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ARTICLE INFO ABSTRACT

Dataset link: https://data.shom.fr, https://ww In September 2017, Category-5 Hurricane Irma made landfall on the small islands of Barbuda and Saint Martin,
w.ioc-sealevelmonitoring.org/station.php?code causing exceptional and devastating storm surges. Understanding such extreme surges is essential for improving
=barb, https://www.ncei.noaa.gov/products/i their forecast and designing effective risk management strategies. One of the main challenge for their accurate

nternational-best-track-archive, https://cyclob
s.ifremer.fr/app/tropical, https://doi.org/10.1
2770/11057ae4-b708-481a-9848-2e4fdef5762
5, https://cds.climate.copernicus.eu/datasets/r
eanalysis-era5-single-levels?tab=overview, htt

modelling lies in the strong uncertainties in the characterisation and representation of tropical cyclone (TC)
atmospheric conditions. The present study investigates the sensitivity of simulated surge to TC position, wind
intensity, structure, and surface stress formulation, through experiments based on scenarios exploring their
range of uncertainty. Simulations with the Coastal and Regional Ocean COmmunity model reveal that the surge

ps://data.marine.copernicus.eu/product/GLOB peak (over 2 m) at two tide gauge locations is primarily driven by extreme winds in the cyclone eyewall, and is
AL MULTIYEAR PHY 001_030/description, htt correctly captured only when specific cyclone track and wind stress intensity are met, while being completely
ps://doi.org/10.5281/zenodo.15064113 missed when relying on global atmospheric reanalysis winds. Relative to a reference simulation, changes in

the wind stress formulation or the TC position reveal variations in the peak surge amplitude of up to 52% and
44%, respectively. Meanwhile, the peak surge duration is highly sensitive to the wind structure. The impact of
structure and track is also shown to be strongly site-dependent. These results highlight the need for realistic
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Uncertainties cyclone intensities, structures, and tracks for an accurate surge modelling, especially when intense cyclones

Parametric forcing pass over, or at a few kilometres, from volcanic islands. They also provide guidance on the TC uncertainties

Modelling to be accounted for when simulating surge, since deriving cyclone characteristics, even from state-of-the-art

Hurricane Irma observations, remains challenging.

1. Introduction under climate change and sea-level rise (Neumann et al., 2015; Muis
et al., 2016; Glavovic et al., 2022).

Storm surges induced by tropical cyclones (TCs) are among the most Storm surges are positive sea-level anomalies primarily driven by
deadly and damaging natural disasters (Needham et al., 2015). Between wind stress and atmospheric pressure gradients, in combination with
1850 and 2000, they were responsible for 10,000 to 15,000 deaths astronomical tides. They can include non-linear tide-surge interac-
each year (Nicholls, 2006). Individual events can have catastrophic ~ tions (Proudman, 1957), and significant short-waves contributions
impacts, such as cyclone Nargis, which caused nearly 140,000 deaths (Lavaud et al., 2020). Nowadays, numerical models represent essential
in Myanmar in 2008 (OCHA, 2008), even though the frequency of such tools for predicting storm surges at the coast, investigating the inherent
high-fatality events is declining in most regions worldwide, reflecting physical processes, and providing valuable information for adaptation
improvement in risk reduction efforts (Bouwer and Jonkman, 2018). strategies. A key requirement for reliable simulations is the accurate

representation of TC atmospheric forcing. In particular, previous stud-
ies have shown that storm surge simulations are strongly influenced
by TC wind intensity (Rego and Li, 2009; Weisberg and Zheng, 2006),
intensification rate in rapidly intensifying systems (Sebastian and Be-
hera, 2022), storm size as characterised by the radius of maximum
winds (Irish et al., 2008; Kang et al., 2026), and forward speed (Peng

Meanwhile, the concentration of population and economic activities in
coastal areas keep increasing: in 2020, nearly 11% of the global popula-
tion, around 896 million people, live in coastal areas that do not exceed
10-m elevation above mean sea level (Haasnoot et al., 2021), and this
number is projected to exceed one billion by 2050 (Oppenheimer et al.,
2019). In next decades, coastal risks are expected to further intensify
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Fig. 1. Ocean model configurations showing the parent domain (a), along with the two nests for Saint Martin (b) and Barbuda (c). Domain boundaries are shown
as dashed lines, bathymetry is displayed in colour shading, the cyclone track is indicated in white with dots coloured by IBTrACS wind intensity, and black
crosses in (b) and (c) mark the locations of the tide gauges. Several modelled iso-depth are indicated with black lines, labelled in metres.

