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Abstract. This study focuses on improving wave boundary conditions for phase-resolving coastal simulations using the three-
dimensional non-hydrostatic SYMPHONIE model deployed on the rocky beach of Ars-en-Ré (France), located on the exposed
northwestern coast of Ré Island. With regard to waves leaving the numerical domain, a new radiative condition scheme is
proposed. With regard to waves entering the domain, two approaches for forcing offshore boundary conditions are compared:
using direct measurements and downscaling from larger-scale, lower-resolution spectral wave models. A particular frequency
de-coherence procedure is applied to reconstruct the phase-resolving boundary signal from the directional wave spectrum.
The model’s performance is evaluated against a comprehensive hydrodynamic and bathymetric field campaign conducted
during the winter of 2020-2021. Comparisons with in situ observations demonstrate that both configurations successfully
reproduce the variability of significant wave heights and frequency spectra across the nearshore zone, as well as the main
directional wave transformation from offshore to nearshore. While both offshore-forcing strategies provide realistic results,
uncertainties associated with the incident spectral forcing and its phase-resolving reconstruction, the numerical representation

of bathymetry and dissipation processes remain a major source of model variability.

1 Introduction

Accurate, fine-scale modelling of the sea state and of coastal hydrodynamics is crucial for public policy decision-making, and
for operational forecasting such as marine submersion or warning bulletins (Jourdan et al., 2023). The actual sea level rise
and the suggested intensification of storms (Oppenheimer et al., 2019; Knutson et al., 2021) combined with natural subsidence

(Woppelmann and Marcos, 2016; Dinar et al., 2021; Gravelle et al., 2023) accentuates the need for setting simulation grids
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refined at higher resolution in order to better describe local hydrodynamics patterns to adapt defence structures and to develop
effective warning systems.

For now, operational storm surge models (Michaud et al., 2015; Filippini et al., 2024) are generally based on circulation
models, often barotropic, coupled with spectral wave models (e.g. WAVEWATCH III (Group, 2019), SWAN (Booijj et al.,
1999)), using Vortex-Force equations (McWilliams et al., 2004; Smith, 2006; Ardhuin et al., 2008; Bennis et al., 2011; Michaud
et al., 2012; Martins et al., 2022) or Radiation Stress formalism (Longuet-Higgins and Stewart, 1962, 1964). Operational
implementations may rely either on separate circulation and spectral wave models exchanging information through an external
coupler, such as OASIS (Valcke et al., 2015), or on tightly integrated modelling systems in which the two components interact
internally. The latter include unstructured systems such as SCHISM-WWM, used in operational services such as OPENCoastS
(Oliveira et al., 2021). Regardless of the coupling architecture, these approaches remain intrinsically limited by their statistical
representation of the wave field. Spectral wave models describe the evolution of the wave energy spectrum, from which bulk
parameters such as significant wave height, mean wave period, and mean wave direction are derived. Consequently, coupled
circulation—spectral wave systems primarily represent the slowly varying contributions to coastal sea level, including tides,
storm surges, and wave setup. They do not explicitly resolve individual waves, infragravity (IG) motions (Bertin et al., 2018),
or high-frequency shoreline processes such as swash and run-up, although these processes can be critical for predicting coastal
flooding and overtopping.

An alternative is to use phase-resolving models able to describe the wave field dynamics at the scale of an individual wave
(e.g. Kirby et al., 1998; Smit et al., 2010; Zijlema et al., 2011; Roeber and Cheung, 2012; McCall et al., 2014; Marsaleix et al.,
2019; Marchesiello et al., 2021; Richard, 2021). Forced by larger spectral models and circulation models at regional scales,
phase-resolving models have the potential to represent each driving physical process involved in coastal flooding from the
coastal surge to the wave impact (Seyfried et al., 2024; Imbertie, 2024). With the continuous increase in computing resources
and advances in numerical schemes (Richard, 2021; Mihami et al., 2022), phase-resolving models have the potential to replace
older generations of models for many operational marine flooding forecasting (e.g. Torres-Freyermuth et al., 2012; Nicolae-
Lerma et al., 2017; Bellafont et al., 2018; de Beer et al., 2021; Pinault et al., 2022; Lange et al., 2024).

Phase-resolving wave models deployed in nearshore areas must account for wave non-linearity and dispersion. In most
cases, this is achieved using either Boussinesq-based depth-averaged (2DH) models or depth-resolved (3D multi-layer) models
based on various forms of the Non-Linear Shallow Water Equations (NLSWE) including a non-hydrostatic correction. This
latter type of model allows for a more comprehensive description of the vertical structure of the flow, which is of primary
importance in the wave-driven momentum balance and wave transformation in the presence of vertical shear and/or complex
seabeds such as rocky, coral or vegetated areas. However, despite the promising potential of depth- and phase-resolving models,
full realistic 3D applications remain scarse (e.g., Marsaleix et al., 2020; Marchesiello et al., 2021; Treillou et al., 2024), and
even more with realistic offshore boundary conditions over large domains that take into account general circulation, tides and
offshore waves possibly varying along each offshore boundary. Most existing studies, typically limited to domains of a few
kilometers, are forced at a single point or along part of the offshore boundary using one or multiple stationary directional

spectra and time series of sea level originating from in situ measurements or coarser models. At the lateral boundaries (that are



55

60

65

70

75

80

85

https://doi.org/10.5194/egusphere-2026-4420
Preprint. Discussion started: 12 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

outgoing borders only), they either specify sponge layers to absorb the wave fields (Vasarmidis et al., 2021, 2024), or apply
lateral periodic boundary conditions (e.g. Treillou et al., 2024) to avoid the need for large domains and to keep computational
costs manageable. With the continuous increase in computing resources, much larger domains can now be targeted, opening the
possibility of embedding phase-resolving coastal-scale simulations within regional to basin-scale phase-averaging frameworks.
The incorporation of the spatial variability of offshore forcing at the boundaries becomes a crucial issue, so that downscaled
simulations remain dynamically consistent with larger-scale circulation and wave fields.

The present investigation is a contribution to the ongoing refinement of coastal wave modelling techniques, keeping in mind a
wide range of applications from coastal engineering to climate change impact assessment. The precise objective of this work is
to discuss and solve the critical issue of boundary conditions for realistic coastal wave modelling. Specifically, we compare two
approaches for forcing offshore boundary wave conditions into coastal phase-resolving models: (1) using direct eulerian field
measurements and (2) downscaling from a larger-scale spectral wave model. The tested model is SYMPHONIE (Marsaleix
et al., 2019), in its phase-resolving non-hydrostatic configuration, applied on a real rocky coastal environment. Working on a
rocky seabed where the bathymetry is known and fixed offers a major advantage for model evaluation compared to sandy study
sites, where the bathymetry can evolve rapidly and hence become inconsistent with the one used in the model.

The paper is structured as follows: Sections 2 and 3 describe the field site and the experiments, respectively, providing context
for the observational data used in this study. Section 4 details the model, with particular emphasis on recent developments in
boundary condition implementation. Section 5 presents the results of the numerical configurations of the nearshore-scale phase-
resolving model and the comparisons with the observations. Sections 6 and 7 are dedicated to discussion and conclusions,

respectively, synthesizing our findings and outlining directions for future research.

2 Study site

The Ré Island, located off the western coast of France (Fig. 1a), has a long history of marine floodings (Chauveau et al., 2011;
Breilh et al., 2014; Athimon and Maanan, 2018). The impact of Storm Xynthia, in February 2010 (Chauveau et al., 2011;
Bertin et al., 2012) prompted the French government to improve marine submersion forecasting, leading to the Homonim
project (Jourdan et al., 2023) co-led by the French Navy Hydrographic and Oceanographic Office (Shom) and the French
national meteorological service (Météo-France). As part of this initiative, a comprehensive oceanographic and bathymetric
measurement campaign called RiCoRé was conducted during the winter of 2020-2021 to enhance understanding of flooding
processes for this vulnerable area.

The study site is an 8-km beach located in the northwest of the island, between Ars-en-Ré and Saint-Clément-des-Baleines
(Fig. 1). This nearly natural beach comprises a vast, flat rocky platform with an approximate slope of 0.001, emerging over
about 1 km under spring tides. The platform consists of marl and argillaceous limestone, followed by a narrow sand beach-
dune system and a dike protecting inland villages and salt marshes. The alongshore platform profile is heterogeneous, featuring
remnants of fish locks and several canyons (Fig. 1b). The coastline is subject to a semi-diurnal tidal regime, with a maximum

tidal range of approximately 5.7 m along the coast. Waves mainly originate from the West or North-West, with exposure to
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Figure 1. Bathymetry (below mean level) and aerial pictures (BD ORTHO® IGN) of the Pertuis-Charentes area (a) and the surroundings of
the west Coast of Ré Island (b) Mooring positions are indicated in black triangles. A representative cross-shore alti-bathymetric profile in the

shoreface of the experimental zone is indicated at top right of a). In the inset of b), a photograph of the crossed-seas taken from the Baleines

lighthouse with an arrow indicating the lighthouse’s position.
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strong storm waves that can reach 9 m offshore at the closest offshore wave buoy "Oléron Large" deployed by 50 m water
depth (Ciaran storm, November 2023, (Kergadallan, 2024)). The combination of variable beach orientation, variable incoming
wave fields and complex bathymetry make the studied site a relevant benchmark to assess the robustness of wave dynamics in

3D phase-resolving models.

