3. Group C: synthetic wave time series

Group C.1 test results suggest that the separation of storm and calm
conditions during wave schematization has a negative impact on the
predictive performance (Fig. 7c, green-red symbols), while uniform
schematization produces more accurate morphological predictions
(Fig. 7c, blue symbols). It is observed that an increased number of wave
conditions does not always result in a better BSS. Moreover, morpho-
logical performance was further improved by excluding waves propa-
gating out of the domain (Fig. 7c, coverage 45-240 °N). Wave conditions
providing the highest model skill were retained for the Group C.2. More
specifically, 12 different conditions were discretized, covering the di-
rections between 45 — 240°N, and excluding waves propagating out of
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the domain.

The results of the Group C.2 (Fig. 7d) show how sensitive the
morphological results are to the event sequence and the randomization
of the synthetic wave time series in the accelerated model. More spe-
cifically, variations in event sequence and randomization can lead to
similar improvement/decrease in model skill observed in previous tests
of Groups A to C1 (Fig. 7a—c). This range of variation is attributed to the
simultaneous occurrence of higher-energy wave conditions at relatively
lower water levels during spring tides. This was verified by comparing
the model performance (BSS) to the co-occurrence of high energy wave
events and spring tides (y) at the model boundary (Fig. 8). Model per-
formance increases consistently with increasing y up to y,, (y-factor of
the benchmark model) (see Section 4.1 for the computation of Vref)- Tests
conducted with y > y,,; showed reduced model performance, indicating
the existence of an optimal y-factor linked to .

3.2. Model application on predicting the multi-decadal morphological
evolution of the Belgian Coast

The optimized model configuration of the accelerated model was: (i)
real tides, (ii) synthetic wave time series constructed with schematized
wave conditions generated using only those entering the domain with 12
conditions and without any separation between storms and calms, and
(iii) without synthetic storm surge. The proposed wave boundary con-
dition was further optimized in the randomization test by quantifying
the co-occurrence between waves and tides (Figs. 7d and 8) resulting in
‘Excellent’ quantitative performance (BSS = 0.957) compared to the
benchmark run (Fig. 6b and c). This model was used to hindcast the
Belgian Coastal evolution between 1984 and 2022 (38 years) provided
by Dujardin et al. (2023) as a model application. Data from 1984 was fed
into the optimized model as an initial bathymetry and the area outside of
this dataset was filled with the bathymetric data from Kolokythas et al.
(2021). The small gap between the two datasets was filled using inverse
distance interpolation to ensure a smooth transition in the bathymetry
and avoid abrupt changes. The accelerated model was run for 38
morphological years, and the performance of the final model was
compared to the bathymetry data collected in 2022 for the area that had
less direct human impact. The onshore extent of the comparison area
was defined to be the —5 m MSL contour. It was extended in the offshore
where the mesh size started to become larger than 100 m to avoid res-
olution related deviations. Western and eastern lateral extents were
selected to be confined by the Yzer river outlet in Nieuwpoort and the
present-day navigation channel of the Port of Ostend to avoid the
mismatch due to the lack of river discharge and dredging of the navi-
gation channel in the model implementation. Different from the opti-
mization study, wave data recorded at the Westhinder buoy between
1995 and 2024 were used for schematization purposes. The grain size for
the non-cohesive class was increased to dso = 400 ym after an initial
calibration study based on the observed morphological changes, as
dso = 300 um had caused excess sedimentation and erosion. This
modification did not affect the sediment transport validation of our
model carried out for MOW1 station.

Comparison between observed (Fig. 9a) and modelled (Fig. 9b)
morphological changes between 1984 and 2022 indicate that the
accelerated model predicts higher magnitudes of morphological evolu-
tion relative to the measurements. A comparison of the deposition/
erosion patterns reveals that the model can reproduce erosion-
deposition locations with Ap ¢ = 61.09% accuracy (Fig. SI-11). The
mismatch is caused by the model behaving more depositionally
compared to the observations (Agg = 29.36% and Agy = 9.53%).
Although the model accurately reproduces large-scale north-easterly
movement as reported by Dujardin et al. (2023), it predicts deposition
on the offshore flanks of the Nieuwpoortbank and the Stroombank,
whereas measurements point towards erosion in these areas. Addition-
ally, a comparison in bank migration direction between the model and
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the observations reveals a clear mismatch. The model is able to capture
the southeasterly migration of Nieuwpoortbank as seen in observations,
though it fails to predict the onshore migration of the Stroombank
(Fig. 9a and b, magenta and light blue arrows, respectively, and
Fig. 10a). The discrepancy in the behaviour of the Stroombank is further
discussed in Section 4.2.