et al.,, 2006; Rego and Li, 2009; Thomas et al., 2019). Additional
sensitivities arise from landfall angle (Weisberg and Zheng, 2006;
Ramos-Valle et al., 2020) and timing relative to the tidal phase (Thomas
et al., 2019), leading to highly location-dependent impacts. Uncertain-
ties also persist in the parametrisation of surface stress, a key driver of
surge generation (e.g. Moon et al., 2009; Bertin et al., 2015; Pineau-
Guillou, 2018), with no clear consensus yet established (Bryant et al.,
2016). Despite significant progress in observing and understanding
TC dynamics over recent decades (Emanuel, 2018), including the
emergence of high-resolution satellite measurements such as Synthetic
Aperture Radar (SAR, e.g. Mouche et al., 2017, 2019), in situ and
remote observations remain sparse. As a result, the characterisation
of TC atmospheric conditions is still subject to substantial uncertainty,
even in post-event best-track datasets (Torn and Snyder, 2012; Landsea
and Franklin, 2013). In this context, this study aims to assess how
these uncertainties in TC forcing translate into variations in simulated
storm surges. We conduct a set of surge simulations using the Coastal
and Regional Ocean COmmunity (CROCO) ocean model, forced with
state-of-the-art parametric TC wind field. Each experiment explores the
impact of variations in key TC characteristics, namely wind stress for-
mulation, storm structure, and track parameters, within their respective
observational uncertainty ranges. These ranges are derived from the
known limitations in post-event and real-time TC observations, and
are used here to define physically plausible scenarios. The analysis of
this set of deterministic sensitivity experiments contributes to improve
the understanding and modelling of TC-induced storm surges, which
is essential for better characterising this hazard and developing more
effective coastal adaptation strategies.

In September 2017, TC Irma developed offshore Cape Verde islands,
and travelled across the Atlantic towards the Caribbean Arc (Fig. 1).
Irma caused 47 direct fatalities, and significant storm surges, particu-
larly across the northern Caribbean arc and Florida (Cangialosi et al.,
2021). It became one of the strongest and costliest TC ever recorded
in the North Atlantic basin. As a Category-5 hurricane, Irma made
landfall at Barbuda (Fig. 1) around 05:45 UTC, with maximum winds of
80 m.s~! and a minimum pressure of 914 hPa. The hurricane caused 3
fatalities, and destroyed about 95% of the island’s structures, rendered
it nearly uninhabitable. A few hours later, around 11:15 UTC, Irma
made a second landfall on Saint Martin island (Fig. 1) with the same
intensity, causing 15 fatalities, and damaging 90% of buildings (Can-
gialosi et al., 2021). Some previous studies have already investigated
the sensitivity of modelled storm surges associated with TC Irma to

various aspects of the atmospheric forcing. So et al. (2019) modelled
intense positive and negative storm surges (exceeding + 2 m) along the
wide continental shelf of the Florida peninsula, which were strongly
linked to spatial gradients in wind stress. Surges in this region were also
simulated in Dullaart et al. (2020), which highlighted the improved per-
formance of global surge models due to advances in climate reanalysis
products. Recently, Chaigneau et al. (2024) explored the sensitivity of
storm surges in Florida and Puerto Rico to multiple factors, including
the wind stress parametrisation and the choice of atmospheric forc-
ing, through comparisons between different parametric wind models
and a global reanalysis, the latter generally providing more accurate
results. Interestingly, extreme surges were reported in Saint Martin
and Barbuda (Rey et al., 2019; Arpaia et al., 2021; Cangialosi et al.,
2021), although such high values are unusual for small tropical islands
with narrow continental shelves as shown by Kennedy et al. (2012).
The availability of tide gauge observations on both islands provides
an opportunity to investigate how storm surge generation on these
islands, located only a few kilometres from the track of a Category-5
cyclone, is sensitive to the TC wind forcing characterisation. Our results
lead to distinct conclusions from those drawn in previous regional
studies (Dullaart et al., 2020; Chaigneau et al., 2024) regarding the
atmospheric forcing requirements for accurate surge modelling. These
differences are attributed to the particular sensitivity of volcanic islands
to extreme and sharply varying wind fields, and their uncertainties.

The paper is organised as follows. Section 2 describes the method-
ology, including the configuration of the CROCO ocean model, the
atmospheric forcing used, and the design of the numerical experiments.
The main results of the sensitivity experiments are presented in Sec-
tion 3, and discussed in Section 4, along with the limitations arising
from the parametric representation of TC winds and missing wave
effects. Section 5 provides concluding remarks.