3 Field campaign
3.1 Bathymetry

Bathymetric and topographic measurements were conducted using LiDAR acquisitions on the foreshore and multibeam sounders
offshore, enabling the generation of a 5 m high-resolution Topo-Bathymetric Digital Terrain Model (TDBDMs, dataset avail-
able from (Shom, 2024)) in spring and autumn 2020 (Fig. 1). Additional topographic surveys were conducted along transect
T3 (Le Goff Le Gourrierec et al., 2022).

3.2 Instrumental setup

Between November 2020 and May 2021, an extensive oceanographic campaign was conducted off Ars-en-Ré beach, deploying
39 moored stations equipped with various sensors, including acoustic wave and current profilers, single-point current meters,
pressure gauges and directional wave buoys. To better understand the analysis, the measurement campaign is divided into two
main periods: (1) LEG1 (from 11/16/2020 to 01/13/2021) and (2) LEG2 (from 01/14/2021 to 03/31/2021). A short period
LEG3 (from 01/11/2021 to 01/15/2021) that straddles LEG1 and LEG2. LEGI1 corresponds to the first acquisition period for
the sensors on the foreshore, LEG2 to the second acquisition period for the sensors on the foreshore after the battery change,
and LEG3 is one week with 23 additional instruments provided by university partners.

The moorings were positioned along three main cross-shore transects named T1, T2, and T3. Transect T1 was located near
the Baleines lighthouse in the northern sector, T2 in the central part of the beach, and T3 in the southern sector (Fig. 1b,
Appendix A). T1 and T2 instruments recorded pressure, currents and water level data from the inner shelf to the upper beach
during the full campaign, with seven measurement points deployed along each transect. Transect T3 was added for a focused
survey over a single week during LEG3, consisting of 17 pressure sensors (labelled offshore to nearshore as PT1 to PT4, then
GO0 to G12) spaced approximately 20 m apart and a spatial high-resolution velocity measurement station named UHR (Ultra
High Resolution) combining three point current meters and two current profilers. Detailed information on the instrumentation
can be found in Appendix A, Table Al. Incoming wave conditions were measured offshore the T2 transect, using a Datawell
directional wave buoy (T2-6 in Fig. 1B). An additional offshore sea level measurement point (Acoustic Wave and Current
Profiler deployed at T2-7) was used to validate the low-frequency model, see Section 4.3.2.

For the purpose of the present study, we will focus on a subset of relevant data including the pressure sensors, the wave buoy

in T2-6 and the current profilers in T2-7 and UHR during LEG3.
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3.3 Data processing

All the collected data were processed using a classical oceanographic data processing method based on the linear reconstruction
method (Bishop and Donelan, 1987) as described in Seyfried et al. (2024). Free surface spectra were reconstructed from bottom
pressure measurements using linear theory, using a high cut-off frequency of 0.25 Hz and a separation between IG and gravity
waves at fpn, = fp/2 with f, the offshore peak frequency measured by the wave buoy T2-6. The calculation of integrated
wave parameters was then performed between f,,;, and fi,,4. = 0.2 Hz. Model outputs used for field/model comparisons were
processed with the same methodology.

The classical linear reconstruction approach was retained to ensure consistency with standard coastal field-data processing
practices and a homogeneous treatment of observations and model outputs. Although more recent non-linear surface recon-
struction methods may improve the reconstruction of the high-frequency part of the spectrum (Bonneton et al., 2018; Martins
et al., 2020), the spectral comparisons presented here are limited to frequencies below 0.2 Hz, where differences between recon-
struction methods are expected to remain small under the conditions considered. Their influence on the frequency-integrated
wave parameters analysed in this study is therefore also expected to be limited. Nevertheless, such methods could be evaluated

in future work, ideally using colocated pressure and free-surface elevation measurements.
3.4 Field conditions

Figure 2 depicts the wave and wind conditions observed during LEG1 and LEG2. The incident swells were from West or
West-North West with significant wave height comprised between 0.5 and 8 m and mean period ranging from 3 to 14 s. During
the campaign, storms Bella (2020/12/27 to 12/29) and Justine (2021/01/29 to 01/31) reached the field site with respectively
significant wave heights of 5.6 and 8 m. Wind conditions are shown from the Chassiron meteorological station on Oléron
Island, where wind is measured at the standard 10 m height, rather than from Saint-Clément-des-Baleines on Ré Island, where
the 16 m measurement height yields stronger, less directly comparable wind speeds. At Chassiron, wind speed ranged from 2

1

to 20 m.s~! over the analysed period with 20 m.s~! measured during the Bella storm.

4 The numerical model and its boundary conditions
4.1 General equations

The governing equations used in SYMPHONIE have been described in detail in Marsaleix et al. (2019). The non-hydrostatic
momentum equation is expressed in a Cartesian coordinate system (O, z,y, z) (where the origin O corresponds to the resting
level of the sea surface, Ox and Oy are the horizontal axes with Oz usually pointing toward the shoreline by convention for

sake of clarity in the description of the boundary conditions further down, and Oz is the upward vertical axis):
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Figure 2. Significant wave height (H,0) (a), mean period (7},01) (b) and mean direction (Di7meaqn) (c) at T2-6 measured (in blue) and
simulated by WAVEWATCH III (WW3 in orange), wind speed (blue) and direction (red) (d) measured at Chassiron (Oléron Island) during
LEG1 and LEG2.
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where (u,v) are the horizontal components of the current, w the vertical velocity, ¢ is the non-hydrostatic pressure times
the water density, ¢ the time, g the gravitational acceleration, 7 the sea surface elevation, K,, the vertical turbulent mixing

FBCD the bottom drag force and f the Coriolis

coefficient, v, a momentum diffusion coefficient associated to wave breaking,
parameter. The particular form of these equations derives from the ACM approach (Lee et al., 2006), for which (r,«) are
optimization parameters proposed by Marsaleix et al. (2019) which leads to the calculation of the non-hydrostatic pressure

according to:

2 * * 2 2 2
1 8% 8(8u> a(m) +8q 0°q  0%q 2)

20tz dx\ot) oy\ot) 92 9y 922
where (%)* and (%)* represent hydrostatic terms of all the terms of the right-hand side of Eqs. (1a) and (1b) that is except
r% and rg—g.

Vertical velocity and surface elevation follow from the continuity assumption:

ou Ov Ow

oz "oy Ta: 0 (32)
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T /udz 3y /vdz (3b)
—h —h

The vertical turbulent mixing coefficient K, is calculated from the k-L scheme of Craig and Banner (1994) based on a
prognostic equation for turbulent kinetic energy and a diagnostic equation for mixing length.
Following the approach of Kennedy et al. (2000), wave breaking is represented as an additional momentum diffusion coef-

ficient defined as:
vy, =B 4)

where v is a numerical diffusion coefficient constrained by the grid resolution and stability requirements and B a breaking

coefficient varying continuously between O and 1. The activation of breaking is diagnosed from the local wave steepness

__ On/ot
S="T7m

As in Kennedy et al. (2000), B gradually increases from O to 1 to avoid an impulsive start of breaking. Once activated, B

with H the local water depth. B is equal to 1 when S is greater than a prescribed threshold -, here equal to 0.28.

decreases progressively according to a relaxation equation, allowing wave-breaking effects to persist for a finite time after the

breaking criterion is no longer satisfied.

FBCD

The bottom friction is represented here by a quadratic drag force , which is written:

FfED = Cp(2)Vu? +v2(u,v) %)
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with Cp(z) a three-dimensional drag coefficient as traditional smooth-bottom parameterisations of friction using a bottom
shear stress at the base of the water column are hardly able to account for the high roughness of rocky shoreface. Following
Guélard Ancilotti et al. (2024), the drag force is applied on several model layers above the bottom depending on the local
seabed roughness to represent the sub-grid effects of rocky bathymetry. Taken as a whole, fluid/ground interaction is therefore
more accurately rendered as a volume (canopy) drag force rather than a bed shear stress. At this stage, an average estimate
(across the entire domain) of the C'p influence height is applied (0.25 m), as this paper focuses solely on the problem of open
boundary conditions; however, the next step in this study will involve a more specific examination of the parameterisation of

rock macro-roughness.
4.2 Boundary conditions
4.2.1 Review of boundary condition schemes in models

The Flather boundary condition is often used to model long surface waves such as the barotropic tide, allowing to sink mechan-
ical energy without mean level drift (Marsaleix et al., 2006). However, overly lax assumptions about the physics (propagation
normal to the boundary, strictly progressive wave, no effect of inertial rotation) can lead to radiative property defects, in par-
ticular with 3D modelling of a realistic wave spectrum and a low-frequency spectrum of ocean circulation.