4. Discussion
4.1. MORFAC optimization

Across Groups A-C, the sensitivity tests collectively show that in the
present system, predictive skill is based on three coupled choices: (i)
how well the hydrodynamic model resolves spring-neap variability and
wave-tide interactions (y-factor), (ii) the degree to which the wave time
series represents the underlying probability distribution and associated
wave statistics and (iii) the MORFAC value. The model's increased per-
formance when including waves suggests that morphological change in
the region of interest is shaped by a combination of both current (tidal
and wave induced) and wave forcing. This is in agreement with the
classification by Hayes (1979), which would classify the Belgian Coast as
a mixed-energy tide-dominated system. In our case study, we found a
direct link between predictive performance and the newly defined
y-factor. A comparison of the y-factor between the benchmark and
accelerated runs highlights the importance of the timing between
high-energy wave events and tidal cycles. Modelled wave heights at the
Westhinder station (2013-2023) of the benchmark run confirm that
morphologically significant wave events predominantly occur when the
modelled tidal range exceeds 3.5 m (Fig. SI-12). The Yref value calcu-
lated as 0.147 with the benchmark model boundary conditions at
Westhinder using waves larger than 1.4 m (the smallest schematized
wave condition to mobilize a sandy bed with dso = 300 ym at 10 m
depth computed by using Eq. (A.1-6)), is nearly identical to the best
accelerated run (y = 0.142). Model performance decreases above or
below this range, indicating that preserving the natural alignment of
energetic wave and tidal conditions, as observed in the benchmark
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model, is essential when generating forcing data for morphodynamic
upscaling.

We expect that the y-factor may play an even more significant role in
morphodynamic predictions with increasing importance of wave forcing
such as within mixed-energy wave-dominated systems. Therefore, we
propose that the newly developed y parameter can become an essential
tool for enhancing the accuracy and reliability of morphodynamic pre-
dictions across all mixed-energy environments. Our results suggest that
hydrodynamic forcing, spring-neap tides and high-low wave energy,
introduces morphological path dependency, where morphological evo-
lution depends on the sequence and co-occurrence of hydrodynamic
conditions, which is consistent with Schrijvershof et al. (2023). Since
water levels influence wave transformation and, in turn, sediment
transport, the same wave conditions at the boundary can produce
different morphological responses depending on when they occur during
the tidal cycle. Although previous studies have investigated the impact
of wave-chronology on the morphological evolution (Dissanayake et al.,
2015; Southgate, 1995), to the best of our knowledge, the effect of in-
teractions between dominant forcings, i.e., spring-neap tidal cycles in
combination with synthetic wave time series, on the morphological
predictions have not yet been described. In the event-sequencing tests
(C.2), the same set of schematized wave conditions and identical
numbers of realizations were used, with the only difference being the
order of events. In contrast, the randomization tests, although based on
the same parent probability distribution, introduce variability in the
number of realizations per wave condition due to stochastic selection.
This likely explains the broader spread in model performance observed
in these 14 randomization tests.

Results of Group A (Fig. 7a) show that representative tides produce
similar flow velocities in each tidal cycle, leading to relatively less time
variation in bed shear stresses in each cycle. This approach smooths out
the high shear stress values normally experienced during spring tides,
resulting in less pronounced morphological patterns. Storm surges have
little impact on model performance, which may be due to the absence of
intertidal areas within the analysis polygon, where storm surge effects
might have been stronger. Within Group B results (Fig. 7b), performance



Y.A. Cigek et al.