2. Materials and methods
2.1. TC best-track data

As a collaborative effort between all World Meteorological Organi-
zation (WMO) Regional Specialized Meteorological Centres (RSMCs),
the International Best Track Archive for Climate Stewardship (IB-
TrACS; (Knapp et al.,, 2010; Gahtan et al., 2024), DOI v4r01: 10.
25921/82ty-9el6) is the reference dataset for TC main characteristics.
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It combines all available observations (storm reports, buoys, ships,
radar, aircraft, satellites, etc.) to produce the best possible estimate of
the TC track, intensity, and characteristic radii. From this dataset, the
following parameters, as provided by the USA agency, are used to build
the atmospheric forcing of TC Irma (as detailed in Section 2.3):

+ the TC centre position (longitude and latitude)

+ the 1-minute maximum sustained wind speed

« the characteristic radii at 34-, 50-, and 64-kt, in each quadrant
(North-East, South-East, South-West and North-West). These radii
represent the maximum radial extent at which the respective wind
thresholds are reached in each quadrant.

Along with the best-track data, IBTrACS provides estimates of uncer-
tainties in TC position and wind intensity. These uncertainties largely
depend on the year of occurrence, the TC intensity, the ocean basin
and the type of observations available. In particular, the availability
of aircraft reconnaissance data (in the Western Pacific from 1950 to
1987 and in the North Atlantic since 1950) or the proximity to the U.S.
coasts contribute to reduced uncertainty levels (Landsea and Franklin,
2013). Positional uncertainty in IBTrACS is derived from comparing the
TC positions reported by different agencies. This uncertainty generally
decreases with increasing wind intensity, as stronger TCs tend to ex-
hibit a more clearly defined eye, making the centre position easier to
identify. For Irma, winds exceed 51 m.s~! (100 kt) when it passed over
Barbuda and Saint Martin, the position uncertainty is then estimated
to range between 10 and 15 km. Intensity uncertainty in IBTrACS is
based on qualitative expert assessments. For Irma, a post-2000 North
Atlantic TC, the estimated uncertainty is approximately + 3.6 m.s™! (7
kt). The impact of these uncertainties on the modelled storm surge will
be assessed with several sensitivity tests described in Section 2.4.

2.2. The CROCO ocean model

Numerical simulations of the storm surges induced by Hurricane
Irma are carried out with the Coastal and Regional Ocean COmmu-
nity model, version 2.1.0 (CROCO; DOI: 10.5281/zenodo.15064113).
CROCO is a free surface oceanic model running on a structured mesh
with a split-explicit time-stepping scheme and terrain-following S-
coordinates. In this study, the model is configured to solve the three-
dimensional incompressible primitive equations under the hydrostatic
and Boussinesq approximations. Seawater density is computed from
a non-linear equation of state as a function of potential temperature,
salinity and pressure (Shchepetkin and McWilliams, 2003). The model
configuration mainly follows the default schemes and parametrisations
for regional applications, and are summarised in Appendix A.1. Lateral
advection of momentum and tracers (temperature and salinity) is
computed with third-order upstream biased schemes, using a split and
rotated formulation to limit diapycnal mixing, while vertical advection
relies on a fourth-order compact scheme (Marchesiello et al., 2009;
Lemarié et al., 2012). Subgrid-scale vertical mixing is represented with
a K-profile parametrisation (KPP, Large et al., 1994), which accounts
for surface and bottom boundary layer mixing, non-local transport in
the surface layer, and interior mixing driven by shear instability and
convection. The bottom drag coefficient is computed from a quadratic
friction log-layer and a bottom stress limitation for stability.

To refine the resolution around each of the two regions of interest,
the islands of Barbuda and Saint Martin, the model is used with its two-
way nesting capabilities, provided by the Adaptive Grid Refinement
in Fortran (AGRIF) package (Debreu et al., 2012). Both configurations
share the same parent domain, which covers the northern Caribbean arc
at a 3-km resolution, followed by two successive nested domain zooms
at 600-m and 120-m resolution around each targeted island (Fig. 1).
The bathymetry is constructed from the regional bathymetric digital
elevation models of Service Hydrographique et Océanographique de la Ma-
rine (SHOM) Homonim project. The 0.005° resolution product (SHOM,
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2017) is used for the 3-km parent grid domain, as well as the nested
domains of Barbuda, while the 0.001° resolution product (SHOM, 2018;
DOIL: 10.17183/MNT_ANTN100m_HOMONIM WGS84) is used for the
two finer resolution domains of the Saint Martin configuration, as
available on this area only. All domains have 32 vertically stretched
levels, with stretching parameters (§, = 7 and 6, = 2) providing
enhanced resolution near the surface and the bottom, and a transition
depth between the horizontal surface and the bottom terrain following
levels, h, = 200 m.