Another standard type of boundary conditions consists in damping any outgoing signal before it reaches the open boundary.
This strategy requires identifying the incoming solution, in order to only damp the outgoing field, over a significant portion of
the 3D domain owing to the fact that the damping zone requires many grid points. This can become prohibitive considering
the complexity of realistic wave field in complex coastal configuration, and will rise additional difficulties when implementing
two-way couplings between lower-resolution regional grids and phase-averaged circulation models in the future.

Wave modelling on nearly straight beaches often uses the periodic boundary condition (Chen et al., 2003), which im-
poses equality of fields on both cross-shore lateral boundaries (following O, axis). It requires that the coastline geometry and
bathymetry reasonably accommodate the periodicity assumption in the alongshore direction (O,), i.e. that both cross-shore
lateral boundaries have similar bathymetries. It also imposes a constraint on the wavelength in the O, direction; the distance
between the 2 boundaries, D, must correspond to an integer number of wavelengths in the O, direction, i.e. D = ni—’; with
n =1,2,3,... which amounts to limiting the possible values of the horizontal wave vector k = (k,, k,) in the O, direction to a

set of discrete values k, = n2Z as well as the corresponding propagation angle § = tan™! [n2Z /k,].

4.2.2 A new improved Sommerfeld condition

Considering these limitations, we implement an alternative boundary condition based on a Sommerfeld approach:

i’ — ey =0 ©

where 1" is the outgoing wave surface elevation. A similar expression is used for the other fields (non-hydrostatic pressure,

horizontal current components). The apparent phase velocity in the perpendicular direction of the boundary is deduced from
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the inversion of the condition on points adjacent to the boundary (Orlanski, 1976):

c=n/ny (7

This condition is known to have shortcomings that are sometimes reported in the literature (Treguier et al., 2001). In particular,
the above formulation clearly shows a possibility of singularity whenever % is close to zero, which formally prevents the phase
velocity from being correctly estimated in the vicinity of wave crests and troughs, which in practice concerns a significant part
of the phase cycle. An error in phase velocity estimation leads to the generation of spurious waves reflected on the open
boundary, and as these in turn influence phase velocity estimation, there is a possibility of error growth due to the feedback of
reflected waves on phase velocity estimation. As this process is non-linear, it is difficult to grasp theoretically.

A heuristic solution to the above-mentioned singularity problem is to calculate the expression of Eq. (7) from a series of

values allowing the calculation of a weighted average of the phase velocity, the weights P being equal to the square of the

slope of the surface elevation to minimize the importance of singular cases, i.e. c= > P* (77;” Y ”) />, P* from a series
i=1

of i=1,N values, with P = (77;“ ’i)2, which finally results in:
N i W,
2ot
=1

: gﬁ (ni”’i)z

i=1

®)

The risk of singularity is reduced by taking into consideration a sufficiently large number of samples, so as not to contain only

w

cases where 7,

is close to zero. However, implementation comes up against a technical obstacle inherent in the characteristics
of the models. In this case, the number of temporal samples kept in memory is insufficient in the present model, being in
principle limited to 2 in the case of a Leapfrog time-stepping scheme. To overcome this obstacle, the mean is estimated using
an alternative method of the Exponential Moving Average (EMA) type (Grebenkov and Serror, 2014), abbreviated GS14, which

involves replacing Eq. (8) by:

o Ana m2> ©)
<(77;”) >
with:
{ <ngn’ > () =1 —apma) <ngn’ >t —At) +apmang )n (t) (10a)
<ngng > () =1 —apma) <nyny > (t—At) +apmang (O)ny (10b)

where At is the time step of the model and avgps4 a constant determined to limit feedback from reflected waves. These
calculations produce an on-line estimate of the low-frequency component of n%'n;"x and 15’15’ (considered here as the mean)
by analysing the signal over a time lapse preceding the time under consideration, the duration of which depends on the constant
agma (GS14). When determining the time scale, a compromise must be struck between, on the one hand, the need for a

sufficiently long time interval to avoid the aforementioned singularity problem, (i.e., not estimating the phase velocity at the

10
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crest or trough of the wave) and, on the other hand, a time short enough for the phase velocity to correspond accurately to
the wave currently leaving the domain and not to older waves. Given the non-linear nature of these processes, determining a
theoretical optimum value is a priori not straightforward. Instead, an empirical choice has been made here on the basis of results
from academic test cases (not presented here) which have led to agrra = t?ﬁ where the time constant ¢.,,, (Which gives the
order of magnitude of the duration explored by the mean EMA, GS14) is set at 2 s, corresponding to approximately one fifth of
a typical wave period. The objective is not to suppress physically reflected waves propagating within the computational domain,

but rather to improve the estimation of outgoing-wave celerity and thereby the absorbing properties of the open boundary.
4.2.3 Incoming/outgoing duality

The Sommerfeld boundary condition is further implemented to carry the incoming/outgoing signal duality described in Blayo
and Debreu (2005) where any boundary condition operator is applied as A(n) = A(n**) where n°** is the external dynamic
field entering the domain. In the above equations (Eqgs. (6) to (10)), the field n" represents only the outgoing part of the wave
field, which we deduce from 7 the total field actually represented in the model and %! from n* = 1—n°**. Our total boundary
condition is therefore equivalent to 1, — cn, = 7%t — en®t. This way of calculating allows both the entry of waves from the
open sea and the reflection-free radiation of outgoing waves. The incoming field 77°** contains, on one hand, the wave-related
elevation deformation deduced from the frequency and direction spectrum measured or simulated offshore and, on the other
hand, the low-frequency signal for surface elevation and currents (the latter subject to a Sommerfeld condition analogous to
that for surface elevation, and therefore not detailed here) derived from a regional tidal model.

Finally, we note that the formula of Eq. (9) is based on " in order to produce a phase velocity for outgoing waves only

(whereas a calculation based on the total field 7 would be spuriously affected by incoming waves).
4.2.4 Low-frequency sea surface height control

The fact that any constant verifies de facto the Sommerfeld boundary condition points to a weakness concerning large scales
of time and space (i.e. large enough to be assimilated to constants) on which the Sommerfeld boundary condition has little
influence. This long-acknowledged shortcoming can lead to uncontrolled drift of the water level at low frequencies (Blumberg
and Kantha, 1985), which has to be corrected by adding to the boundary condition a restoring term towards an arbitrarily
defined mean reference level (which in itself can be a moot point if the definition of this reference level is not based on sound
theoretical or empirical arguments). In our case, it is expected that a balance will be established through the action of various
mechanisms (return current, rip current, coastal drift, etc.), whose 3D and temporal complexity is difficult to grasp. As the
simple formulation of the Sommerfeld boundary condition does not contain the elements that would naturally lead to this
equilibrium, it is through the restoring term (and the arbitrary choice of the associated restoring time constant) added to the
boundary condition, that the model constructs the coast-wide free surface gradient. This filter, which specifically targets low

frequencies so as not to interfere with the waves, is based on the term < 1 >, where the symbol <> represents an EMA of
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1" using a time constant of 200 s. In practice, the boundary condition is written as:
n—cen® +B < >=0 (11)

with 37! represents the recall time scale subject to a stability constraint detailed in (Barbot et al., 2022). The possibility of
also introducing a restoring term into the equations used inside the domain, in a wide restoring zone of several points close to
the open boundaries (Marsaleix et al., 2006), is not taken up here, as it turns out that we are not in a position to know at an
affordable cost and with sufficient precision the 2D and 3D hydrodynamic fields coming in over an area as large as a classic

restoring zone (see explanations below).
4.2.5 Issues

Due to condition 11, the external forcing n°** must be defined at least on the grid points where the Sommerfeld boundary
conditions are calculated, which implies 3 rows of grid points: two to account for the horizontal gradient in the Sommerfeld
equation, and a third to address the phase velocity inversion on the neighbouring row (following the method of Orlanski (1976)).

Since analogous boundary conditions are applied to the model’s 3D variables, similar constraints govern the determination of

(uext’ ,Uext7 qewt ) .

By omitting a recall zone as in Marsaleix et al. (2006) and incorporating the additional term in condition 11, we limit the
number of grid points where external forcing must be defined. This reduction is crucial for the computational cost of the

simulation, as reconstructing continuous signals for (7%t u®%t pe¥t gét)

from trigonometric series using a relatively large
number of directions and frequencies can be computationally expensive.

In our approach, the conversion of the surface elevation spectrum into a continuous time series and its extension to non-
hydrostatic velocity and pressure fields relies on linear wave theory. While this theory may be considered overly simplistic in
some respects (e.g., due to non-linear wave interactions and complex bathymetry), its application to an extensive recall zone
covering a large area could be questionable. Accurately representing the (7%, u®* v°*t ¢°t) forcing is essential for isolating
the outgoing component of the total field n* = i — n°** and ensuring precise calculations for operations 7 and 6. This, in turn,

verifies the dual objectives of boundary conditions: radiating the outgoing field and preserving the accuracy of the incoming

field.
4.3 Implementation of boundary conditions on a complex realistic case

SYMPHONIE is implemented around Ars-en-Ré€, on a curvilinear grid with a spatial extent of about 10 km in the longshore
direction (3000 nodes) and 5 km in the cross-shore direction (1620 nodes) (Fig. 3), with a variable horizontal resolution, from
2.5 m to 5 m offshore, and 10 vertical sigma levels. A simple parameterisation is applied for the frictional terms, using a
constant and spatially uniform drag coefficient Cp = 0.6 m~! over a uniform roughness-influence layer 0.25 m thick. These
values were selected to optimize model performance against field observations over the study period, based on statistical
comparisons of wave height of the bias (BIAS), coefficient of determination (R?), and Willmott index (WI; (Willmott, 1981))

across all transects and sensors.