]
ot

51.25 /ﬁl ’\\\\‘ =l
. P | ' N e i
E e 3 ’\\ ,/, Oostende 0 Uu)
8 Bl2 LS 2
3 7. 5

\\\ /”, S

5115 P ©

Nieuwpoort I
-5
, -~ 5
w' SV o~ '
51.25 S et £)
’// M‘\\ / RS
= W e Y&z
. L Oostende 1
= o512 \,\ , ’ 0 5
51.15 na® 6 “
Nieuwpoort I
-5
)
'C) ”/ ' /,’\ >
51.25 P2l N T
o ) \)/ '—
— & : ‘@ g5
. Y, € ’\& /'/ Oostende 0 Ull
< 51.2 . N IR
\\\ "”, g
51.15 4 & ° “
/,— Niéuwpoort I
2.7 2.8 2.9 B
Lon. [°]
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bedform migration directions of Stroombank (light blue) and Nieuwpoort-
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decrease with increasing MORFAC value is attributed to two reasons.
Firstly, as indicated in previous studies, a high MORFAC will introduce
larger bed level changes per morphological time step, which potentially
changes the flow-field, thus distorting the morphological feedback and
reducing the model accuracy (Roelvink, 2006). Secondly, increasing the
MORFAC value reduces computational time and concurrently shortens
the length of the synthetic wave time series applied at the boundary. As
the length of the time series decreases, the random sampling from the
probability distribution becomes less representative, which might
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underrepresent the contribution of extreme wave conditions to the
morphological evolution. On the other hand, the performance decrease
observed with a reduced MORFAC value during storm conditions is
linked to the fact that the impact of frequently occurring calm wave
conditions on the morphology is amplified by the chosen MORFAC.
More specifically, the occurrence of calm and storm events introduced in
the probability distribution is offset by increasing the MORFAC value
during calm conditions, thus giving storm conditions a relatively lower
morphological significance than in the reference dataset. Therefore, we
recomment that when wave forcing probability is accounted for in
morphological upscaling to adjust the model wave forcing, it should be
applied within a framework that uses a constant MORFAC. Group C.1
results (Fig. 7c) show that separating storm and calm conditions can
produce storm classes with very low occurrence probabilities, some-
times even entirely absent from the synthetic series. A uniform sche-
matization avoids this issue by keeping high-energy events within the
main distribution. Likewise, increasing the number of discretized wave
classes forces more conditions into a fixed-length series, reducing how
well their probabilities are represented. In parallel, including outgoing
boundary waves reduces performance, as they do not contribute to
sediment transport and instead take up time in the series, reducing the
duration of morphologically effective incoming waves. Ultimately, to
ensure realistic morphological upscaling, the schematized wave forcing
should contain enough morphodynamically significant conditions, i.e.,
waves entering the domain with probabilities high enough to be
adequately represented in the synthetic time series.

In summary, predicting morphological development in mixed-
energy systems by incorporating schematized waves in morphological
simulations involves a trade-off between the dominant hydrodynamic
processes, the number and directionality of wave conditions, the rep-
resentation of rare high-energy events, and the chosen morphological
acceleration factor (MORFAC). Overall, non-interacting waves leaving
the domain should be excluded, and the representativeness of the syn-
thetic wave time series should depend on the correct representation of
both wave statistics and wave-tide interaction. This means that the
MORFAC value should be selected in conjunction with the dominant
forcing factors (tides and waves) and their interactions (y-factor). We,
therefore, recommend determining a reference interaction factor (;/,ef)
and generating synthetic wave series with comparable y values, where
morphological evolution is governed by nonlinear wave-tide in-
teractions.

4.2. Model application on predicting the multi-decadal morphological
evolution of the Belgian Coast

Given the limited availability of subsurface data, the presented re-
sults in our study represent the most probable morphological trajectory
based on the current optimal parameter set. The comparison between
the optimized model and field data (Fig. 9a and b and Fig. 10a) dem-
onstrates that the model is partially able to represent the patterns of
morphological development over the past 38 years. However, two main
shortcomings can be identified: (i) the magnitudes of the predicted
sedimentation and erosion are overestimated compared to the obser-
vations and (ii) the direction of the movement of the Stroombank is
misrepresented in the model predictions (benchmark run and acceler-
ated prediction).