The parent domain is forced at its four open lateral boundaries
with sea level, barotropic and baroclinic velocities, salinity, and tem-
perature. To reduce small-scale effects and ensure a smooth transition
between the model interior solution and boundary conditions, a sponge
layer with enhanced viscosity and diffusivity is applied near the bound-
aries. Open boundary conditions are prescribed using a characteristics
method for barotropic velocities, while radiative conditions are ap-
plied to baroclinic velocities, salinity and temperature (Marchesiello
et al., 2001). Initial and lateral boundary conditions are derived from
the daily mean of the global ocean reanalysis provided by the E.U.
Copernicus Marine Service Information (CMEMS), with a horizontal
resolution of 1/12° and 50 vertical levels (DOI: 10.48670/moi-00021).
The simulations also include tidal forcing at the boundaries, processed
with tidal sea level and current derived from Oregon State University’s
TPXO7 global ocean tide models (Egbert and Erofeeva, 2002), with a
one-day ramp applied at initialisation.

Several experiments are conducted with various atmospheric fields
and bulk formulations detailed in Section 2.3. Surface gravity wave
effects on the modelled surge are not considered in the present study,
which focuses on the sensitivity of storm surge to uncertainties in the
characterisation and representation of the TC wind forcing. The chosen
case study is not strongly impacted by wave setup given the geograph-
ical and morphological configuration, as discussed in Section 4. Each
simulation is run using a 48-hour period (September 5 and 6, 2017),
using baroclinic and barotropic time steps of 75 s and 1.5 s respectively.
Sensitivity tests (not shown) confirm that the chosen time window is
sufficient to eliminate the influence of initial adjustments on the surge
evolution on September 6. Instantaneous outputs are saved hourly on
September 5, and at 10-min intervals on September 6, when TC Irma
made landfall on both islands.

2.3. Atmospheric forcings

The momentum, heat and water fluxes are computed within CROCO
with the COARE 3.0 (Fairall et al., 2003) or ECUMEv6 bulk for-
mulations (Roehrig et al., 2020) using 10-m wind speed, sea level
pressure, 2-m air temperature and humidity, surface precipitation, and
short and long wave radiation. Two atmospheric forcing strategies
are employed in the simulations. The first one uses the European
Centre for Medium-Range Weather Forecasts ERA5 (Hersbach et al.,
2020) reanalysis provided at hourly frequency on a 0.25° grid for all
the aforementioned variables. However, ERA5 is known to strongly
underestimate TC intensities (e.g. Hodges et al., 2017; Dulac et al.,
2024), by 37% in average for TC maximum wind intensities accord-
ing to Jullien et al. (2024). For example, during the landfalls over
Barbuda and Saint Martin on September 6, maximum winds reached
32 m.s~! in ERAS5, compared with 80 m.s~! in IBTrACS. To overcome
this strong underestimation of TC intensity, a second forcing strategy
is thus preferred: while 2-m air temperature and humidity, surface
precipitation, short and long wave radiation are still taken from ERAS5,
the wind and pressure fields are reconstructed using the approach
proposed by Herry et al. (2025). It consists in blending a parametric
TC model, driven by observed intensities, within the ERA5 reanalysis,
providing the large-scale field around the TC. ERA5 wind and pressure
fields are first filtered along the TC track to remove the too weak TC
vortex. Then, best-track TC characteristics are used to build parametric
radial profiles of the 10-m winds and surface pressure. Finally, these
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Fig. 2. Snapshots of the 2D wind field on September 7 at 10:30 UTC from SAR observations (left), the blended wind field (middle), and ERA5 reanalysis (right).
ERAS field, available hourly, is interpolated at the selected time. The track of TC Irma is shown as a black dotted line. The radii used in the blending procedure,

R3y pras and Ry ppas/2, are indicated by brown and black circles, respectively.

parametric fields are blended with the filtered ERA5 fields using the
34-kt radius of maximum winds, usually used to characterise outer-
wind TC size (e.g. Chavas and Knaff, 2022; Schenkel et al., 2023).
A transition zone between Rj4 prys5/2 and Ry, pr4s ensures a smooth
transition between the parametric inner-core representation and the
ERAS5 winds in the outer-core region. Within Ry, pz45/2 of the cyclone
centre, the parametric wind field is added to the filtered ERA5, while
beyond Rj, pr4s, the wind field corresponds solely to ERA5 winds.
Further details on the method can be found in Appendix A.2 and in the
reference paper by Herry et al. (2025). Overall, the authors showed that
this procedure results in an enhanced representation of the maximum
TC intensity and radial profile (wind and pressure), while preserving
the spatial asymmetries and outer-wind large-scale structures provided
by the global reanalysis, where it is reliable (Schenkel et al., 2017;
Bian et al., 2021). Using Herry et al. (2025) toolbox (DOI: https:/
/doi.org/10.12770/11057ae4-b708-481a-9848-2e4fdef57625), the 10-
m winds and surface pressure fields are reconstructed on a 3-km grid to
correctly represent Irma’s wind and pressure forcing, and every 15 min
to properly account for its motion. To be consistent with IBTrACS
methodology, the interpolation is linear for maxima winds and radii,
and spline for the TC position.

