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Abstract. Estuaries are particularly vulnerable to flooding from extreme events such as storm surges, and this vulnerability can
be exacerbated by climate change. Numerical models are valuable tools for supporting flood prevention and planning in these
regions. However, despite recent improvements in storm surge modeling, most models use atmospheric forcing data with spatial
resolutions of several tens of kilometers and temporal resolutions of a few hours, hence much coarser than their own resolution.
This discrepancy may have an impact on the overall model accuracy. Here, we evaluate the impact of atmospheric forcing
data’s spatial and temporal resolution on storm surge modeling within the Scheldt river-estuary-North Sea sea continuum.
Atmospheric forcings were incorporated at spatial resolutions ranging from 2 km to 30 km and at temporal resolutions from 15
minutes to 6 hours. Using an unstructured-mesh multiscale hydrodynamic model, we assessed how these variations influenced
the accuracy of storm surge simulations. Our findings indicate that increasing spatial resolution significantly improves the
accuracy of peak surge predictions in estuarine areas, while higher temporal resolution further enhances model performance
only at the finest spatial resolution. The effect of the temporal resolution diminishes as spatial resolution becomes coarser,
suggesting that spatial resolution is more critical for improving storm surge forecasts in estuaries like the Scheldt. The timing
of peak surges remained consistent across all configurations. The best results are obtained with 2 km and 15 min atmospheric
forcing resolution. This study underscores the importance of aligning atmospheric forcing resolution with the hydrodynamic

model’s spatial scale to achieve optimal accuracy in storm surge predictions for estuaries.

1 Introduction

Storm surges pose significant risks to human safety, particularly given that nearly 15% of the global population lives in coastal
areas (Cosby et al., 2024). An estimated 1.3% of the world’s population is exposed to 1-in-100-year flood events, which have the
potential to cause economic damages reaching up to 11 trillion USD (Nicholls, 2006; Bouwer, 2011). The consequences of such
events are severe infrastructure damage, essential services disruption, and threats on natural habitats, resulting in substantial

socioeconomic impacts. The risks are even more pronounced in densely populated areas such as estuaries where the funnel-
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shaped topography can further amplify the surge. As key transitional zones in the land-sea continuum, estuaries are particularly
vulnerable to storm surges due to the combined effects of river discharge and offshore hydrometeorological conditions (Ward
et al., 2020). Consequences of storm surge in estuaries include intensified saltwater intrusion, which disrupts stratification and
biogeochemical processes (Statham, 2012; Wetz and Yoskowitz, 2013). The risk on these regions is further heightened when
storm surges coincide with significant rainfall or high river discharge, leading to exacerbated flooding (Marcos et al., 2019).
Accurately modeling storm surges in these areas is essential for developing effective mitigation strategies and informing policy
decisions.

Simulating processes along estuaries-sea continuum is a challenging task. This is due to the broad range of spatial and
temporal scales involved, from tens of meters within estuaries to hundreds of kilometers across coastal regions and continental
shelves (Marchesiello et al., 2001; Lewis et al., 2019). Historically, these scale discrepancies have led to under-representation of
estuaries in coastal models, while estuarine hydrodynamic models often lack the scope to extend over adjacent coastal regions
(Marchesiello et al., 2001). However, advances in modeling techniques, powered by improved computational capabilities,
innovative algorithms, and enhanced data integration and assimilation, have significantly bridged this gap (Shu et al., 2011;
Kérnd et al., 2011; Le et al., 2020; Verri et al., 2023). These integrated land-sea models are now applied not only to resolve
physical processes but also to explore bio-geochemical interactions, deepening our understanding of the river-ocean continuum
(de Brye et al., 2010; Kérni et al., 2011; Rodrigues et al., 2015; Vallaeys et al., 2021). This progress has proven especially
valuable in storm surge modeling in land-sea continuum, where it has enhanced insights into models sensitivity to varying
parametrization and highlighted the primary forcing mechanisms during such events (Garzon and Ferreira, 2016; Yang et al.,
2020).

Despite these advances, certain aspects of the land-sea continuum modeling remain poorly understood. One unresolved
aspect is how atmospheric forcing resolution influences storm surge prediction. Although atmospheric conditions are the pri-
mary drivers of storm surge dynamics, the finer resolution of estuarine-sea models is generally not matched by the spatial
resolution of the atmospheric forcing, with the latter typically operating on scales of tens of kilometers (Dindpoli et al., 2020;
Chen et al., 2023). Small-scale processes such as localized wind patterns, frontal systems, and pressure gradients are smoothed
out in coarse-resolution atmospheric data. As a result, these unresolved processes within estuaries can introduce errors in the
simulated surge dynamics, impacting factors like the timing, peak intensity, and spatial distribution.

In the context of the Scheldt estuary-sea continuum, existing models of the river system tend to simplify or exclude the
influence of North Sea conditions on estuarine dynamics. While some exceptions extend two-dimensional (2D) models of the
Scheldt into nearby coastal regions of the North Sea, these focus largely on eco-hydrodynamics (Vanderborght et al., 2007,
de Brye et al., 2010; Arndt et al., 2011). Other studies have modeled the land-sea continuum under storm surge conditions,
but they have mostly focused on the mitigating effects of retention areas (Smolders et al., 2015). No existing research has
specifically examined how variations in atmospheric forcing resolution impact storm surge behavior across this continuum.

The North Sea, situated within the Northwestern European Continental Shelf (NWCS), and connected with the Scheldt river
(Fig. 1), is highly vulnerable to storm surges. The region’s shallow bathymetry amplifies water level rise during surge events,

especially along the southern North Sea coastlines of Belgium, the Netherlands, and Germany (Stindermann and Pohlmann,
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2011). Major storm surge events occurred in 1963 and 2013, the former of which have prompted the authorities to strengthen
coastal surge barriers along the southern coastline. Under climate change, those event are expected to increase in intensity
(Woth et al., 2006). Previous studies have explored how different atmospheric forcing models affect storm surge simulation
across the NWCS during those surge events, with findings highlighting the importance of high spatio-temporal resolution in
capturing surge magnitude and duration accurately (Muller et al., 2014; Ridder et al., 2018; Agulles et al., 2024; Meyer and
Gaslikova, 2023). However, those studies mainly focused on coastal region and have largely neglected the specific complexities
of estuarine dynamics.

In this study, we assess the impact of spatial and temporal resolution of atmospheric forcing on storm surge simulation
within the Scheldt land-sea continuum. We couple a high-resolution, multiscale coastal ocean model with a high-resolution
atmospheric model to explore how atmospheric forcing resolution affects the accuracy of ocean model outputs during a storm
event in the Scheldt estuary and North Sea. Our analysis begins by assessing the model’s capability to capture regional dynamics
by employing high-resolution atmospheric inputs, specifically focusing on the extra-tropical storm Xaver, which significantly
affected the area of interest on December 5-6, 2013 (Fig. 2.a). Model performances are assessed by comparing the simulations
with in-situ data. Then, we evaluate the sensitivity of storm surge simulations to variations in the atmospheric model resolution,

examining both spatial granularity and temporal frequency in the estuarine region.