12



290

295

300

305

https://doi.org/10.5194/egusphere-2026-4420
Preprint. Discussion started: 12 October 2026 EG U
© Author(s) 2026. CC BY 4.0 License. Sp here

4 - Déclinaison magnétique 600 6
Les courbes d'égale déclinaison correspondent
a I'année 2015. Le changement annuel est indi-
qué entre parenthéses.
6 - Zone Economique Exclusive (ZEE) 55
: 46.26
La limite de la Zi E¢ Excl
o sotos 0lome (L eprasantdo, par un tait tirets 50
magenta n'a pas fait I'objet d'un accord de
délimitation avec les pays voisins. 5
46.41 46.24 | ’
@ 400 \ 3
wi g\_/ 4.5
i 0.(42)
® 1 ® \.\ LUCHATEAU D'EAU
Sa624 8 46.221 \
_§ 46.2 b 300 g 154 )\ 4
© @ ©
~ L ~
Bwk Y
i L —
! L 46.2 )7 & 35
46 fHe s 200
[ " \_7) Rochefort
@) Sy 46181 3
B/ h T
‘ 9 100
458+ b 25
! 46.16 (%
I pomgdeta c«uﬂ&zim_ l
R L ol LN ‘ ‘ ‘ 2
22 -2 -1.8 -16 -1.4 -1.2 -1 -0.8 -1.6 -1.55 1.5
Longitude Longitude

Figure 3. Resolutions (in meter) of the grid of the mother simulation (a) run with Symphonie and of the grid (b) run with phase-resolving

version of Symphonie. In red, the domain runs with phase-resolving version of Symphonie.

4.3.1 Boundary forcings

The forcing is composed of low-frequency tidal forcing (water level and current) and high-frequency wave forcing in the gravity
part of the spectrum cut beyond 0.2 Hz (shorter wavelengths are considered too small compared to the horizontal resolution of

the phase-resolving model grid).
4.3.2 Low-frequency fields

In this initial phase-resolving simulation, wind forcing is not included since the focus is not on storm periods. Instead, the other
low-frequency forcings, that consist of surface elevation and currents, are imposed from hydrostatic barotropic tidal models,
using methods similar to those described in Pairaud et al. (2008) and Toublanc et al. (2018). A specific horizontal grid has
been developed for the present study, based on a polar telescopic grid with variable horizontal resolution, centred on the island
of Ré and covering the continental shelf for around 100 km, with a horizontal resolution equal to 600 m on the open circular
offshore boundary where tidal forcing is provided by the FES tidal atlas (Lyard et al., 2021) following the protocol detailed
in Pairaud et al. (2008) and Toublanc et al. (2018), and a resolution of 20 m at the Ars-en-Ré Beach. A key challenge of the
large-scale low-frequency simulation is to provide the mean level of the ocean surface at the boundaries of the phase-resolving
high-resolution domain. Considering the weak shoreface slope (Fig. 1), the meso- to macro-tidal sea level fluctuations result
in a wide intertidal zone reaching almost a kilometer from the coast, as well as variable wave propagation conditions over the

course of a tidal cycle. The large scale model was validated against sea level observations at the T2-7 AWAC. The mean sea
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level is accurately captured by the simulation between November 2020 and May 2021, with a RMSE of 15.7 cm, a bias of 2 cm

and correlation coefficient of 0.99.
4.3.3 High-frequency fields

To the above-mentioned low-frequency fields are added high-frequency wave fields, which are either deduced from waves
spectra measured at buoy T2-6 located at the centre of the open offshore boundary of the phase-resolving wave model grid
(Fig. 3), or supplied by the WW3 phase-averaged wave model implemented on the French continental shelf for the French
flooding warning system (NORGAS-UG mesh and configuration described in Michaud et al. (2015)). In both cases, the forcing
takes the form of frequency and direction spectra for surface elevation, which are converted into a continuous time series for
surface elevation, velocity and non-hydrostatic pressure using the assumptions of linear wave theory (Kinsman, 1965). Note
that the IG band is not represented in the WW3 spectral model output and is therefore not directly included in the applied
forcing time series.

Buoy forcing has the advantage of being observational, i.e., locally more faithful to reality than a model, and of providing a
spectrum with high frequency and directional resolution (A f = 0.0025 Hz, A = 5°) over the dominant sea-swell frequency
band. At lower frequencies, however, the interpretation of the spectral energy becomes more uncertain due to potential mooring
and low-frequency response effects. This point information is extrapolated along the entire western open boundary using linear
theory, assuming that the amplitude and direction of a wave remain unchanged over the entire boundary, and making arbitrary
choices about the initial phase. These assumptions are, of course, debatable, though deemed worthwhile to test as the order of
magnitude of bathymetry is roughly the same along the entire western offshore boundary, tending to legitimize the assumption
of relative homogeneity of wave spectral characteristics. By contrast, due to the strong variations in bathymetry in the cross-
shore direction, the authors deemed it illegitimate to extrapolate the point buoy observation to the lateral cross-shore boundaries
to the north and south. The Sommerfeld boundary conditions operate in outgoing mode only.

The second forcing option is based on spectra from a regional configuration of the WW3 phase-averaged wave model
forced by the wind from the AROME meteorological model (Seity et al., 2011) and by the offshore waves from the wave
spectra of the operational MFWAM global wave configuration (simulation with satellite assimilation) (Aouf et al., 2019). This
numerical forcing has the advantage of providing fields over the entire open boundaries of the phase-resolving wave model. In
particular, on cross-shore boundaries, a satisfactory representation of the attenuation and refraction of incoming waves (linked
to the decrease in bottom depth) is expected. On the other hand, the spectrum simulated by WW3 is less resolved than the
buoy spectrum, being discretized using 30 frequencies exponentially spaced with an increment of 10 %, Af =1.1f and 24
directions (A# = 15°). For consistency with the frequency range retained in the phase-resolving simulations and observational
processing, only the first 19 frequency bins were considered, corresponding to the interval 0.0345-0.2 Hz.

It should be noted that, although a higher spectral resolution could be implemented in WW3 at moderate computational
cost, the present configuration is intentionally kept consistent with the operational MFWAM-WW3 system in order to evaluate
the impact against forcing originating from typical operational spectral model configuration. In addition, as for any numerical

model, errors can be significant. In the present case, the WW3 confrontation with T2-6 buoy data shows satisfactory agreement
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O

for integral parameters (Fig. 2), with a coefficient correlation of 0.98, a bias of 7 cm, a root mean square deviation (RMSD) of

0.23 m and normalised RMSD of 12.7 % for significant wave height.
4.3.4 Trigonometric series

The wave spectrum provides an energy spectral density £; ;, for a discrete set of frequencies f; and directions 6; of resolution

Af; and Af. The amplitude associated with each spectral element is:

a; 5 = \/2Afi Al E@j (12)

where w; = 27 f; is the angular frequency.

To reduce persistent interference between discrete directional components sharing the same nominal frequency, a frequency-
enrichment procedure is applied to both forcing sources. This method is based on the procedure proposed by Salatin et al.
(2021), to which we suggest adjustments to avoid side effects on the IG band, whilst endeavouring to preserve the shape of
the initial wave spectrum. Each spectral element above a prescribed cut-off frequency is replaced by four nearby frequency

subcomponents. The reconstructed free-surface elevation is written as:

n(@.9,1) ZZZ

zgml

COS W2+623m)t+¢2J(m y)+w1jm] (13)

where N ; =4 for f; > feut and N, ; = 1 otherwise. The terms 1); ; ,,, are fixed phase offsets assigned to the subcomponents.

For f; > feut, two independent positive frequency offsets are generated for each frequency—direction pair:

§f% =0; (0.154+0.25 U), (14a)
§F23¢ = b; (0.60 4 0.35 UL (14b)
b; = min (0.40 AfT,1.5 x 1073 Hz) (14¢)

where U, ;“] and U?Y* are independent random variables uniformly distributed over [0, 1], and A f£% is defined as the smaller of
the two adjacent frequency spacings.

The four angular-frequency perturbations are then:

(€11, €0.5.2:€0,3,3:€0g,a) = 27 (=0 L75" —0 L5, +0 115, +0£75"). (15

i 0 VR VR

The perturbations therefore form two independent symmetric pairs whose mean is zero so as not to introduce a frequency
bias (since only a finite number of random realizations is used, the sample mean can deviate slightly from zero without taking
this precaution), and no subcomponent remains at the nominal frequency above the cut-off. All random frequency and phase
values are generated once at model initialisation and remain constant throughout the simulation. They also vary between
frequency—direction pairs, thereby reducing persistent coherent superposition between directional components.