Fig. 2 illustrates the 2D wind fields from ERA5, the blended forcing,
and SAR observations for TC Irma on September 7 at 10:30 UTC,
i.e. when a SAR image was available. ERA5 markedly underestimates
the maximum wind speed, reaching only 33% of the value observed
in the SAR data. The blended forcing shows a much better agreement
with observations with a realistic intensity and size, although the
maximum wind is not located at the front but to the right of the TC,
highlighting some limitations of the parametric representation. The
blended forcing indeed reproduces the large-scale asymmetry of the
synoptic flow, characterised by stronger winds on the TC right side
(relative to its north-westward motion), but cannot represent localised
small-scale asymmetries diverging from the general behaviour, such as
that of the atypical front location of the maximum observed in the
SAR data. Nevertheless, the reconstructed blended wind field provides
a much more realistic forcing than ERAS.

2.4. Numerical experiments

A reference simulation, named REF, is conducted using the blended
wind and pressure fields described in the previous section. For com-
parison, another simulation is performed using the native ERAS fields
(WPERAS). In order to evaluate the contribution of the atmospheric
pressure gradient to the surge, two additional simulations are con-
ducted: one not accounting for the TC-induced pressure drop by pre-
scribing a constant 1000 hPa surface pressure (PatmCst), and another
partially accounting for it by using the ERA5 original surface pressure

(PatmERA5). Then, several numerical experiments are designed to
assess the sensitivity of surge simulations to known uncertainties in
TC atmospheric forcing, specifically (i) the wind intensity and wind-
induced surface stress parametrisation, (ii) the spatial structure of
the cyclonic wind field, and (iii) the spatio-temporal position of the
TC centre. To that end, the blended wind field is reconstructed for
several scenarios with modified TC intensity, structure, or position
within the range of uncertainties given by IBTrACS observations. In
addition to these TC characteristics, the surface stress strongly depends
on the choice of the bulk parametrisation of air-sea fluxes for which
large discrepancies exist under strong winds (>30 m.s~!, Bryant et al.,
2016). These differences reflect both the difficulty of obtaining reliable
observations in such extreme conditions, and the dependence on the
sea state. Several field measurements or laboratory experiments suggest
a saturation or decrease of the drag coefficient at high wind speeds
(e.g. Powell et al., 2003; Takagaki et al., 2012). Nonetheless, owing
to its dependence on sea-state conditions that are not exclusively gov-
erned by wind speed, this parameter can potentially take significantly
different values for the same wind intensity across different regions
around the TC (Holthuijsen et al., 2012; Zhou et al., 2022). To explore
the associated sensitivity, as wave effects are not explicitly repre-
sented in this study, two contrasting parametrisations are employed,
chosen to span the upper and lower bounds of the aforementioned
spread: ECUMEv6 (zECM, Roehrig et al.,, 2020), which features a
pronounced decrease of the drag coefficient at high wind speeds, and
COARE 3.0 (Fairall et al., 2003), in which the drag coefficient increases
roughly linearly (see Appendix A.3). Besides the choice of the bulk
parametrisation, sensitivity of the surge to wind-induced surface stress
is partly due to uncertainty in the maximum wind speed, V,,,,,, itself.
Hence, the two aforementioned simulations are also carried out with
the V,,,, input parameter, used to construct the wind and pressure
fields, respectively reduced and increased by 6,, ~ 3.6 m.s~! (7 kt),
i.e. the IBTrACS V,,,, uncertainty, see Section 2.1. Uncertainties in TC
atmospheric conditions also lie in the representation of the TC wind
spatial structure. Indeed, an accurate representation of the entire TC
vortex requires correctly capturing the radius of maximum wind, the
decay rate of winds beyond this radius, as well as complex spatial
patterns including asymmetries and localised features on scales of a
few kilometres. To explore the surge sensitivity to some of these wind
spatial characteristics, a simulation investigates variations of the radius
of maximum wind by using the formulation of R,,,, from Willoughby
et al. (2006) instead of that from Avenas et al. (2023) used in REF
(see formulations in Appendix A.2). Another simulation uses a different
parametric wind profile formulation V(r) to assess the impact of the
radial wind structure. The Willoughby et al. (2006) formulation is
used instead of that of Wood et al. (2013). These two formulations
differ on how they represent the wind speed decay beyond the radius
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List and characteristics of the sensitivity numerical experiments. For each experiment, the type of atmospheric forcing is given,
with further specification when the sources of wind and atmospheric pressure (Patm) are distinct. The wind stress formulation

used is also indicated. For experiments using parametric fields, the model inputs, R,

max> Vmay> and the TC longitude (lon) and

latitude (lat), are specified. HE25 refers to Herry et al. (2025), AV23 to Avenas et al. (2023), OL17 to Olfateh et al. (2017), and
IBTrACS is abbreviated as BT. For each experiment, parameters that differ from REF are shown in bold.