2 Materials and methods
2.1 Study area

The Scheldt estuary spans through Belgium and the Netherlands and flows north along the Northwestern European Continental
Shelf (NWCS) in the North Sea (Fig. 1). Upstream, the tidal signal extends up to 160 km from the river mouth. River discharge
from the Scheldt and its tributaries is negligible compared to the tidal volume, resulting in a well-mixed estuary with minimal
vertical salinity gradients (Meire et al., 2005; Van Damme et al., 2005). The funnel-shaped morphology of the estuary enhances
tidal amplitudes that reach a tidal range of 6 m near Antwerp. As a result of the large tidal variation, the Scheldt estuary features
intertidal flats and marshes that periodically flood and dry out. Human interventions, such as embankment construction and
dredging, have modified the estuary over time, increasing tidal ranges, and altering storm surge dynamics. Other modifications
include large flood control areas to improve safety and create new intertidal habitats (Schepers et al., 2018). Nowadays, the
estuary has two deep channels separated by shoals and bordered by tidal flats, as indicated by the negative bathymetry region
in the lower estuary (Fig. 1.a). Downstream, the Scheldt meets the North Sea, which connects to the Atlantic Ocean via the
northern boundary and the English Channel to the south (Fig. 2.a). The regional dynamics of the North Sea is shaped by oceanic
and atmospheric factors such as tides and the North Atlantic Oscillation (NAO), as well as continental influences, including
river discharges and pollutant and nutrient inputs from major rivers such as the Thames, Seine, Meuse-Rhine, and Scheldt
(Stindermann and Pohlmann, 2011; Ivanov et al., 2020).

The NWCS experiences storm surges during autumn and winter, driven by extratropical cyclones that follow the North At-

lantic storm track (Nicholls, 2006; Resio and Westerink, 2008). These cyclones, often originating from the polar front, cause



90

95

https://doi.org/10.5194/egusphere-2025-634
Preprint. Discussion started: 21 February 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

® Vlakte van de Raan

—_—
Breskens Veerha
—

® Bol Van Heist alsoorde

2 Haalhoek! N,
rugg y )
Lower estuary

Upperjestuany

51.1 Fresh tidal river network

3.4 3.6

3.2
Mesh size (m)

20 50 100 200 500 2000

(d 500 m

Figure 1. Model computation domain covering the Scheldt and North Sea region. The upper panel (a) displays the bathymetry of the Scheldt
estuary, where black dots mark validation points for the hydrodynamic model with Esri World Imagery as basemap (ESRI, 2025). The white
rectangles outline the tidal zones of the estuary and the fresh tidal river network is represented by artificial linear channels. Lower panels
show the unstructured mesh configuration with (b) large view across the North Sea and (c-e) close-up views at three distinct locations on the

Scheldt estuary.

localized sea level rises, positive surges, due to drops in atmospheric pressure and wind stress (Bierly, 2005). Although atmo-
spheric pressure deficits are the main driver of storm surges in deeper waters, wind stress becomes increasingly significant near
the coast, causing water to accumulate and resulting in surges of up to 4 m along coastal North Sea (Mathers and Woodworth,
2004; Weisse et al., 2012; Dangendorf et al., 2014). The intensity and direction of the surge are also shaped by regional factors,
such as bathymetry and the configuration of the coastline, and can be amplified by astronomical tides (Pugh, 1987; Kerr et al.,
2013; Marcos et al., 2019). Here we model the effect of the extra-tropical storm event Xaver that impacted the North Sea and
its surroundings on December 5-6, 2013. It formed in Greenland and grew while traveling North of Scotland up to the Baltic
Sea (Fig. 2.a). This historic event was a superposition of a spring tide and a storm surge due to strong northwesterly winds
over the North Sea, resulting in surge levels surpassing the typical tidal signal by more than 4 m at several locations along the

eastern North Sea coast and 2.5 m at Antwerp (Flikweert et al., 2016).



100

105

110

115

120

125

130

https://doi.org/10.5194/egusphere-2025-634
Preprint. Discussion started: 21 February 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

2.2 The circulation model

In this study, we use the multiscale ocean model SLIM (Second-generation Louvain-la-Neuve Ice-ocean Model) to simulate
the hydrodynamics of the Scheldt estuary and North Sea continuum. This model is specifically designed to address multiscale
processes in coastal ocean region with complex topography and bathymetry. SLIM has already been applied to the Scheldt river
and estuary and its coastal area (de Brye et al., 2010; de Brauwere et al., 2011; Kérni et al., 2011; Gourgue et al., 2013; Patil
et al., 2024). The model has also been successfully applied to various riverine systems worldwide, including the Mahakam and
Kapuas river deltas in Indonesia (Sampurno et al., 2022; Draoui et al., 2024) and the Columbia river in the US (Vallaeys et al.,
2018, 2021). Since then, the model has evolved and recent updates allow running simulations on GPUs which considerably
reduced the computation time.

We consider the 2D depth-integrated version of SLIM (Lambrechts et al., 2008), which is suited for regions like the Scheldt
estuary characterized by small depth and predominantly well-mixed conditions (Meire et al., 2005; Van Damme et al., 2005).
The model solves the shallow water equations for the sea surface elevation 7 and depth-integrated velocity u using the Discon-

tinuous Galerkin (DG) finite element method over an unstructured mesh. These equations are expressed as follows:

d
SV (Hu) =0, (1)
O(Hu) +Vi- HuHu _ —fe. x Hu—gHVyn— —9— 5[ Hu|Hu+ V- Hup Viu+ T Evhpatmy (@3]
ot H (vH) PP

where ¢ is time, V}, is the horizontal gradient operator, and the water column height is H = d + 7, with d as the water depth below the
reference level. The Coriolis factor is given by f = 2Q2sin ®,where (2 is the Earth’s angular velocity and ® is the latitude , e, is a vertical
unit vector, g is the gravitational acceleration, y is the bottom stress, vy, is the horizontal eddy viscosity, 7s = (7,7y) is the wind surface
stress and p is the water density. The model initial conditions are u = (0,0) m/s and n = 0 m.

. . . . . . . . 1/6
The bottom stress is parametrized as a quadratic expression, where the Chezy-Manning-Strickler bottom-stress coefficient is v = Z .

~1/3

with n being the Manning coefficient. In coastal and estuarine modeling, typical Manning values fall within the range of 0.02 to 0.2 s m
(Kjerfve et al., 1991). A map of the Manning area is described in Appendix B. We use in the coastal regions of the North Sea a Manning coef-
ficient of 0.025s m ™'/, while offshore regions were set with a constant coefficient of 0.02s m~/3. For the upstream portion of the estuary,

1/3

a larger coefficient of 0.04s m™ "/~ is used (Kolokythas, G. et al., 2021). In the lower estuary, a junction of riverine and maritime influences,

—1/3, Vegetation-rich tidal marshes and flats were assigned a coefficient of 0.08s m~/? based

we used a Manning coefficient of 0.012s m
on vegetation friction estimates (Wamsley et al., 2010; Stark et al., 2017). Though vegetation is represented through bottom friction, this
approach has limitations, as it underestimates friction when water depths are below vegetation height. This limitation was deemed acceptable
in our study, as high water levels during storm surges are expected to fully submerge the vegetation. The effects of unresolved turbulent
motions is considered through the Smagorinsky (1963) parametrization of the horizontal eddy viscosity.

Finally, the last parametrization concerns the wind stress 75, which depends on the wind as external forcing, with u;o being the wind

speed at 10 m above the sea surface:

7s = pairCw||u10]| 010,

3

where p,ir = 1.25kg m™ " is the air density and C,, is the wind drag coefficient. The wind speed is retrieved from the regional atmospheric

model MAR, described in Section 2.3.3. To account for the increased roughness of the sea surface caused by strong winds, the drag coefficient
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is parameterized as a function of wind speed. The value of (', saturates for high wind speed, specially relevant in the context of a storm
surge. This saturation occurs due to the spume effect, where intense winds produce large volumes of sea spray by tearing water droplets from
wave crests (Powell et al., 2003; Donelan et al., 2004; Holthuijsen et al., 2012; Curcic and Haus, 2020). We take this saturation effect into

account by using the wind drag parameterization of Flather (1976):

0.565-1073 if ||uso|| < 5 mis,
Cuw =1 (—0.12+0.137||uio||) - 107*  if 5 < ||Jusol| < 19.22 m/s,
2.513-1073 if |Jugo|| > 19.22 mis.