No frequency subdivision or perturbation is applied below f., = 0.05 Hz. For f; < fcut, Eq. (13) therefore reduces to a
single component with N, ; =1, €; ;1 =0 and v; ;1 = 0. This prevents the frequency-enrichment procedure from directly

introducing additional modulation in the IG range.
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The division of each component amplitude by /N ; ensures that the sum of the squared subcomponent amplitudes is equal

to the squared amplitude of the original spectral component:

Ns,i 2
o,
Z( NJ> =al; (16)

m=1

The prescribed variance is therefore conserved at the level of each spectral element. Over finite-duration analysis windows,
however, cross terms between phase-resolving subcomponents do not necessarily cancel completely, and the variance estimated
from the reconstructed time series can consequently differ from the target spectral variance.

The spatial phase ¢; ; satisfies:

Oi,;

a—xj = k;cos(6;) (17a)
Oi,; .

Tyj = k;sin (6;) (17b)

where = and y are the horizontal orthogonal coordinates and k; is the wave number associated with the nominal angular

frequency w;. If k; were independent of position, the spatial phase would be
6i.j(2,y) = kicos(0;)a + kisin(0;)y + 7 ; (18)

In the present shallow-water configuration, however, the wave number depends on the local mean water depth H (z,y) through
the linear dispersion relation w? = gk; tanh [k; H (x,y)].

The spatial phase is therefore determined by integrating the right-hand sides of Eqs. (17a) and (17b) over the model grid. The
velocity and non-hydrostatic pressure components are derived from the corresponding free-surface components using linear

wave theory (Kinsman, 1965).

Last, WW3 provides no information on the phase, i.e. the above-mentioned uncertainty on the initial phase remains un-
changed. In the absence of sufficient information, the initial phases (b?, ; and the subcomponent phase offsets v; j,, must
therefore be assigned algorithmically and are kept constant throughout each simulation. The resulting time series represents
one possible phase realisation of the prescribed directional spectrum rather than the unique physical wave sequence that oc-
curred in the field.

This simplified approach is questionable because real sea states may comprise several coexisting and temporally evolving
wave systems—such as a locally generated wind sea and one or more swell systems originating from distinct source re-
gions—which occupy separate partitions of the directional spectrum and whose phase relationships may evolve independently
(Portilla et al., 2009). Such information cannot be recovered from a phase-averaged spectrum. However, this limitation is in-
herent to the use of phase-averaged spectral models and not specific to the present configuration. A more rigorous approach
would consist in performing an ensemble of simulations with different random phase realizations and analyzing the resulting
statistics (e.g., mean and extremes), although this would come at a substantially increased computational cost given that the
spectral reconstruction in Eq. (13) can already involve more than a thousand spectral components if several dozen frequencies

and directions are taken into account.
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Figure 4. Observed (left column) and simulated directional spectra at T2-6 (a, b and ¢) and UHR (d, e and f) moorings on 14 January 2021
at 17:40 UTC. The middle column shows the results for the DW—SYSIM and the right column for the WW3-SYSIM.

5 Results
5.1 General patterns

Two model configurations are compared in this paper, one forced by the T2-6 Datawell wave spectra (DW—SYSIM simulation),
one by WaveWatch III (WW3) spectra (WW3-SYSIM simulation). DW—SYSIM prescribes the directional spectrum measured
at T2-6 uniformly along the western open boundary. WW3-SYSIM instead uses spatially varying WW3 directional spectra
along the western, northern and southern open boundaries. These two simulations are hereinafter referred to as the reference
simulations.

Comparison of directional wave spectra at the T2-6 mooring location (western offshore boundary of the phase-resolving
model) during peak wave events in LEG3 (H,,o = 2.7 m; T}, = 10 s) measured at T2-6 on 14 January at 17:40 UTC) reveals
that both simulations reproduce the dominant wave direction and the main directional spreading observed in the measurements
(Fig. 4). The simulated spectra are generally consistent with the observations, although the directional distribution appears
slightly narrower than measured. Differences between DW—SYSIM and WW3-SYSIM remain limited at this offshore location,
suggesting that both boundary-forcing strategies provide a realistic description of the incoming wave field during this event.

At the intertidal UHR station, the simulations reproduce the dominant wave direction and its rotation towards an approxi-
mately shore-normal orientation due to refraction over the shallow platform. However, the observed spectrum is substantially

broader in both frequency and direction. In particular, the measurements contain appreciable energy between 0.2 and 0.3 Hz,
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whereas this high-frequency energy is strongly underestimated by both simulations. In shallow water, non-linear wave transfor-
mation, such as triad interactions, transfer energy from the spectral peak towards higher-frequency harmonics. Owing to their
shorter wavelengths, these high-frequency components are resolved by fewer grid cells and may therefore be insufficiently

resolved and more strongly affected by numerical dissipation.

Additional comparisons at selected locations within the domain (Fig. 5) show that the two simulations remain broadly
consistent at the southern and eastern extraction points, where wave refraction progressively reshapes the wave field during
propagation toward the shoreline. In contrast, near the northern boundary (at SPEC2 and BALEINES locations), the differ-
ence is striking, with large directional spreading toward the north observed for WW3-SYSIM and a much west-focused wave
direction for DW—-SYSIM. These contrasting spectral characteristics affect both the significant wave height distribution and the
instantaneous wave-induced free-surface elevation anomalies snapshots shown in Fig. 6.

Offshore, WW3—-SYSIM produces systematically higher significant wave heights in the west—southwest sector of the domain
(Fig. 6). This enhancement is consistent with the combined influence of the slightly larger offshore wave heights supplied by
WW3 during LEG3 and the additional wave components entering through the lateral boundaries. In fact, WW3 tends to overes-
timate H,,o during the LEG3 period, as evidenced by the comparison with observations in Fig. 2. Despite these discrepancies
in the deep part of the domain, nearshore wave conditions remain comparable over the fully exposed western coastline. Both
simulations reproduce the observed west-to-east decay of wave energy and yield similar significant wave heights in the im-
mediate coastal zone. However, WWw3-SYSIM additionally predicts a secondary wave system approaching from the northwest
near the Baleines lighthouse, generating a typical crossed-sea state (Figs. 1 and 6). This feature cannot be accurately captured
by DW-SYSIM, in which a single directional spectrum measured at the western offshore buoy is uniformly prescribed along

the western boundary, whereas WWw3-SYSIM uses spatially varying WW3 spectra along all the open boundaries.

Beyond differences in bulk wave parameters, both simulations exhibit pronounced wave-convergence zones extending over
several hundred metres across the domain, with particularly strong signatures above the small submarine gullies. Offshore,
where bathymetric refraction remains relatively weak, these patterns are mainly related to interference between discrete spectral
components with closely spaced frequencies. The superposition of such components produces beat patterns, characterised by
alternating zones of enhanced and reduced wave energy and, consequently, by spatial modulations of significant wave height.
These artificials patterns were substantially reduced by applying the frequency de-coherence procedure proposed by Salatin
et al. (2021) with the additional modifications described in Section 4.3.4. However, when the incident spectrum is represented
by a limited number of discrete frequency—direction components, residual interference patterns remain: components may retain
excessive phase coherence and generate spatially persistent beat patterns. Because the WW3 spectrum has a coarser frequency
and directional discretisation than the Datawell spectrum, fewer independent components represent the incident sea state and
more persistent interference patterns may remain in Wi3-SY S IM simulation, even after de-coherence.

In the nearshore zone, wave-convergence and focusing patterns are more localized, showing a significant alongshore vari-

ability over scales of dozens/hundreds of meters. Additional tests have been carried out using a smoothed bathymetry in order
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to discriminate the role of topography-driven focalisation effects in the development of such wave height modulation patterns.
The smoothed bathymetry was obtained by applying 10,000 iterations of an explicit iterative Laplacian filter to the original
dataset. The resulting bathymetry preserves the large-scale morphology of the shoreface while strongly reducing bathymetric
variability at scales of a few tens of metres and largely removing structures with characteristic scales of the order of 100 m
and below. The bottom-friction coefficient was kept unchanged between the two simulations, so that the comparison isolates
the effect of bathymetric smoothing rather than changes in dissipation parameterisation. Figure 7 illustrates the predominant
observation for a representative zoomed view for the area surrounding transects T2 and T3. With the original bathymetry, the
significant wave height field displays a pronounced spatial imprint of small-scale seabed features, with alternating zones of
enhanced and reduced wave energy. Local depth variations modify phase and group velocities, causing refraction and spatial
convergence or divergence of wave energy, and therefore localized focusing and defocusing. Abrupt bathymetric gradients may
additionally induce wave scattering or partial reflection, which could contribute to interference patterns, although the relative
importance of these processes cannot be established from the present diagnostics alone. The smoothed bathymetry leads to a
substantially smoother significant wave height field, characterized by a strong attenuation of the alongshore variability. Both
simulations nevertheless reproduce qualitatively similar large-scale significant wave height patterns and remain broadly con-
sistent with the in situ observations shown in Fig. 7. This observation highlights the sensitivity of phase-resolving simulations
to the representation of small-scale bathymetric variability. However, it does not establish whether all the fine-scale structures
obtained with the original bathymetry are physical, since they may also be influenced by bathymetric uncertainty, grid reso-
lution, or numerical treatment of steep depth gradients. Consequently, this comparison should be interpreted as an assessment
of the variability associated with bathymetric representation rather than as evidence of the superiority of either simulation. A

more quantitative assessment of model performance is provided in the section 5.3.
5.2 Effectiveness of boundary conditions at open borders