Experiment Atmo. forcing Rpax Vinax TC position Wind stress
REF HE25 AV23 BT BT COARE
WPERAS5 ERAS5 - - - COARE
PatmCst Winds: HE25 AV23 BT BT COARE
Patm: 1000 hPa
PatmERAS Winds: HE25 AV23 BT BT COARE
Patm: ERAS
TrackLAT+ HE25 AV23 BT longy COARE
latgy + 6,
TrackLAT— HE25 AvV23 BT long COARE
latg, — 6,
TrackLON+ HE25 AV23 BT long; + 8, COARE
latgy
TrackLON— HE25 AV23 BT long; — 8, COARE.
latgy
7ECM HE25 AV23 BT BT ECUME
Vmax+REF HE25 AV23 BT+6,, BT COARE
Vmax—REF HE25 AV23 BT-6,, BT COARE
Vmax+ECM HE25 AV23 BT+6,,, BT ECUME
Vmax—-ECM HE25 AV23 BT-§,, BT ECUME
RmaxWi06 HE25 WIO06 BT BT COARE
ModelWi06 Winds: WI06 AV23 BT BT COARE
Patm: HE25
AsymOIf17 HE25 + AvV23 BT BT COARE
asym. OL17

of maximum wind, enabling an exploration of its impact on surge
simulations. Finally, a simulation is conducted in which TC asymmetry
is not represented by the ERAS5 background field within Ry, pgas5/2
but is instead prescribed by the formulation proposed by Olfateh et al.
(2017), fitted to SAR data by Vinour et al. (2025) (see formulations in
Appendix A.2). Beyond Ry, fr45/2, the same methodology as described
in Section 2.3, and used in REF, is applied.

Lastly, to assess the impact of spatio-temporal uncertainty in TC po-
sition on storm surge simulations, four experiments are carried out with
modified tracks, obtained by shifting the IBTrACS track by + §,, = 10
km (Category-5 positional uncertainty ranges between 10-15 km, see
Section 2.1), either in latitude with fixed longitude (TrackLAT+) or
in longitude with fixed latitude (TrackLON<+). This simplified method
does not capture the full complexity of track uncertainties, which are
neither uniform nor systematic, but preserves a realistic track shape
and provides a reasonable basis for sensitivity analysis.

All simulations characteristics are summarised in Table 1.

2.5. Data and metrics for model evaluation

Modelled and observed storm surges are expressed as free sur-
face anomalies (i.e. including tides), defined as deviations from the
mean pre-surge total sea level on September 5. Simulated surges are
compared with tide gauge observations from both islands. At Saint
Martin, we use 1-minute measurements from the harbour tide gauge
(63.085°W, 18.083°N) operated by the Collectivity of Saint Martin and
available through the SHOM data portal. At Barbuda, we use 6-minute
data from the NOAA tide gauge (61.821°W, 17.591°N), retrieved from
UNESCO’s sea level station monitoring facility. The location of both tide
gauges are shown as black crosses in Fig. 1. The raw data are processed
with an interquartile range filter to remove outliers. The observed
and simulated surges are analysed according to three main criteria:
the maximum surge amplitude (max. #), the timing (#,) and duration
of the peak surge (4p). This latter parameter is defined as the time
interval during which the surge amplitude exceeds 25% of the observed
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Fig. 3. Maximum free surface anomalies on September 6 in the REF simulation around Barbuda (a) and Saint Martin (b). Dashed blue lines represent the finer
nest (dx = 120 m) boundaries. The two dots, coloured by the maximum observed free surface anomalies, indicate the locations of the tide gauges (where the
simulation is compared with observations). Modelled iso-depth are indicated with black lines, labelled in metres, and Irma’s track is the purple line.

maximum within the considered simulation period, i.e. September 5-6,
2017. The events studied here are characterised by narrow and intense
surge peaks (Fig. 4). Using a relative threshold based on observations
ensures a consistent reference across all sensitivity experiments and
allows us to detect whether such peak is actually reproduced in the
simulations. Percentile-based thresholds are sensitive to dataset length
and would require long, consistent, and thoroughly quality-controlled
observational records. A threshold of 25% of the observed maximum
was empirically selected instead, after a sensitivity analysis, as it repre-
sents a compromise between including a sufficient number of observed
and modelled points, while remaining restrictive enough to isolate
the surge peak. The surge peak metrics are compared between the
simulations and the observations or between sensitivity experiments
and a reference simulation through the bias or relative bias rbias,
defined as:

{ bias=E - R &)

igs = bias
rbias = R x 100

where R and E denote the reference and the considered experiment
values, respectively.