The North Sea and Scheldt estuary region experience pronounced tidal amplitudes, with water level fluctuations reaching up to 6 m
between high and low tides. These fluctuations result in periodic wetting and drying (WD) of certain shallow estuarine areas, a phenomenon
further exacerbated during storm surges. When areas of the estuary become dry, numerical complications can arise as the H — 0 in Eq.
(2). The current version of SLIM uses an explicit WD algorithm, which can increase the computational cost, especially for large-scale

simulations. More details on the WD scheme are provided in Appendix C.
2.3 Model set up

A one-month simulation was conducted from November 20 to December 20, 2013, with a five-day spin-up phase excluded from validation
to eliminate transient effects from the model’s initial conditions. Our study focuses on the estuarine region of the Scheldt, incl. the upper
estuary, the lower estuary, the river mouth, and its direct coastal surroundings (Fig. 1.a). The freshwater tidal river is modeled as a simplified,
straight channel (Fig. 1.a), following the approach of Bart De Maerschalck et al. (2023). This approach enables the representation of tidal
signal attenuation as tides propagates upstream the estuary. The model set up spans from the upper Scheldt estuary with a minimum resolution
of 20 m (Fig. 1.a) to the 200 m isobath, where the resolution transitions to 2 km in the North Sea (Fig. 1.b). Setting the domain up to the
continental shelf provides more coherent boundary conditions, better integration of river discharges and improves wind-driven simulations
such as storm surges (de Brye et al., 2010).

The unstructured mesh is generated using the seamsh Python library, which is based on the open-source mesh generator software GMSH
(Geuzaine and Remacle, 2009) and comprises approximately 2 x 10° triangles. The mesh discretization of the estuary follows the course
of the Scheldt river, from its mouth to the beginning of the freshwater tidal river network with a mesh resolution adapted according to the
bathymetry (Fig. 1.c-e), with a finer resolution reaching 20 m in shallower areas and around 50 m near the river centerline. Simulations
were run on four Nvidia A100 GPUs. A one month simulation took about two hours of computing time for the mesh described above. A
preliminary calibration of the Manning coefficient along the domain during calm weather was also performed, but as this study focuses on

the Storm Xaver period, it is detailed separately in Appendix B.
2.3.1 Bathymetry

We use multiple data sources to characterize the bathymetry across our computational domain, selecting them based on the finest resolution
available over the region. Starting with a coarser resolution over the NWCS, the bathymetry becomes finer as we approach the Scheldt
estuary, reaching a mimimum resolution of 10 m within the estuary. The data sources are presented in the upper part of Table 1. Over the
NWCS, we use bathymetry data from the EMODnet (2021) dataset, which has a resolution of 115 m. Closer to the Dutch coast and into
the lower Scheldt estuary, we use higher-resolution data from Rijkwaterstaat (2021) at a resolution of 100 m. As we move further towards

the upper Scheldt estuary, we refine the bathymetry using data from AGENTSCHAP MDK (2021), which provides a 10 m resolution for



170

175

180

185

190

195

200

https://doi.org/10.5194/egusphere-2025-634
Preprint. Discussion started: 21 February 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

the shallowest regions of the estuary. We then combine and convert these datasets to the same datum, NAP, to ensure consistency across the
entire domain. The reference level NAP is used in the Netherlands and is generally equivalent to the mean sea level (MSL) from sources like
EMODNet. However, there is a 2.33 m difference between NAP and the Belgian reference level Tweede Algemene Waterpassing (TAW),
with TAW being lower. In the schematized freshwater tidal river a constant bathymetry of 7 m is provided, reflecting the mean bathymetry in

this part of the river. A map describing the data sources and their locations in the domain is available in Appendix A.
2.3.2 Oceanic and continental forcings

We impose tides and residual currents at the open lateral boundaries of the domain on the continental shelf. The tidal dynamics in the region
are taken into account by applying a tidal forcing at the open boundaries, reconstructed from elevation and velocity harmonics of 21 tidal
constituents, including the 8 primary constituents (M2, S2, N2, K2, K1, O1, P1, Q1), derived from the OSU TPX09.5 global ocean tidal
model, which offers a 1/30° resolution (Egbert et al., 1994). For the residual currents, we impose depth-averaged velocity and sea surface
elevation from daily averaged ocean physics reanalysis of the North-West European Shelf provided by the Copernicus Marine Service
(CMEMS) at resolution of 0.111° x 0.067°. We then combine these depth-averaged velocities and sea surface elevations from CMEMS and
those reconstructed from TPXO model on the model’s open boundary conditions.

Freshwater inputs on the circulation patterns are considered by adding rivers discharges in the model. In the model set-up, the Scheldt
estuary receives its river discharge at the tail of the schematized upstream open boundaries. Observed discharge data for the Scheldt is sourced
from the Schelde Monitor Portal, with a 10 min resolution. In addition, the discharges from major rivers such as the Thames, Seine, Meuse,
and Rhine are imposed at their respective coastal outlets in the North Sea. These rivers are commonly included in models focusing on the
Scheldt estuary and its immediate North Sea coastal surroundings (Gourgue et al., 2009; de Brye et al., 2010; Ivanov et al., 2020). The daily
discharges imposed in the model for those rivers are sourced from the GEOGloWS model provided by ECMWF Streamflow Service.

2.3.3 Atmospheric forcing

We use outputs from the regional atmospheric model MAR (version 3.14) (Grailet et al., 2024), for ‘Modele Atmosphérique Régional’ in
French, as atmospheric forcing. MAR is a hydrostatic model based on the primitive equations, with convection parameterized following
(Bechtold et al., 2001). The model has been applied in various areas such as polar regions (Gallée and Schayes, 1994; Fettweis et al.,
2013, 2017), temperate region (Brasseur, 2001) tropical regions (Brasseur et al., 1998; Ridder and Gallée, 1998) and Belgium (Wyard et al.,
2017). The advantage of using a regional over a global model lies primarily in its ability to provide more detailed simulations (in time and
in space) for a specific geographic area to resolve small-scale processes. Here, we use MAR to simulate the atmospheric circulation over
November and December 2013 at five different spatial resolutions: 2 km, 5 km, 10 km, 20 km and 30 km (Fig. 2.b-f). This allows us to
compare the effect of the spatial resolution of the forcing atmopsheric model, from (sub)-regional to global scale resolutions. The 30 km
resolution matches the ERAS Reanalysis dataset scales (Hersbach et al., 2020) which was used as 6 hourly forcing of the MAR simulations.
The sea surface temperature from ERAS is prescribed in MAR over North Sea and temperature, wind, humidity as well as surface pressure
from ERAS are used at the lateral boundaries of the five MAR integration domains centered over the studied area. The atmospheric pressure
and near-surface wind speed computed with MAR for all spatial resolution, are available at a 15 min time resolution. To assess the influence
of the temporal resolution, we downscale the MAR output time to hourly, 3-hourly, and 6-hourly intervals by averaging, while maintaining
constant spatial resolutions. This approach allows us to differentiate the effects of spatial resolution and temporal resolution. A summary of

the data and atmospheric forcing condition used is given in Table 1.
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Table 1. Summary of the forcing data used in the simulations.