Particular attention is paid to verifying that incoming waves propagate through the domain consistently with their prescribed
forcing, especially because outgoing waves near the lateral boundary are diagnosed from the difference between the total SSH
field (that calculated by the model) and the incoming field (given by the definition of forcing). In other words, the outgoing
signal is correctly identified only if the incoming field is very close to its definition in the forcing. This is not self-evident, as the
boundary condition scheme must simultaneously satisfy both outgoing and incoming properties, and so needs to be verified.
A third simulation called WW3WEST-SYSIM is thus implemented, forced by WW3 spectra only at the West and South
boundaries. This simulation will be compared with the simulation where WW3 forcing enters through all the domain’s lateral
boundaries. In the vicinity of the northern border of the WW3WEST-SYS IM simulation, waves are only outgoing. Phase velocity
diagnostics cannot be interfered with by incoming waves, so the phase velocity is unambiguously that of outgoing waves.
When looking at instantaneous phase velocity and its Exponential Moving Average (EMA)-filtered counterpart, obtained
from WW3WEST-SYSIM simulation (Fig. 8a), that is without incoming waves along the northern open boundary, the unrelia-
bility of the instantaneous phase velocity is highlighted, which exhibits spurious extrema due to division by near-zero values

during its computation. Meanwhile, Fig. 8d demonstrates the consistency between the black line slope (given by phase veloci-
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Figure 7. Original bathymetry used by both DW—SYSIM and WW3-SYSIM simulations (a) and a smoothed version (b) for the area surround-

ing transects T2 and T3. In triangle, the location of the instruments. H,,o maps on 14 January at 17:30 UTC, for the DW—SYSIM simulations

(c) and for the same simulation on the smoothed bathymetry (d). In the circle, the Hs value measured at the instruments.
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ties diagnosed by the EMA method) and the slope of the SSH isocontours, thereby validating the accuracy of the EMA-filtered
phase velocity diagnostic (indeed slopes must be the same near the boundary if the phase velocity is correctly estimated).

In the WW3WEST-SYS IM simulation, calculating the speed of outgoing waves involves first separating outgoing and incom-
ing waves. The outgoing waves are given by the difference between the total signal and the incoming waves. It is therefore
assumed that the incoming waves are faithful to the definition of the forcing, but this is only true if the incoming boundary
condition properties work correctly.

Comparison of the outgoing EMA-filtered phase velocities of (WW3-SYSIM) and (WW3WEST-SYSIM) (Fig. 8b) shows that
the phase velocity remains nearly identical in both configurations, confirming that the method correctly distinguishes between
incoming and outgoing wave components. Since the outgoing component is identical in both simulations, the resulting phase
velocity should also be consistent — which is observed.

The estimate of the phase velocity of outgoing waves is similar whether or not the total field is mixed with an incoming field,
because the estimate of the outgoing SSH in the general situation (mixed with incoming waves) is similar to the SSH in the
situation without waves entering from the north (Fig. 8c), even when incoming SSH signal is not negligible (i.e. Fig. 8c, where
the black curve of incoming waves represents a significant proportion of the total signal). This demonstrates the robustness of
the method under realistic conditions.

Besides, outgoing waves are therefore correctly identified only if incoming waves propagate in accordance with the forcing
definition. To preserve this property, care must be taken to ensure that the forcing spectrum contains only wavelengths compat-
ible with the grid horizontal resolution, which means restricting the number of WW3 frequencies taken into account (only the

first 19 frequencies are used, up to 0.2 Hz) to keep only wavelengths greater than or equal to the model effective resolution.
5.3 On the foreshore

The two reference simulations DW—SYSIM and WW3—-SYSIM are compared with measurements on the foreshore during LEG3.

Comparisons are presented for the H,,,( integrated wave parameter on the gravity band, as well as for the frequency spectra.
5.3.1 Significant wave height

We focus here on Transect 3 (T3) located in the southern part of the study area, which is representative of the model per-
formance while covering the most instrumented cross-shore section. Detailed time series for Transects 1 and 2 (T1, T2) are
provided in Appendix B (Figs. B1-B3). Table 1 summarizes the bias (BIAS), the coefficient of determination (R?), and Will-
mott index (WI) across all transects and sensors during the LEG3 period.

Figure 9 depicts the H,,,¢ time series along T3, during the January acquisition week. The results are depicted for a subset
of sensors, from PT2 to G12 located at the offshore and onshore limits of T3, respectively (see Fig. 1). The Miche criterion,

defined as v = %’L}"I and calculated with the observations, is also included to identify breaking conditions.

Overall, the implementation of the wetting and drying scheme enables a realistic representation of tidally-driven foreshore
exposure, with both simulations reproducing the temporal evolution of H,,; with good agreement against the observations

along the different transects (Fig. 9 and Table 1). During the first tidal cycles, the Miche criterion exhibits a parabolic shape,
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Figure 8. Time series at the north boundary (j=41) on 11th January at 10:15 UTC for a: Instantaneous phase velocity and phase velocity
filtered by EMA at the north boundary for the WW3WEST-SYSIM simulation, b: Phase velocities filtered by EMA at the north boundary
for the WW3WEST-SYSIM (that simulate only outgoing waves) and the WW3-SYSIM simulations (that simulate incoming and outgoing
waves), ¢: SSH at the north boundary for the incoming and outgoing waves of WW3-SYSIM and for the outgoing waves of WW3-SYSIM and
WW3WEST-SYSIM, d: Hovmoller diagram at the same point for the WW3WEST-SYSIM simulation. In black, the lines with a slope equal to
the phase velocity filtered by EMA. The slope of the isolines, quite regular and always negative near the boundary condition at x=0, shows

the absence of spurious reflected waves
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indicating predominantly non-breaking conditions. Over these periods, both DW-SYSIM and WW3-SYSIM closely follow the
observed wave height variability at all sensors. Under breaking-wave conditions (i.e., when the Miche criterion reaches a nearly
saturated value), slight discrepancies emerge, particularly at the onshore sensors where wave heights tend to be underestimated
during peak conditions. This behaviour is especially visible also at the G12 location, where both simulations underestimate
the observed wave heights during high tide conditions. Despite these discrepancies, the statistical metrics remain high at most
transect sensors (Table 1). Biases remain limited at most T2 and T3 sensors, while larger systematic underestimations occur
along parts of T1, at BALEINES and at some onshore T3 stations. Willmott indices are generally high, although lower values
occur at several isolated nearshore stations.

The behaviour observed along T3 is representative of the general behaviour of the model, although significant spatial vari-
ability in model skill is observed across the study area (Figs. B1-B3; Table 1). The best agreement is obtained along T2,
where both simulations reproduce the tidal modulation and temporal variability of H,,o with small biases and high Willmott
indexes across most sensors. Slightly lower performances are obtained along T1 and for some nearshore sensors, where wave
height maxima tend to be underestimated during energetic conditions. Sensitivity tests revealed that these discrepancies are
strongly dependent on the choice of bottom friction coefficient. In particular, reducing the bottom friction from Cy = 0.6 m~*
to Cy = 0.4 m~! (Fig. B1) substantially improves the agreement along T1. This behaviour highlights the strong sensitivity
of nearshore wave transformation to dissipation parameterisations in shallow environments and suggests that a single uniform
bottom friction coefficient may not optimally represent the spatial variability of seabed roughness and dissipative processes
across the entire study area.

The WW3-SYSIM simulation, forced with offshore spectra on all boundaries, yields results that are generally consistent
with those obtained using DW—-SYSIM. Across the different transects, both configurations reproduce similar temporal patterns
and tidal modulation of H,,,, with comparable statistical performances. Nevertheless, localized differences emerge depending
on the wave conditions and sensor locations. Along T1, WW3-SYSIM tends to produce lower wave heights during energetic
conditions, leading to a moderate degradation of the statistical metrics at some sensors. Conversely, both simulations remain
very close over T2 and T3, where the agreement with observations is excellent (except for onshore stations of T3). These dif-
ferences highlight the sensitivity of nearshore wave transformation to the offshore spectral forcing and associated dissipation
processes. However, the overall consistency between DW-SYSIM and WW3-SYSIM demonstrates that the modelling frame-
work remains robust under different offshore forcings, with both configurations showing a similar capability to reproduce the
temporal variability of wave heights across the surveyed area.