3. Results
3.1. Model validation

Fig. 3 presents the maximum surge simulated in the reference
experiment (REF) around both islands. At Saint Martin, the modelled
surge exceeds one metre over the tens of kilometres of the continental
shelf with a depth inferior to 50 m surrounding the island. Very large
values exceeding 2.6 m extend to the north and north-east of the island,
locally reaching more than 2.8 m in the bay where the tide gauge is
located. At Barbuda, the areas most exposed to the surge are located
to the west and, in particular, the south-west of the island, where the
modelled surge reaches 2.6 m. The western side of Barbuda exhibits
gentler depth gradients than the eastern side, but remain sharper than
around Saint Martin, resulting in a more limited spatial extent of high
surge values. In both cases, the tide gauges are positioned within or
nearby the regions affected by the highest simulated surge.

Time series of the modelled storm surge at the two tide gauges
(Fig. 4, top panels) show that at Saint Martin, the reference experiment
accurately reproduces the timing of the surge peak, as well as the
rising slope leading up to it. The maximum amplitude of the surge

is overestimated (2.35 m instead of the observed 2.00 m, rbias of
18%, Table 2), although this overestimation is short, lasting only about
30 min, due to the sharp and narrow shape of the peak. A stronger
than observed secondary peak is modelled around 11:30 UTC, as well
as a strong negative peak around 12:00 UTC, which is not observed at
the tide gauge, and induces a 1 h shorter peak duration. At Barbuda,
the maximum amplitude and timing of the surge, as well as the post-
peak decrease are well reproduced. However, the simulation produces
a narrower peak surge duration (1 h instead of the observed 2h20,
Table 2).

The wind time series at the tide gauge locations (Fig. 4, bottom
panels) exhibit the characteristic signature of a TC, with two wind
speed maxima, corresponding to the passage of the two eyewalls,
separated by a smaller wind speed, corresponding to the passage of the
TC eye. This pattern is more clearly defined at Saint Martin, consistent
with the TC track passing closer to that tide gauge. At Saint Martin, the
wind intensity reaches 68 m.s™! and the surge peak coincides with the
first eyewall passage, while the subsequent negative surge corresponds
to the second eyewall passage. At Barbuda, the wind reaches 63 m.s~!
and the surge maximum corresponds to the second eyewall passage.

Discrepancies between modelled and observed surges may arise
from various sources, including errors in the TC track that affect both
the TC intensity and the local wind direction near the tide gauges, inac-
curacies in the wind field structure and asymmetries due to limitations
in the constructed blended forcing, which has a limited capability to
represent TC asymmetry and cannot capture local wind effects such
as orographic effects. To a lesser extent, uncertainties and biases in
the tide gauge measurements, as well as model limitations, may also
contribute to the observed discrepancies, and are discussed in Section 4.
Despite these uncertainties and limitations, the reference simulation,
forced by a parametric vortex embedded in ERAS5, proves adequate
for reproducing the key surge characteristics and appears sufficiently
accurate for conducting sensitivity analyses exploring some of the
aforementioned factors. In contrast, the simulation forced by the native
ERAS forcing (WPERAS) strongly underestimates the surge, with no
marked peak and relative biases of —82% and —81% at Saint Martin
and Barbuda, respectively. It never exceeds the 25% threshold of the
observed maximum amplitude used for defining the peak duration. This
substantial underestimation can be attributed to ERA5 large underes-
timation of TC intensity associated to its coarse spatial resolution. As
shown in Fig. 4, the ERAS wind forcing exhibits maximum wind speeds
reaching only 25 m.s~!, and considerably smoother gradients compared
with the reference simulation.
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Biases of key metrics of the REF and WPERAS simulations with respect to observations. For the peak maximum (max. 7), the
relative biases are also indicated into brackets.

Experiment Location Max. 1 (cm) t, (min) Ap (min)
REF Barbuda 8 (3%) 2 -80
Saint Martin 35 (18%) 9 -60
Barbuda —191 (-81%) 128 -
WPERAS Saint Martin —-163 (—-82%) 19 -
Table 3

Biases of key metrics of the REF and PatmERA5 simulations with respect to PatmCst. For the peak maximum (max. #),
the relative biases are also indicated into brackets.

Experiment Location Max. 7 (cm) 4, (min) t, (min)
REF Barbuda 43 (21%) 20 0
Saint Martin 48 (26%) 80 0
Barbuda 20 (10%) 80 0
PatmERAS Saint Martin 22 (12%) 30 0
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Fig. 4. Time series of free surface anomalies # (top, m) and 10-m wind speed (bottom, m.s~!) at (a) Barbuda and (b) Saint Martin for the REF simulation (cyan)
and the WPERAS simulation (pink) at the grid point closest to each tide gauge. Observations are shown as black dots. The threshold corresponding to 25% of
the observed maximum 7, used to define the surge peak duration, is shown as black dashed lines in top panels.