‘ Area of application ‘ Source | Resolution
‘ ‘ ‘ Temporal Spatial
Bathymetry NWCS EMODnet (2021) - 115m
From Dutch coast to Scheldt Lower estuary Rijkwaterstaat (2021) - 20 m
Scheldt upper estuary AGENTSCHAP MDK (2021) - 10 m
Oceanic forcing
Large scale currents Shelf boundary NEMO (CMEMS) 1 day 0.111° x 0.067°
Tides Shelf boundary TPX09.5 15 min 1/30°
Continental forcing
Rivers discharge Scheldt upstream boundary Schelde Monitor 10 min -
Rivers discharge Thames, Seine, Rhine, Meuse river mouths Geoglows (ECMWF) 1h -
Atmospheric forcing Full domain MAR 15min-1h | 2km-5km- 10 km
3h-6h 20 km - 30 km

2.4 Model-data comparison

We use various error metrics to assess the quality of our model results compared to observations from the different stations (see locations in
Fig. 1). Let 0 and m represent the observed and modeled values, respectively, for a time series consisting of /N data points. The mean of the
observed time series is denoted by o, and the mean of the modeled time series is denoted by 7. The performance metrics used to evaluate the
model are summarized in Table 2. Observations include several types of data: wind speed, atmospheric pressure and water elevation. Water
elevation data were sourced from Rijkswaterstaat data, providing continuous 10 min observation data along the Scheldt estuary . Wind speed
and atmospheric pressure were acquired from the Flemish Banks Monitoring Network and located in the Belgian Continental Shelf, Meetnet
Vlaamse Banken, with resolution of 10 min. In addition to the metrics listed in Table 2, we assess the performance of the model to simulate

the peak in the sea level by computing the mean absolute error (MAE) for the highest water elevation value during the storm surge.

3 Results

Here, we analyze simulation results from November 20 to December 20, 2013, and more specifically on the passage of Xaver Storm on
the December 5, 2013 (Fig. 2(a)). We begin by assessing quality the atmospheric forcing that we use in the model output of MAR model.
Then, we validate the hydrodynamic simulation during the Xaver storm event, ensuring its reliability for subsequent analysis. For clarity, we
present the results obtained using the highest temporal and spatial resolutions for atmospheric forcing: 2 km and 15 min. Finally, we analyze
the influence of varying temporal and spatial resolutions in the atmospheric forcing on the hydrodynamic response, highlighting their impact

on the quality of the of the storm surge simulation.
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Table 2. Model performance metrics.

Metrics Description Formula

Mean Absolute Error Magnitude of errors in a set of predictions MAE = + Zivzl |m; — o]
to over/underestimate observation

Root Mean Square Error (RMSE) | Overall goodness-of-fit of the model RMSE = \/ L3N (mi—0:)?
and variability

Standard Deviation (o) Dispersion of model results around the mean | o, = \/ + vazl (m; —m)?

>, (mi —m)(0; — o)
SR (01—

Correlation Coefficient (R) Degree of agreement between modeled R=

and observed data

3.1 The atmospheric forcing

The high-resolution atmospheric model with spatial resolutions of 2 and 5 km (Fig. 2b-c) captures finer detail of the wind speed variability,
particularly over continental regions, where the complex topography induces localized wind patterns. These higher resolutions exhibit pro-
nounced variability compared to the smoother, more uniform wind fields observed over marine areas. As the spatial resolution coarsens to
10-30 km (Fig. 2d-f), fine-scale variations are increasingly smoothed out, with larger grid cells averaging localized phenomena. Although
proving that finer spatial resolution universally improves simulation quality is challenging as spatially distributed observation would be
needed for proper validation, these results illustrate the ability of higher resolutions to resolve mesoscale features, particularly in coastal and
estuarine environments.

The atmospheric model MAR effectively reproduces the variability in atmospheric pressure and wind velocity during the simulated
period, as shown by comparisons between MAR simulations with a 2 km spatial resolution and 15 min temporal resolution, and observations
recorded at the Zeebrugge Dam Instrument (ZDI, Fig. 3). Similar consistency emerges across other spatial and temporal resolutions. This
validation relies on observations from a single site. Additional locations are available in the area of interest, but they were excluded due to
their proximity to the ZDI (within 10 km, hence smaller than the coarsest spatial resolution of the atmospheric model), or incomplete data
for the study period. During the analysis period, three pronounced peaks in wind speed and corresponding drops in atmospheric pressure
occurred. The first event, on November 28, corresponds to Storm Oskari; the second, on December 6, to Storm Xaver; and the third, on
December 18, to Storm Bernd. Notably, among the three events, only Storm Xaver generated a significant storm surge in the region. In
contrast, although Storm Bernd caused a more substantial drop in atmospheric pressure at the observation site, its relatively weaker wind
speeds were insufficient to trigger a storm surge event.

We compute the RMSE values for wind speed and atmospheric pressure at ZDI across varying spatial and temporal resolutions, as
summarized in Table 3. For wind speed, higher spatial resolutions generally enhance accuracy, with RMSE values ranging from 2.126 m/s
at 2 km to 2.402 m/s at 20 km, with temporal resolution fixed at 15 min. However, the increasing trend of RMSE is not strictly monotonic
as the spatial resolution coarsens, as intermediate resolutions, such as 10 km and 30 km, yield lower RMSE values than 5 km and 20 km,
respectively. For atmospheric pressure, a portion of the RMSE is attributed to a systematic bias caused by the elevation difference between

MAR (sea level) and the ZDI weather station. To account for this, we remove the mean bias and compute the centered RMSE (CRMSE)
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instead of the standard RMSE. The CRMSE increase with coarser spatial resolutions, ranging from 1.972 hPa at 5 km to 2.918 hPa at 20
km, also at a fixed 15 min temporal resolution. A similar non-monotonic pattern emerges, with the best performance at 5 km and slightly
lower RMSE at 30 km compared to 20 km. The spatial resolution yielding the lowest CRMSE occurs at 5 km, while 30 km shows lower
CRMSE than 20 km. Temporal resolution also impacts accuracy, with RMSE for both wind speed and atmospheric pressure increasing as
the temporal resolution decreases from 15 min to 6 h, while spatial resolution is held constant at 2 km. Wind speed RMSE increases from
2.126 m/s to 2.263 m/s, while atmospheric pressure CRMSE rises from 2.623 hPa to 2.760 hPa. The differences in RMSE values across the
different resolutions remain modest, with the mean RMSE for wind speed magnitude and atmospheric pressure at 2.218 m/s and 1.464 hPa,
the maximum difference between the best and worst resolutions is 0.276 m/s for wind speed and 0.452 hPa for atmospheric pressure.

The RMSE values for both wind speed and atmospheric pressure remain lower than the standard deviation of observations, 7.474 hPa for
atmospheric pressure and 3.512 m/s for wind speed, indicating that biases introduced by resolution changes are not statistically significant
and the model errors are within the expected natural variability. To quantify these variations, we compute the RMSE as a fraction of standard
deviation of observations, relative RMSE (RRMSE) in Table 3. For wind speed, the RRMSE ranges from 0.605 at 2 km, 15 min resolution
to 0.684 at 20 km, 15 min resolution, while for atmospheric pressure, it varies from 0.264 at 5 km, 15 min resolution to 0.390 at 20 km,
15 min resolution. These percentages suggest that the differences in RMSE across resolutions fall within the natural variability of atmospheric
conditions at ZDI, meaning that the model’s sensitivity to resolution changes is minimal.