Overall, both DW-SYSIM and WW3-SYSIM demonstrate robust performance over the surveyed area, despite localized dif-
ferences in the reproduction of significant wave height maxima. The spatial variability in model skill likely results from several
sources of uncertainty. First, wave breaking and bottom friction are represented using simplified parameterisations that may
not fully capture the spatial and temporal variability of dissipative processes associated with local hydrodynamics and seabed
roughness. Although the bathymetry is derived from high-resolution multibeam and LiDAR surveys and is therefore consid-
ered highly accurate, its numerical representation may still affect the simulations through grid interpolation, the smoothing

required for model stability, and the unresolved influence of small-scale seabed features. The strong sensitivity of the modeled
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wave field to bathymetric smoothing, highlighted previously, reflects the importance of these representation choices rather than
a limitation of the bathymetric dataset itself. Uncertainties in the offshore wave forcing may also locally affect the simulated
wave transformation. Finally, partial wave reflection at the beachface may also induce complex spatial modulations of the
wave field, affecting the comparison with the observations. However, the available measurements do not allow quantification

of reflection processes in such a strongly three-dimensional environment.
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Figure 9. Simulated and observed H,,o time series during LEG3 in several instruments from offshore (T2-6, a) to the Transect 3 (b: PT2,
c: GO1, d: GO5, e: GO7 and f: G12). In blue are the observations, in orange the DW-SYSIM simulation, and in green the WW3-SYSIM
simulation. On top are the simulated and measured values at T2-6, and below the values on Transect 3 from offshore to onshore. In black,

the Miche criterion calculated with the observations.
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Transect  Semsor DW-SYSIM WW3-SYSIM
BIAS R? WI BIAS R? WI
Ti-1 020 095 071 -0.21 090 0.69
T1-2 -0.17 091 076 -0.22 079 0.67
Tl T1-2BIS 020 095 070 -0.21 0.83 0.68
T1-3 020 094 077 -026 0.86 0.69
T1-4 -0.14 092 084 -0.23 090 0.71
T2-1 -0.07 093 091 -0.09 094 0.93
T2-2 -0.04 095 095 -0.06 0.93 0.96
T2 T2-3 0.05 096 097 0.07 089 0.95
T2-4 0.01 090 096 0.00 0.90 0.97
T2-5 0.00 095 098 0.12 092 0.96
G12 -0.24 091 073 -0.23 092 0.74
Gl1 -0.15 092 084 -0.14 092 0.85
G10 -0.18 091 081 -0.17 091 0.83
G09 -0.13 092 087 -0.12 092 0.89
GO08 -0.11 091 089 -0.11 0.92 0.90
GO07 0.00 092 098 0.00 091 0.97
G06 -0.04 092 097 -0.03 091 0.96
B GO05 -0.05 093 097 -0.04 0.89 0.96
G03 001 091 097 0.02 090 0.97
G02 0.00 093 098 0.01 091 0.98
GOl 001 095 099 0.00 093 0.98
PT4 -0.05 095 098 -0.06 094 0.97
PT3 -0.03 095 098 -0.04 094 098
PT2 -0.03 095 098 -0.04 094 098
BALEINES -0.24 095 0.66 -0.21 092 0.71
CAROLA  -0.05 069 085 -0.10 0.78 0.77
earshore GRANGE  0.00 0383 094 -001 080 0.94

GRIGNON  0.06 0.89 094 0.04 0.84 0.94
GRIVEAU -0.14 092 0.75 -0.13 092 0.78

OURS -0.10 092 0.87 -0.13 092 0.79
Table 1. Statistical H,,o scores (bias (BIAS), coefficient of determination (R?), and Willmott index (WI)) for sensors of each transect

for the two simulations DW—-SYSIM and WW3-SYSIM. Font styles provide a qualitative indication of model performance: bold, regular,
and italic values indicate good, intermediate, and poor performance, respectively. For the absolute bias, these categories correspond to
|BIAS| < 0.10m, 0.10 < |BIAS| < 0.20 m, and |BIAS| > 0.20 m, respectively. For R? and W1, they correspond to scores > 0.90, between

0.70 and 0.90, and < 0.70, respectively. 28
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5.3.2 Frequency spectra

Additional insight into the wave transformation processes is provided by the comparison of measured and simulated frequency
spectra at selected offshore and nearshore locations along T3. Figure 10 presents the temporal evolution of the frequency
spectra at PT2 and GO7, while Fig. 11 shows corresponding one-dimensional spectra for two representative periods during

moderately and high-energetic conditions.

Both DW-SYSIM and WW3-SYSIM successfully reproduce the dominant spectral peak and the overall temporal evolution of
the spectral energy distribution up to approximately 0.2 Hz. The main wave components and their modulation during the tidal
cycles are consistently captured at both offshore (PT2) and nearshore (GO7) locations. The two simulations also reproduce the
broadening of the spectral energy observed during energetic conditions. Differences between the simulations remain mostly
confined to the detailed distribution of energy around the peak, the IG band and the high-frequency tail.

During the lower-energy period on 12 January (Fig. 11a, c), both simulations reproduce the dominant peak reasonably well.
WW3-SYSIM generally produces a broader sea-swell spectrum and locally higher energy around the peak than DW-SYSIM.
In the IG band, WW3—-SYSIM is in relative good agreement with the observations, whereas DW—SYSIM underestimates them.
During the more energetic period on 14 January (Fig. 11b, d), agreement improves in the main sea-swell band, with both
simulations reproducing the observed peak frequency and magnitude. Both simulations underestimate largely the observed IG
energy at PT2 and GO7 for this period, although WW3-SYSIM generally retains more IG energy than DW-SYSIM.

Above approximately 0.2 Hz, the simulations underestimate the observed spectral energy and produce narrower high-
frequency tails. This behaviour is consistent with the finite grid resolution and numerical dissipation of the phase-resolving
model, which limit the representation of the shortest resolved waves and of energy transfers towards higher harmonics.

Preliminary sensitivity tests in the frequency de-coherence procedure, showed that perturbing the frequencies below ap-
proximately 0.05 Hz, create artificial low-frequency modulation at the open boundaries. With the actual implementation of the
procedure in the reference simulations, the random frequency offsets are drawn once at initialization and are not applied below
0.05 Hz, and thus no substantial additional energy in the IG band is generated (Fig. C1).

Complementary simulations with reduced or disabled frequency perturbations produced moderate and non-monotonic changes
in IG energy. However, the generally larger IG response obtained with WW3 forcing persisted, indicating that the difference
between the two reference simulations cannot be attributed solely to the frequency de-coherence procedure (not shown).

Overall, both forcing configurations reproduce the dominant sea-swell transformation from offshore to nearshore. The re-

maining discrepancies are mainly concentrated in the IG range and above 0.2 Hz.

6 Discussion

This study aimed to evaluate the ability of a phase-resolving model to reproduce complex nearshore wave dynamics under

realistic boundary forcing conditions, including tides, currents, and directional wave spectra, in a rocky coastal environment.
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Figure 10. Observed spectra and simulated spectra for the simulations DW-SYSIM and WW3-SYSIM along transect 3, as a function of time
and frequency, at PT2 (a, b and c¢) and G07 (d, e and f) during LEG3. The white vertical dashes indicate the dates of the 1D spectra shown in
the Fig. 11
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Figure 11. Observed and simulated frequency spectra at PT2 (top row) and GO7 (bottom row) on 12 January at 02:40 UTC (left column)
and 14 January at 16:40 UTC (right column). Observations are compared with DW—SYSIM and WW3-SYSIM. Grey dashed lines indicate
the separation between the IG and sea-swell bands. The values reported in each panel indicate the corresponding IG significant wave height,

Ho,16.

The primary objective was to assess whether using realistic, time-varying spectral forcings at the boundaries improves the
representation of wave transformation, particularly in terms of spectral content in the nearshore zone.

While improvements in boundary forcing increase the realism of the model configuration, they do not automatically translate
into improved performance across the entire domain. A key limitation arises from the absence of phase information in the wave
forcing conditions: spectral models represent the distribution of energy across frequencies and directions but lack the phase of
individual wave components, making it impossible to reconstruct time series that are fully consistent with measured conditions.
This limitation constrains direct comparisons with instantaneous observations and affects the ability to capture extreme, phase-
dependent events critical for coastal flooding and swash studies (Henderson et al., 2022). Besides, simulations were conducted
over 30-minute windows to match the periods over which the measured spectra were computed. While enabling consistent
spectral comparisons, such short windows may not capture the statistical variability of the sea state or rare extremes (Salatin

et al., 2021; Treillou et al., 2024). This raises challenges for operational implementation, where capturing extremes is crucial
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but computationally expensive. Alternative strategies, including data-driven approaches or machine learning emulators, could

be developed to infer the occurrence and magnitude of rare events efficiently while limiting computational costs.

The study underscores the importance of local hydrodynamic features, bathymetric representation, and dissipation parame-
terisations for reliable nearshore wave modelling.

Significant spatial modulations of the wave field occur in the shoaling and surf zones and are strongly sensitive to the
numerical representation of bathymetry. These patterns may combine physical refraction and focusing with scattering, par-
tial reflection, interpolation effects and grid-scale numerical sensitivity. Additional simulations using a smoothed bathymetry
demonstrated a strong reduction of alongshore variability, emphasizing the sensitivity of phase-resolving models to fine-scale
seabed morphology. In the present study, the combination of high-resolution multibeam and LiDAR surveys provides a partic-
ularly detailed alti-bathymetric dataset. The remaining sensitivity therefore primarily concerns how these data are interpolated
onto the computational grid and modified by the smoothing required for numerical stability, rather than the accuracy of the
surveys themselves. At the shoreline, such wave-focusing patterns may induce highly variable alongshore exposure to wave
energy, potentially leading to localized hotspots of coastal hazard. These results stress the need to preserve relevant mor-
phological scales when constructing model bathymetries, particularly in complex rocky nearshore environments and in sandy
environments subject to rapid morphological changes.