(i) We expect some mismatch between model predictions and ob-
servations due to the wide-reaching human activities that are not
incorporated in the model such as dredging, dumping and nour-
ishments carried out in the area of interest, which was shown to
be able to alter bed level changes by 16% (Dujardin et al., 2023).
Although their influence is considered of secondary importance,
our model omits the hard structures (e.g. breakwater and
groynes) that could influence the sediment transport pathways,
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leading to an indirect impact on the morphological evolution
within the comparison area. The seabed between Nieuwpoort and
Oostende is mainly sandy with small amounts of mud, so sedi-
ment erosion in the model is largely driven by sand. Comparing
the modelled bed shear stresses (from currents and waves) with
the critical shear stress for dso = 400 um estimated using Soulsby
(1997) shows that the sandy bed is almost always mobilized
during both spring and neap tides. This causes excessive sediment
movement, with material eventually settling in calmer areas,
mainly along the offshore flanks of the sandbanks (Fig. 9b). This
suggests that either seabed sediment characteristics and/or the
choice of equilibrium sediment concentration formulation would
need additional refinement, which would in turn improve pre-
diction of the bed level changes. As reported by Kolokythas et al.
(2023), the Soulsby-van Rijn formulation, which is still the
state-of-the-art equation for wave and current induced sand
transport, tends to overestimate morphological changes, partic-
ularly in deeper areas. This issue could potentially be mitigated
by either adopting an alternative formulation or applying a
calibration factor to reduce the equilibrium sediment concen-
tration computed by GAIA, as suggested by Kolokythas et al.
(2024a) and Dastgheib (2012). However, such a reduction might
also lower the computed SPM concentrations, which could
negatively impact the sediment transport validation of the model.
It is also important to note the uncertainties in the measurements
as pointed out by Dujardin et al. (2024), including errors due to
measuring technique, horizontal and vertical reference conver-
sions, digitization of the old maps, data gridding, and daily dif-
ferences between consecutive surveys, introducing significant
uncertainties in the observations.

(ii) The discrepancy between predicted and observed cross-shore
migration of the Stroombank highlights an important short-
coming of the modelling framework. The sediment-transport
module GAIA transports sediment in the direction of the flow
computed by the flow-module TELEMAC2D. As such, cross-shore
sediment transport, and thus cross-shore bank migration, can
only occur if there is a net cross-shore flow component. Analysis
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of 30-day averaged tidal ellipses (Fig. SI-13) supports this
interpretation. Over the Nieuwpoortbank, the ellipses display a
strong cross-shore flow component, and the orientation of their
major axes suggests a shoreward and north-easterly flow pattern,
which are consistent with the correctly modelled onshore
migration of the bank. In contrast, while still being very strong in
the longshore direction, the ellipses over the Stroombank show
weaker cross-shore flow components compared to the ones over
the Nieuwpoortbank, and their major axes tend to have a more
offshore-oriented direction on the Stroombank crest. This
offshore-dominant cross-shore and northeast dominant long-
shore flow likely explains why the modelled migration of the
Stroombank is in the offshore and north-easterly direction, the
former being contrary to field observations. This raises the
question of which additional processes govern the onshore
migration of the Stroombank that are not represented in the
current model configuration.

Investigation of the morphological changes during a storm coming
from the north-north west direction showed that the cross-shore
movement of the Stroombank towards the coast could be triggered by
the wave induced sediment transport. This is why we expect that the
mismatch might be partly explained by the underrepresentation of wave
direction on the sediment transport direction in the version of sediment
transport module, GAIA, used in this study. In this context, the imple-
mentation of wave-induced cross-shore sediment transport processes
could improve the computed sediment transport directions and might
potentially improve the predicted morphological patterns. Therefore,
following Fonias et al. (2021), we modified the convection velocity by
incorporating wave non-linearity (Ruessink et al.,, 2012) and
Stokes-drift-induced return flow effects (Phillips, 1967). The modified
convection velocity direction was also used to adjust the direction of the
bedload vector assuming that the bedload vector followed the convec-
tion velocity vector direction, while retaining the bedload quantity
computed by the sediment-transport module GAIA (see Eq. (B.1-4)). We
verified the implementation using the BCM with real boundary condi-
tions, setting the skewness (Ay) and asymmetry (A,;) calibration factors
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to 1.0, and running the model for the period 2013-2018. This compar-
ison reveals that the improved model was able to reproduce the correct
migration direction of the Stroombank (Fig. SI-14 and Fig. SI-15), while
maintaining its accuracy for the Nieuwpoortbank.

On a larger spatial scale, the new implementation improved the
model performance by reducing the mean bias in the cumulative sedi-
mentation and erosion magnitudes between observations and models
within the comparison zone from 0.23 m to 0.20 m. Additionally, the
updated model was able to reproduce the cross-shore migration direc-
tion and onshore flank position of the investigated profile accurately
(Fig. 10b). On the other hand, the modelled depth of the bank crest for
the investigated profile reaches as low as —4 m MSL, which is shallower
than the —5 m MSL observed depth. In reality, wave breaking takes place
on the Stroombank during storms and low tide conditions (Peelman,
2022) which could limit the vertical growth of the bank. A similar
physical effect could be reproduced in the model by incorporating a
more detailed representation of breaking-related processes, such as
breaking induced turbulence and surface rollers, as implemented for
GAIA in a separate study (Kolokythas et al., 2024b). Our analyses
demonstrates that waves are a key control on the cross-shore migration
of the Stroombank, whereas tides predominantly explain its longshore
migration. In contrast, at the Nieuwpoortbank, the cross-shore and
longshore migrations are primarily tide-driven, with wave effects acting
as a secondary influence.