The correlation coefficients in Table 3 show a good agreement between the MAR model results and observations. For wind speed at differ-
ent spatial resolutions, correlation ranges from 0.780 at 20 km to 0.835 at 5 km, with finer spatial resolutions generally improving agreement,
though not in a strictly monotonic manner, similar to RMSE trends. Atmospheric pressure exhibits consistently high correlation values above
0.993 across all spatial resolutions, demonstrating strong model fidelity. Temporal resolution mainly affects wind speed correlation, decreas-
ing from 0.826 at 1 h resolution to 0.785 at 6 h resolution at 2 km spatial resolution. In contrast, atmospheric pressure correlation remains

above 0.984, suggesting that pressure variations are less sensitive to temporal smoothing compared to wind variation.

Table 3. Statistics for wind speed and atmospheric pressure with different MAR spatial and temporal resolutions at Zeebrugge Dam Instru-

ment (ZDI) from November 25 to December 20, 2013.

MAR spatial and temporal Wind Speed Atmospheric Pressure
resolutions RMSE [m/s] | RRMSE [-] | Correlation [-] | CRMSE [hPa] | RRMSE [-] | Correlation [-]

2 km, 15 min 2.126 0.605 0.818 2.443 0.327 0.996
5 km, 15 min 2.350 0.669 0.835 1.972 0.264 0.996
10 km, 15 min 2.131 0.607 0.803 2.698 0.361 0.996
20 km, 15 min 2.402 0.684 0.780 2918 0.390 0.995
30 km, 15 min 2.165 0.616 0.802 2.510 0.336 0.993
2km, 1 h 2.140 0.609 0.826 2.637 0.353 0.996
2km, 3 h 2.163 0.616 0.816 2.623 0.351 0.994
2km, 6h 2.263 0.644 0.785 2.760 0.369 0.984

10
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Figure 2. (a) Storm Xaver’s central low-pressure trajectory over the North Sea and surrounding areas, showing its path on December 5, 2013,
with time stamps in UTC. The trajectory is marked with a red curve. Panels (b—f) display snapshots of wind velocity magnitude during the
storm’s passage, specifically at 12:00 UTC on December 5, 2013, derived from the MAR atmospheric model at various spatial resolutions.

These resolutions range from (b) 2 km, (c) 5 km, (d) 10 km, (e) 20 km, to (f) 30 km.
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Figure 3. Wind velocity and atmospheric pressure at Zeebrugge Dam Instrument (ZDI) from November 25 to December 20, 2013, showing
observations in green for atmospheric pressure and blue for wind velocity, alongside MAR atmospheric model outputs at 2 km and 15 min

resolution, represented in yellow for atmospheric pressure and red for wind velocity.

3.2 Ocean model validation during storm surge

The time series analysis obtained from the model and tide gauges show that the model accurately reproduces the tidal cycles at the different
stations (see illustration for water elevation in Fig. 4). There is a slight underestimation of the tidal height and low tide by about 0.1 m but
these deviations are relatively minor as compared to the tidal range of about 6 m. Error metrics further indicate the model’s robustness (Table
4). The bias values remain near zero and the correlation coefficients, consistently exceeding 99%, confirm a strong linear agreement between
the modeled and observed water elevations. This high correlation underscores the model’s effectiveness in capturing the dynamics of water
elevation within the estuary. The RMSE values, ranging from 0.221 m at Westkapelle to 0.297 m at Antwerpen Loodsgebouw, where the

tidal amplitude is around 4 m.

3.3 Storm surge simulation sensitivity to atmospheric model resolution

The comparison of simulations using atmospheric forcing at different spatial resolutions, while maintaining a fixed temporal resolution,
indicates that the best results are achieved with the 2 km resolution (Fig. 5). The performance of peak water level modeled declines as the
spatial resolution of atmospheric forcing decreases. Along the Scheldt estuary the finer spatial resolution consistently outperforms other
resolutions in modeling the maximum water elevation, named hereafter as the peak water or peak surge, particularly in upstream stations
(Fig. 5). The results of 5 km and 10 km resolutions are close to the accuracy of the 2 km forcing, whereas coarser resolutions of 20 km and
30 km yield significantly poorer results. As a result, there is 20% improvement in peak water elevation estimation between the simulations

forced at 2 km and 30 km resolution in upstream regions like Antwerpen Loodsgebouw and Kallosluis Schelde.

12
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Figure 4. Sea surface elevation at Hansweert as simulated by SLIM with atmospheric forcing of 2 km spatial and 15 min temporal resolutions

of MAR (blue) compared to observations (red), time series from November 25th to December 20th 2013.

Table 4. Error metrics for the different stations measurement along the Scheldt estuary, from November 25 to December 20, 2013.

Station RMSE [m] | Correlation [-] | MAE [m]
Vlakte van de Raan 0.223 0.985 0.174
Cadzand 0.218 0.987 0.166
Westkapelle 0.213 0.986 0.163
Breskens Veerhaven 0.214 0.988 0.161
Vlissingen 0.219 0.988 0.166
Gat van Borssele 0.226 0.989 0.171
Hansweert 0.238 0.990 0.180
Walsoorden 0.242 0.990 0.185
Baalhoek 0.245 0.990 0.187
Schaar van de Noord 0.245 0.991 0.187
Prosperpolder 0.255 0.991 0.194
Fort Lietkenshoek 0.249 0.991 0.188
Kallosluis Schelde 0.262 0.990 0.199
Antwerpen Loodsgebouw 0.297 0.987 0.232

The comparison of the simulations obtained by forcing the hydrodynamic model SLIM with MAR at different temporal resolutions and
fixed spatial temporal resolution shows that the best results are obtained with the 15 min resolution. However, the impact of the temporal
resolution of the atmospheric forcing on the peak water levels is obvious only at the finest 2 km spatial resolution (Fig. 6.a). The temporal
resolution of the atmospheric forcing appears to have an almost negligible impact on the quality of model simulations when spatial resolution
is coarser (Fig. 6.b). At 5 km resolutions (Fig. 6.b), the scatter of points across different temporal resolutions shows comparable performances
across most stations, with no evident advantage for higher temporal resolution. Similarly, coarser spatial resolutions ranging from 10 to 30 km
(not shown here) exhibit behavior comparable to the 5 km resolution. The results suggest that the temporal resolution of the atmospheric
forcing only has an impact on the model’s performance when the spatial resolution is finer.

The deviation in peak water levels with a fixed temporal resolution of the atmospheric forcing increases as the spatial atmospheric forcing

resolution becomes coarser across the domain (Figs. 7). This deviation peak is defined as the difference between the maximum water elevation
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of two simulations. The peak deviation between the simulations forced with 2 km and 5 km atmospheric resolutions (Figs. 7.a) shows value
of £ 10 cm. As the resolution coarsens to 10 km, 20 km, and 30 km (Figs. 7.b-d), the deviations expand both in magnitude and spatial extent.
Deviations remain modest between the 2 km and 5 km simulations, mostly under 10 cm (Fig. 7.a), but exceed 10 cm over the center area of
the lower estuary as the resolution further decreases (Figs. 7.b-d), with maximum deviations approaching 40 cm in the center of the Scheldt
lower estuary when comparing with simulation using 30 km resolution. The Scheldt estuary exhibits the largest deviations, with the center
of the lower estuary and coastal region showing the most sensitivity to resolution changes while the North Sea shows smaller deviations,
reflecting reduced sensitivity in regions farther from the estuary’s funnel-shaped topography.