The calibration of bottom friction and wave breaking parameters has a significant influence on the model’s ability to re-
produce wave heights and spectral distributions, especially in the surf zone. Sensitivity tests showed that reducing the bottom
friction coefficient from Cy = 0.6 m~! to Cy = 0.4 m~! substantially improves the agreement along T1 during energetic
conditions, indicating that a single uniform friction parameter may not optimally represent the spatial variability of seabed
roughness and dissipative processes across the entire domain.

These results suggest that improving offshore forcing alone is insufficient to systematically improve nearshore wave pre-
dictions when the numerical representation of fine-scale bathymetric features and the parameterisation of dissipative processes
remain controlling factors. Future work should therefore focus on site-specific calibration strategies informed by spatially re-
solved seabed-roughness metrics (Sous et al., 2024; Geindre et al., 2025). Ongoing studies are currently investigating how
seabed metrics can be directly related to wave energy dissipation (Dealbera et al., 2024), with new parameterisations of bottom
friction over rocky bottoms being developed for phase-resolving models (Guélard Ancilotti et al., 2024). In parallel, efforts to
improve wave-breaking parameterisations are underway, particularly regarding the representation of wave shape evolution in

shoaling and surf zones, which strongly controls spectral transfers and high-harmonic generation.

In this study, we focused on a period during which the largest number of instruments was deployed at sea. However, this pe-
riod was relatively low in energy and therefore not particularly favorable for investigating IG waves. The analysis of frequency
spectra provides additional insight into the representation of low-frequency motions. The one-dimensional spectra indicate that
both simulations reproduce the dominant sea-swell energy reasonably well, including the evolution of the main spectral peak

from offshore to nearshore areas. Differences remain visible in the low-frequency band, particularly at nearshore locations.
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However, these discrepancies are not systematic enough to conclude that the model fails to reproduce frequency spectra of
IG waves. Instead, they suggest that low-frequency motions are only partly represented under the present configuration. At
some locations, the observed low-frequency modulations may also represent partial wave reflection and interference patterns
in the surf zone, which are difficult to assess quantitatively with the available measurements in such a highly three-dimensional
environment.

The sensitivity experiments distinguish artificial low-frequency energy introduced during boundary reconstruction from IG
waves generated within the phase-resolving domain. After excluding frequency perturbations below 0.05 Hz, the WW3-SYSIM
simulation still generally produces more IG energy than the DW—-SYSIM simulation. Frequency de-coherence therefore modu-
lates the detailed response but does not appear to be its primary origin.

The residual difference may be associated with characteristics of the reconstructed incident sea-swell field that are not fully
described by the energy spectrum. In particular, the coarser WW3 frequency-direction grid concentrates energy into fewer
components, while the random phase realization and the spatial distribution of forcing along the open boundaries may produce
a different wave-group structure. Difference-frequency interactions acting during propagation and shoaling could consequently
generate different bound-IG responses. This remains a working hypothesis, because no direct phase-coherence is available, and
the simulations cover relatively short windows with a single phase realization.

The interpretation is further complicated by the coexistence of free and bound IG components. Although free IG waves may
contribute to the low-frequency energy (Akrish et al., 2025; Ardhuin et al., 2014), previous studies in the Bay of Biscay suggest
an important role for locally generated bound IG (Crawford et al., 2015; Bertin et al., 2020). The remaining discrepancies may
therefore combine differences in incident wave-group structure with nearshore generation, reflection and dissipation. Longer
simulations during energetic periods, ensembles of phase realizations and dedicated diagnostics of incident and reflected com-

ponents would be required for a quantitative attribution.

7 Conclusion and perspectives

This study demonstrates the application of a phase-resolving, non-hydrostatic model forced with realistic, time-varying wave,
tide, and current conditions to simulate complex nearshore wave dynamics in a rocky shoreface environment. Particular atten-
tion is given to the treatment of open boundaries, notably the phase-resolving radiation of outgoing waves and the reconstruction
of incoming wave fields from directional spectra, as well as to the influence of the bathymetric representation and dissipation
parameterisations.

Two complementary forcing strategies were compared. In DW—SYSTIM, the directional spectrum measured at the offshore
buoy is prescribed uniformly along the western open boundary. In WW3-SYSIM, spatially varying WW3 spectra are imposed
along all three open boundaries. Neither strategy is uniformly superior: the buoy forcing benefits from the high frequency
and directional resolution of a locally observed spectrum, whereas the WW3 forcing accounts for the spatial variability of
the incident wave field and for lateral wave contributions, but relies on a more coarsely discretised and modelled directional

spectrum.
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Both reference simulations reproduce the dominant sea-swell transformation and the temporal variability of significant wave
height reasonably well over most of the instrumented transects. The remaining errors are spatially heterogeneous and increase
at some nearshore stations, where the response becomes particularly sensitive to local bathymetric gradients, dissipation and
unresolved seabed roughness. Both simulations also underestimate energy above approximately 0.2 Hz, which is consistent
with the finite model resolution and numerical dissipation.

Because the phases of the spectral components are unknown, the incoming wave fields are reconstructed using four sym-
metrically shifted subcomponents with frequency and phase perturbations fixed throughout each simulation. Excluding pertur-
bations below 0.05 Hz prevents the reconstruction procedure from directly introducing artificial IG energy at the boundaries.
Sensitivity tests nevertheless show that, although this procedure influences the detailed IG response, the differences between
DW-SYSIM and WW3—-SYSIM simulations also depend on the incident spectral characteristics and their subsequent nearshore
transformation.

The bathymetric sensitivity experiments further demonstrate that the simulated wave field is strongly affected by the numer-
ical representation of local seabed morphology. Smoothing the computational bathymetry substantially reduces the alongshore
variability of significant wave heights, confirming that small-scale depth gradients control part of the simulated focusing and
defocusing zones. However, this result does not establish that all fine-scale structures obtained with the original bathymetry
are physical, nor that the smoothed bathymetry is preferable. The response may combine physical refraction and focusing with
scattering, partial reflection, interpolation effects and grid-scale numerical sensitivity. The smoothing experiment should there-
fore be interpreted as a measure of uncertainty associated with bathymetric representation rather than as evidence of insufficient
survey accuracy.

Overall, the results show that phase-resolving nearshore simulations can reproduce the principal characteristics of wave
transformation in a highly heterogeneous coastal environment, but that their local accuracy depends strongly on how the
incident spectrum, seabed morphology and dissipation processes are represented. Future developments should therefore focus
on carefully constructed computational bathymetries, spatially varying roughness and friction formulations, and improved
characterisation of the directional and phase structure of the boundary forcing. Longer energetic simulations and ensembles of
phase realizations will also be required to quantify the respective contributions of spectral discretisation, wave-group coherence

and nearshore non-linear processes to IG wave generation.

Code availability. The source code of version 3.8.9 of Symphonie used in this work can be found at https://doi.org/10.5281/zenodo.20527266
(Marsaleix et al., 2026) and is distributed under the Creative Commons Attribution 4.0 International licence. Last version of the model can
also be obtain from the INSU-certified service SIROCCO at https://sirocco.obs-mip.fr. The RiCoRé sea campaign (2020-2021) dataset can
be found at https://doi.org/10.5281/zenodo.20522323 (Michaud et al., 2026a). Model setup files and forcings of Symphonie can be accessed
at https://doi.org/10.5281/zenodo.20537410 (Michaud and Marsaleix, 2026) and the simulation results here: https://doi.org/10.5281/zenodo.
20536767 (Michaud et al., 2026b).
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Figure B1. Simulated and observed H,,o time series during LEG3 for sensors located offshore (T2-6, a) and in Transect 1 (b: T1-4, c:

T1-3,d: T1-2, e: T1-2BIS and f: T1-1). In blue are the observations, in orange the DW—-SYSIM simulation with Cqy = 0.6 m~L, in green the

WW3-SYSIM simulation with Cy = 0.6 m ™", in red the DW—SYSIM simulation with Cy = 0.4 m™!, in cyan the WW3-SYSIM simulation

with Cy = 0.4 m~". In black, the Miche criteria.
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Figure B2. Simulated and observed H.,,( time series during LEG3 for sensors located offshore (T2-6, a) and in Transect 2 (b: T2-5, c: T2-4,
d: T2-3, e: T2-2 and f: T2-1). In blue are the observations, in orange the DW—SYSIM, and in green the WW3—-SYSIM simulation. In black, the

Miche criteria.
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Figure B3. Simulated and observed H,,o time series during LEG3 for offshore (T2-6, a) and nearshore instruments along the coast (b:
BALEINES, c: OURS, d: GRIVEAU, e: CAROLA, f: GRIGNON and g: GRANGE). In blue are the observations, in orange the DW—SYSIM
simulation, and in green the WW3-SYSIM simulation. On top are the simulated and measured values at T2-6, and below the values on

nearshore instruments from north to south. In black, the Miche criteria.
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