4.2.1. Equifinality phenomena of long-term morphological models

An investigation of the modelled wave direction, wave height, and
volumetric migration of the Stroombank (i.e. the volumetric change
between the initial crest and trough of the bank (Fig. SI-14b)), previ-
ously suggested that the cross-shore bank movement was governed by
relatively energetic wave events attacking from a mean angle between
110 and 200° N. However, it is noticed that these wave directions, i.e.,
110-200° N, are poorly represented in the schematized wave conditions
(Fig. 10c and d) used throughout the optimization, as they tend to fall
near the edges of the directional bins (Fig. 5a). Despite this, applying the
cross-shore implementation (Ag = Ag = 1.0) with the schematized
wave conditions to the validation run (1984-2022) still yielded in cor-
rect migration directions. This raised a critical question: would a wave
schematization confined strictly to the 110-200° N range still induce
correct migration through forcing alone?

To investigate this further, we conducted a final sensitivity analysis
with two more model runs using a new wave schematization covering
only the 110-200° N range (i) without, and (ii) with cross-shore sedi-
ment transport processes. The new wave time-series using these
confined directions produced a less realistic wave-tide timing with
reduced y179_300-y = 0.124, which moved further away from y,, =
0.143 compared to the original y45_549-y = 0.139. The profile results
(Fig. SI-16e & g) revealed that while correct migration could be repro-
duced even more accurately by confining the schematization to the 110-
200° N range, including cross-shore sediment transport processes in this
specific case actually reduced model reliability. This sensitivity analysis
highlights an important case of model equifinality, where bank migra-
tion was driven either through the inclusion of cross-shore sediment
transport with a more realistic hydrodynamic conditions or the selective
filtering of wave schematization. While the latter reproduced the
observed morphological migration without additional parameterization,
it introduced a significant forcing bias. This not only degrades the rep-
resentation of the observed waves but also negatively impacts the wave-
tide timing by shifting y-factor further away from y,,.. Ultimately, this
sensitivity analysis suggests that wave-tide timing (y-factor) must take
precedence over morphological fit. Prioritizing the correct representa-
tion of hydrodynamical forcing and their interactions can prevent the
model from achieving the “right result for the wrong reason,” ensuring
greater reliability for long-term morphodynamic predictions.
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5. Conclusion

In this study, a hydro-morphodynamic model using the TELEMAC-
suite was developed to predict decadal-scale morphodynamic de-
velopments of the Belgian Continental Shelf. The model results suggest
that the present model can accurately capture the main hydro- and
sediment dynamics both during calm and storm conditions. While syn-
thetic storm surge had little impact within the comparison area, the
MORFAC optimization procedure indicates that, in mixed-energy sys-
tems, morphological predictions should be optimized by accurately
representing the wave climate in combination with tidal fluctuations,
including spring-neap variations, instead of a single representative tide.
For this purpose, our study defined a new parameter, the y-factor, which
allows optimizing the co-occurrence of waves and tides with existing
field data to retain morphological path-dependency.

Following the optimization study, the proposed model was applied to
simulate the morphological evolution of a section of the Belgian coast
between Nieuwpoort and Oostende over the period 1984-2022. The
model successfully reproduced the main observed morphological pat-
terns of the Nieuwpoortbank, but failed to capture the observed coast-
ward migration of the Stroombank. Further investigation of the model
runs incorporating real boundary conditions revealed that the observed
cross-shore migration of the eastern half of the Stroombank can be
explained by the wave induced cross-shore sediment transport pro-
cesses. Implementation of those processes in GAIA enabled to accurately
reproduce the shoreward migration of the Stroombank including the
positions of the crest and onshore flank of the selected profile and to
identify the local processes driving the Nieuwpoortbank (mainly tides)
and Stroombank migration (waves in the cross-shore, tides in the
longshore direction). On a broader level, the issue of equifinality in long-
term morphological modelling strategies was briefly demonstrated and
discussed. Ultimately, the optimization strategy for the MORFAC
method presented here is applicable beyond TELEMAC/GAIA and are
relevant to any long-term coastal modelling effort where wave and tide
driven sediment transport plays a significant role.
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