The regions experiencing significant deviations in peak water levels expand as the temporal resolution of the atmospheric forcing becomes
coarser. The deviation in peak water levels, at a fixed spatial resolution, exhibits variations of approximately =10 cm between the simulation
forced at 15 min and the other temporal resolution (Figs. 8). This pattern is particularly noticeable in the Scheldt estuary, where the close-up
views (Figs. 8 b,d and f) highlight substantial differences of the area with larger peak differences. The area experiencing large deviations in
peak water levels expands further in the North Sea, where the spatial extent of areas with large deviations in peak water levels also increases
with coarser temporal resolution (Figs. 8a,c and e). Additionally, a distinct shift in the sign of the deviation is observed, dividing the North Sea
and the English Channel. Compared to simulations at coarser resolutions, the simulation using the reference atmospheric forcing resolution
of 2 km yields higher peak water levels (positive deviation) on the Scheldt estuary and North Sea and lower peak water levels (negative

deviation) on the Channel.

Spatial resolution
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4.2 e 10km
+ 20km
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> 4.0 // v i
® ? g%% Stations
2'3.8 @ Vlakte van de Raan
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® v =3 B Westkapelle
E 3.6 p < ] & Breskens Veerhaven
$ - @ g & Vlissingen
L3 ,, Gat van Borssele
3 /’l @ g B Hansweert
§ 32 g Walsoorden
' % Baalhoek
v Schaar van de Noord
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'83».0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 Antwerpen Loodsgebouw

Observed elevation peak [m]

Figure 5. Comparison of peak water elevation between simulation (y-axis) and observation (x-axis) at various stations and spatial resolution,
using MAR atmospheric forcing fixed at 15 min temporal resolution. Different symbols indicate spatial resolutions of the atmospheric forcing
(ranging from 2 km to 30 km), and colors correspond to specific coastal stations as shown in the legend. The dashed line represents perfect
agreement between model predictions and observations. The best agreement between model and observation is achieved for the largest storm

surge peaks and the finest spatial resolution.

The hydrodynamic model results better agree with observations at upstream stations, where surge levels are highest. This holds true

across different temporal and spatial resolution of the atmospheric forcing. Stations such as Prosperpolder and Antwerpen Loodsgebouw

14
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Figure 6. Same as Fig. 5 for various temporal resolution of the atmospheric forcing with spatial resolution fixed at (a) 2 km, (b) 5 km.

Symbols represent various temporal forcing resolutions, ranging from 15 min to 6 hours. A finer spatial resolution of 2 km (a) demonstrates

significant improvement with increased temporal resolution compared to the coarser spatial resolution of 5 km (b).

exhibit slightly greater discrepancies in peak surge levels, as evidenced by scatter markers deviating further from the diagonal line at coarser

atmospheric resolutions. These deviations become more pronounced as resolution of atmospheric forcing decrease, as shown in Figs. 7 and

8. At the most upstream stations, temporal resolution exerts a substantial influence on peak water elevations, with observed differences of up

to 15 cm between simulation forced at 15 min and 6 h temporal resolution (Figs. 6.a and 8). Spatial resolution has an even greater impact,

causing a peak surge deviations of up to 30 cm between 2 km and 20 km resolutions (Figs. 5 and 7) at those stations.

The timing of the storm surge is largely unaffected by the resolution of the atmospheric forcing, as peak water levels occur nearly

simultaneously across most of the domain, regardless of the spatial or temporal resolution of the forcing. Peak water levels across different

spatial and temporal resolutions display a time variation mostly around 0 min of deviation with a range within & 10 min (Figs. 9 and 10).

Both spatial and temporal scales exhibit similar patterns. The higher value of deviations appear as patchy regions in the estuary and coastal

areas. These regions become larger as spatial or temporal resolution of the atmospheric forcing gets coarser, particularly in the Estuary but it

stays in the limited range of 10 min. Also in the estuary, a large time variation, with blue and red patches, can be seen in the region with tidal

marshes.

4 Discussion and conclusions

The quality of a storm surge simulation is sensitive to atmospheric forcing spatial and temporal resolution, particularly in topographically

confined areas like estuaries. By forcing a multiscale hydrodynamical model with atmospheric forcing at different spatial resolutions ranging

from 2 km to 30 km and temporal resolutions from 15 min to 6 h, we highlighted this impact for the Scheldt estuary-sea continuum during

the major storm Xaver. Our model was able to reproduce the dynamics of the storm surge event, with errors similar to other studies (e.g.
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Figure 7. Difference in maximum water elevation between simulation results at 2 km atmospheric forcing resolution and those at (a-b) 5 km,
(c-d) 10 km, (e-f) 20 km, and (g-f) 30 km forcing resolutions. The temporal resolution of the atmospheric forcing is fixed at 15 min for all
simulations. two simulations with varying spatial resolutions. The left panels depict the coastal North Sea, while the right panels present

close-up views on the Scheldt estuary.

Plancke et al. (2020)). We found that increasing the spatial resolution of the atmospheric forcing led to more accurate predictions of peak
surge levels. In contrast, coarser resolutions tended to underestimate the peak surge elevation. While the temporal resolution also influenced
the results, its impact was noticeable only for the finer spatial scales and its impact diminished with coarser resolutions. Overall, our analysis
shows that spatial resolution plays a more significant role than temporal resolution in improving the accuracy of peak surge modeling in
estuarine region.

The magnitude of the modeled storm surges across the Scheldt estuary is highly sensitive to the resolution of atmospheric forcing, a
finding that aligns with previous studies, such as Agulles et al. (2024). However, while previous studies emphasized the role of temporal
resolution at larger spatial scales, our results indicate that spatial resolution has a stronger influence when modeling estuarine environments
at finer scales. This contrasts with the findings of the aforementioned study for which temporal resolution played a more significant role than
spatial resolution at scales of 1.5-25 km and temporal resolutions ranging from hourly to daily. This divergence in results may be because
Agulles et al. (2024) focused primarily on larger-scale coastal dynamics using atmospheric data at broader spatial and temporal scales, on

the continental scale along the European coastline and on several decades, while our study concentrated on the finer-scale dynamics of
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Figure 8. Difference in maximum water elevation between simulation results at 15 min atmospheric forcing resolution and those at (a-b) 1 h,
(c-d) 3 h, (e-f) 6 h forcing resolutions. The spatial resolution of the atmospheric forcing is fixed at 2 km for all simulations. The left panels

depict the coastal North Sea, while the right panels present close-up views on the Scheldt estuary.

estuarine regions and smaller temporal scale. Furthermore, our use of a different atmospheric data source from them may have contributed
to these contrasting results. While Agulles et al. (2024) found optimal results using the ERA5 Reanalysis Dataset at an hourly resolution
with a 31 km spatial scale (Hersbach et al., 2020), our study suggests that such resolutions underperform in estuarine environments, where
finer spatial scales yield more accurate storm surge modeling. The determination of appropriate spatial resolution for atmospheric forcing
is ultimately dependent on the specific processes and scales being modeled. For coastal storm surge dynamics, which typically unfold
over several kilometers and hours, atmospheric forcing at spatial scales of tens of kilometers may suffice (Agulles et al., 2024; Meyer and
Gaslikova, 2023; Muller et al., 2014; Ridder et al., 2018). However, our results indicate that these standard resolutions may be inadequate
for modeling storm surges in estuarine regions, where finer atmospheric forcing is necessary to capture the more complex dynamics at play
in a more confined environment.

Improving storm surge modeling through higher-resolution model necessitates to balance the benefits of increased accuracy and the associ-
ated computational and practical costs. This demand concerns both computing the high-resolution atmospheric model and the hydrodynamic
model. Our findings demonstrate that higher temporal resolution of the atmospheric forcing (15 min), when paired with the finest spatial
resolution of the atmospheric forcing (2 km) provides the best results for the peak surge simulated by the hydrodynamic model. However,
this raises the question of how much further refinement is both feasible and beneficial. First, for the temporal resolution of the atmospheric
forcing: could higher resolution than 15 min could further refine the model result in the estuary? The surge takes around two hours to travel
along the estuary, with peak water levels hitting Vlakte de Raan at 15:40 and Antwerp at 17:50 on December 6th. This 2 hours propagation
time is eight times longer than our finest temporal resolution of the atmospheric forcing. Further increasing this temporal resolution may

not significantly enhance results and could introduce model errors without providing meaningful gains in accuracy. Second, refining spatial
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Figure 9. Timing differences in peak water levels during the storm surge between the reference simulation with 2 km resolution, and
simulations with coarser spatial resolution: (a, b) 5 km, (c, d) 10 km, (e, f) 20 km, and (g, h) 30 km resolution, and a fixed temporal resolution
of fixed to 15 min. The color scale indicates the deviation in peak timing from the reference, measured in minutes. The left panels depict the

coastal North Sea, while the right panels present close-up views on the Scheldt estuary.

resolution of the atmospheric model poses its own challenges. Achieving finer spatial resolution from the atmospheric model comes with
substantial computational costs and is constrained by the hydrostatic assumption of the atmospheric model, which restricts the ability to
achieve spatial resolutions finer than about 2 km. Refining beyond this threshold would require non-hydrostatic atmospheric models, which
are computationally intensive. Finally, spatial resolution of the computational mesh also significantly impacts model outcomes. In this study,
the coarsest mesh element was designed to align with the finest atmospheric spatial resolution of 2 km. If more detailed atmospheric forcing
becomes available, a correspondingly finer computational mesh would be required. However, solving the hydrodynamics model on a finer
mesh is much more computationally expensive and introduce challenges related to the mesh design, and can highly impact the accuracy of the
hydrodynamic simulations (Saint-Amand et al., 2023). Future research should therefore focus on identifying an optimal trade-off between
model accuracy and the practical limitations of computational resources. Balancing these factors to improve storm surge modeling while
ensuring its feasibility for real-world applications.

Consistency in the timing of peak storm surges across various spatial and temporal resolutions is a another finding of this study. We found

that the predicted timing of peak surge events remained relatively stable, regardless the resolution of the atmospheric model. This suggests
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Figure 10. Timing differences in peak water levels during the storm surge between the reference simulation with 2 km resolution and 15 min
atmospheric forcing, and simulations with coarser temporal resolution: (a, b) 1 h, (¢, d) 3 h, and (e, f) 6 h intervals. The color scale indicates
the deviation in peak timing from the reference, measured in minutes. The left panels depict the coastal North Sea, while the right panels

present close-up views on the Scheldt estuary.

that factors beyond the spatial or temporal resolution of atmospheric forcing may be influencing the timing of peak surges. One plausible
mechanism warranting further investigation is the modulation of surge timing by the tidal cycle. During the Xaver Storm, the peak surge event
coincided with high tide, strongly implying that this synchronization played a role in shaping the observed timing. This alignment between
storm surge peaks and specific tidal phases likely accounts for the consistent 20 min accuracy in surge timing predictions observed across
all model resolutions evaluated in this study. The interaction between tidal dynamics and storm surge timing has been analyzed in previous
studies, supporting the significance of this relationship in shaping surge behavior (Al Azad et al., 2018; Thomas et al., 2019).

As with any modeling study, our approach has limitations and assumptions that should be acknowledged. Firstly, the use of a 2D model
does not include the vertical density gradients, which can influence circulation and mixing processes in stratified estuaries. However, the
Scheldt estuary and its coastal region is well-mixed due to strong tidal forcing which propagates up to 80 km upstream from the estuary
mouth, reducing the impact of baroclinic effects typically associated with salinity and temperature variations (Van Damme et al., 2005;
Ivanov et al., 2020). While the 2D model does not capture the full three-dimensional complexity, including baroclinic effects arising from
salinity and temperature variations, it remains a valuable tool for understanding storm surge behavior under different spatio-temporal atmo-
spheric forcings. We expect the influence of 3D baroclinic physics will further be limited compared to the impact of atmospheric resolution,
as the flow dynamics during the storm surge events on this shallow region are primarily driven by wind, atmospheric pressure and tides.
Additionally, the 2D model allows the use of a finer horizontal mesh resolution that would have been hardly usable in a 3D model. Another
limitation of our study is the simplified representation of vegetation through increased bottom friction, which may not fully capture the fric-

tional dynamics in shallow water environments. This simplification underestimates friction in areas where water depth is less than vegetation
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height, such as the Scheldt marshes, where plants can grow up to one meter. As depicted by the blue and red patches in Fig. 9. In reality, the
drag exerted by vegetation should remain constant regardless of depth, but our model introduces variability, reducing drag as depth increases.
More advanced methods, like those proposed by (Baptist et al., 2007), better capture vegetation’s impact by accounting for its full drag effect.
Future studies should adopt refined drag models to improve storm surge simulations, particularly in marshlands where vegetation mitigates
extreme weather impacts (Hu et al., 2015).

Storm surge modeling in estuarine environments faces significant challenges due to complex atmospheric and hydrodynamic interactions.
Our findings emphasize the importance of high-resolution atmospheric forcing for improving storm surge modeling in the estuary-sea con-
tinuum. As mentioned previously, ERAS reanalysis provide hourly forcing at a spatial resolution of 31 km produced by ECMWE. Similarly,
operational forecasts produced by ECMWEF’s Integrated Forecasting System (IFS) offer comparable spatial resolution but vary in temporal
granularity, ranging from 1 h to 6 h. While these datasets represent significant progress, their resolutions remain insufficient to fully capture
the fine-scale dynamics characteristic of estuarine regions. Climate change and associated sea level rise are expected to intensify storm surge
events (Woth et al., 2006), underscoring the value of addressing these limitations. Enhancing the resolution of atmospheric forcing data
has the potential to significantly improve model accuracy, ultimately informing effective coastal protection strategies. Achieving a balance
between higher model resolution and computational efficiency is will allow to support both real-time forecasting and long-term planning.

These advancements would contribute to enhance the resilience of river-estuary systems against evolving environmental threats.

Code and data availability. This project was carried out on multiple computers, including high-performance computing (HPC) systems and

desktops. While we have chosen not to publicly release the code, it will be made available upon request.

Appendix A: Bathymetry sources

The domain’s bathymetry (Fig. A1) was constructed using multiple sources with resolutions varying by region, from coarse in the North-
western Continental Shelf (NWCS) to fine in the Scheldt estuary. High-resolution datasets, such as AGENTSCHAP MDK (2021) and
Rijkwaterstaat (2021), were applied in the estuary, a constant bathymetry was used in the schematized upstream Scheldt river and coarser
data from EMODNet was used elsewhere. All datasets were standardized to a consistent vertical datum to ensure coherence before being
combined. The bathymetry resolution varies based on the geographical location, ranging from coarser (115 m) resolutions in the Northwest-
ern Continental Shelf (NWCS) to finer (10 m) resolutions in the Scheldt estuary region. The process of combining and standardizing the
datasets to a consistent datum level ensures coherence and accuracy in the simulation results. Finally, the bathymetry was interpolated onto

the unstructured mesh, allowing for seamless transitions between resolutions and accurate representation of the estuarine system.

Appendix B: Model calibration

The final Manning roughness coefficients used in the simulation are illustrated in Fig. B1. A calibration of the model was conducted to
achieve the best agreement with observed water levels and tidal components. This process involved iterative adjustments of Manning’s
values across different segments of the river-estuary-ocean continuum. The simulations performed for the calibration are described in Table
B2. The calibration is done using a Taylor Diagram (Fig B2) which involves the correlation (R), standard deviation (o), and centered root

mean square error (CRMSE) between the simulated (m) and observed (o) data.
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Figure Al. Interpolated bathymetry and source distribution across the model domain. Colored regions in panel (a) highlights the extend of
the high-resolution bathymetric data sources used for the coastal area and lower Scheldt estuary from Rijkswaterstaat (2021) in blue, for the
upper Scheldt estuary from AGENTSCHAP MDK (2021) shown in magenta, and the schematized freshwater tidal network with constant
bathymetry in green and Esri World Imagery as basemap (ESRI, 2025). The lower panels illustrate the interpolated bathymetry mapped onto
the computational mesh at (b) a large-scale view of the North Sea, and (c-d) close-up views of two specific locations within the Scheldt

estuary. Panels on the estuary (a,c and d) share the same colorbar and panel on the North Sea (b) has its own.

Centered Root Mean Square Error (CRMSE) is an error metric that accounts for bias, CRMSE = \/ % Zi\]: 1(mi—os —m+70)2.
Following Taylor (2001), CRMSE can be related to o, and R with the following relationship :

CRMSE? = 62 + 62, — 0oomR. (B1)

From law of cosines, a Taylor diagram can be visualized as a polar coordinate plot where = o, and @ = arcos(R). CRM SE? has units
of the principal variable squared and CRMSE appears as the distance from the position of a perfect model (r = 0,,6 = 0). We can divide
equation (B1) by o, and obtain dimensionless equation and the Normalized Taylor Diagram, this normalized Taylor Diagram is more suitable

for comparing different data set from various source, thus with different variances. The normalized equation is:
CRMSE*® =142 —05R,
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where CRMSE™ = %A;ISE and the normalized standard deviation o, = ‘;—T

In the normalized diagram, the perfect model always lies at (r,0) = (1,0), facilitating comparison of data sets with different variances,
thus assessing the model performance at different observation point with various simulation set up.

The calibration results for the North Sea region are illustrated in figure B2 with the Taylor diagram of water elevation for simulations
1-4 of 15th June to 31st July. Along the coastal zone of the North-Sea and up to the Lower Scheldt Estuary, variations in the Manning
coefficient impact the standard deviation of the water surface elevation. An increase in the Manning coefficient results in a leftward shift of
the normalized standard deviation. The optimal Manning coefficient for the coastal North Sea is identified as 0.025 s m~ /3,

We show here the calibration for the North Sea region (Fig. B2). The other areas showcase similar results and are not presented. Table B1

details the values of the correlation and normalized standard deviation for the simulations 1-4 at Cadzand.

Manning coefficient (s m~(-1/3))
I —

N
8 &
X ¥

Y% S &
o 0 o

Figure B1. Manning coefficient distribution along (a) the Scheldt estuary, with Esri World Imagery as basemap (ESRI, 2025), and (b) the
North Sea.

Table B1. Correlation and Normalized Standard Deviation values when comparing water elevation at Cadzand for simulation n°1-4.

nfsm™%) | oml-] | R[]

0.026 1.0036 | 0.9937
0.025 1.0038 | 0.9937
0.024 1.0398 | 0.9935
0.023 1.0394 | 0.9935

Appendix C: Wetting and Drying scheme

The goal of the WD algorithm is to ensure that the water depth H = n-+b remains strictly positive. Various WD methods exist, both in explicit
and implicit schemes. Explicit methods must satisfy to the Courant—Friedrichs—Lewy (CFL) criterion, limiting time steps and increasing
computational costs for large-scale simulations. Implicit methods allow larger time steps but may disrupt mass and momentum conservation.
The first implicit method developed with SLIM considered element removal algorithm to classify and remove dry elements, which can

destabilize simulations (Kirni et al., 2011). A second implicit method employed a thin film layer algorithm to maintain positive water depths,
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Figure B2. Taylor diagram comparing water elevation for the simulations n°1-4 (n=0.023-0.026) at Cadzand.

Table B2. Parameters for each simulation for the calibration

Simulation ‘ Period ‘ Manning coefficient [sm’l/ 3
numbers ‘ ‘ North Sea | Lower estuary | Tidal marshes
1-4 15 Jun.- 31 Jul. 2013 | 0.023-0.025 0.012 0.08
5-12 15 Jun.- 31 Jul. 2013 0.025 0.008-0.015 0.08
13-16 15 Jun.- 31 Jul. 2013 0.025 0.015 0.06-0.10

though it complicated parametrization due to its multiple requirements (Le et al., 2020). SLIM optimized on GPUs has greatly improved
explicit performance, allowing a turn to explicit schemes which showcase simpler parametrization. This code guarantees a minimum water
440 depth Hupin to be maintained in each element. This limiter ensures that the water depth H does not approach zero, preventing numerical

instabilities. The temporal scheme in the model operates as follows:
Ut =UM - AtM T F(U)

where U™ is an intermediate state depending on the Runge-Kutta scheme, in this case, with an explicit Euler scheme, U™ = U™, F represents

the flux and M is the mass matrix. For mass conservation, the scheme is:

445 "t =" 4 AtMTUF(n" ut) (C1)
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To account for numerical rounding errors, the scheme is designed to maintain H > Hipin. The value of Hy, is selected between 10~* and
1072 for single precision, and between 10™° and 10~'2 for double precision.

F can further be decomposed into the internal and external fluxes:

F=F"4F™
For wetting and drying purposes, F'™ is less relevant since it merely transfers mass between vertices. The crucial part is F**!, the flux entering
and leaving the triangle. The wetting and drying scheme involves four steps, each of them will be described in more details afterwards:

1. Compute the fraction of F**' that exits the triangle.

2. If excessive mass is leaving the triangle, compute a limiting coefficient to reduce the flux, ensuring H > Hin On average.

3. Compute all fluxes using the limiting coefficient.

4. Ensure H > Hu, at each vertex. If H < Hpin at any vertex, apply a limiter and redistribute the mass within the triangle.

Thus, F**" is computed as an integral F'*¢ over each edge i of a triangle:
Fex[ — F€1 + Feg +F€3

Each of these integrals is evaluated numerically as a weighted sum of the fluxes computed at the edge’s integration points. When calculating
external fluxes, the flux direction is assessed at each integration point. After determining the outgoing external flux F*"**", the total mass
variation is:

AV: Z Fiext,out

i€nodes

Let H, i = 1;" + b; — Hmin, Which represents the water column height at node 4 that can be safely removed. The total volume that can be safely

removed is then given by:

v= Y My =2 3 A

,j €nodes i1€nodes

where J is the element’s Jacobian, which remains constant for linear elements. The limiting coefficient Cwp is computed as follows:

Cwp=1 if V4+AV >0
Cwp =0 if V<0
Cwp = |TV;/‘ otherwise

During the second step, we use the limiting coefficient to compute the flux for each edge and apply the limiter based on the flux direction
per edge. Finally, we ensure that the predicted future state maintains H > Huin at each vertex. If any vertex height is below Huin, we apply a
limiter to redistribute the mass within the triangle. This involves computing the minimum and average height of the next state and adjusting
the elevations using a weighted average between the vertices’ elevations and the triangle’s average height, ensuring H > Hun at each vertex.

An example of the computation of the limiting coefficient C'wp is given in Fig. C1.
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Safe volume=1

Figure C1. The triangle on the left has a safely removable volume of 1. The total outgoing volume, considering the fluxes at each integration

point, is -2. Thus, the limiting coefficient is Cwp = 1/2. The next time step volume will be 1 — 2Cwp + 1Cwp = 1/2.
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