3.2. Impact of atmospheric pressure gradient to the modelled surge

The contribution of the atmospheric pressure gradient to the mod-

elled surge is assessed by comparing a simulation in which a uniform
surface pressure (sp) of 1000 hPa is imposed (PatmCst), with the
reference simulation (REF). A simulation with the blended wind field
but ERAS pressure field (PatmERAS) is also conducted to assess the
respective impacts of ERA5 underestimation of the pressure drop and
wind intensity.

When comparing PatmCst to REF (Fig. 5 and Table 3), surface
pressure differences reach up to —80 hPa and —60 hPa at Saint Mar-
tin and Barbuda tide gauges, respectively, resulting in corresponding
differences in free surface anomalies of up to 1 m and 0.6 m. These

results are consistent with the inverse barometer rule, which states that
a 1 hPa pressure decrease drives an increase in sea level of about 1 cm
(e.g. Wunsch and Stammer, 1997). The timing of minimum pressure,
where the pressure contribution to the surge is strongest, is slightly
shifted from the timing of the maximum peak surge, which occurs in
phase with one of the TC eyewall passages. Hence, the atmospheric
pressure gradient adds 48 cm in the surge peak maximum at Saint
Martin, and 43 cm at Barbuda. This contribution drops to 22 cm and
20 cm when considering PatmERAS5. The atmospheric pressure gradient
also extends the duration of the surge peak by 20 min at Barbuda and
1h20 at Saint Martin.
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Table 4

Biases of key metrics of modified-track simulations with respect to REF. For the peak maximum (max.

n), the relative biases are also indicated into brackets.

Experiment Location Max. 1 (cm) Ap (min) t, (min)
TrackLON+ Slerrlljtu (;/?artin i1((::0?34%) (;10 :ig
TrackLON- SB::: i/?artin 1? ((Z)‘:’/;))) g ;g
AT st arin 0 I
A S wrs i 0" o

3.3. Sensitivity to TC spatio-temporal position

The sensitivity of storm surge modelling to best-track uncertainties
in TC position is then assessed by comparing scenarios with modified
tracks (TrackLON+ and TrackLAT=+), shown in Fig. 6 a-b, to the refer-
ence simulation REF. Fig. 6 c-h show their associated time evolution
in terms of modelled wind stress, surface pressure, and resulting free
surface anomalies at the tide gauge locations, while Table 4 shows the
biases of each simulation with respect to REF. Latitude shifts mainly
affect the intensity of all fields, whereas longitude shifts primarily
alter their timing (up to 30 min), consistently with the predominant
east-west orientation of Irma’s track. At Saint Martin, the relative
difference in peak surge amplitude from REF reaches up to —17%
(max. # = 1.96 m for TrackLAT+, compared with max. n = 2.35 m

for REF). Latitude-shifted experiments (TrackLAT+ and TrackLAT-)
no longer exhibit the secondary maximum present in REF near 11:30
UTC. Furthermore, all simulations except TrackLAT+ produce a strong
negative surge, though not supported by the observations. This strong
negative surge appears in phase with the second wind stress peak
and is discussed later. At Barbuda, the sensitivity of surge maximum
amplitude to TC position is even more pronounced, with a relative
difference reaching up to —44% for TrackLAT+.

These large variations in surge amplitudes are directly linked to
associated strong sensitivities of the simulated wind stress and surface
pressure (Fig. 6 e-h). As the cyclone passes very close to the tide gauge
locations and is characterised by sharp gradients in pressure and wind,
even small shifts in the track substantially modify the local TC intensity.
The eyewall-eye-eyewall wind stress pattern (2 peaks separated by a
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calmer period, Fig. 6 ef) is strengthened as the TC passes closer to the
tide gauges (TrackLON+ at Saint Martin, TrackLAT— at Barbuda), while
being less pronounced and even changing to a bell-shape (TrackLAT+
at Barbuda) when the TC passes more far away, as the eyewall misses
the tide gauge site, explaining the largely reduced peak surge ampli-
tude. Track perturbations also modify the minimum surface pressure
modelled at the tide gauge locations, with differences reaching up to
+18 hPa and +30 hPa for TrackLAT+ at Saint Martin and Barbuda,
respectively. These results illustrate that modelling surge very close to
a TC track is highly sensitive to uncertainties in TC position, even when
only shifting the track by a few kilometres.

To better understand the modifications of the modelled surge in-
duced by track shifts, particularly the formation of the secondary
maximum and the negative surge at Saint Martin, snapshots of the
free surface anomalies between 10:00 and 12:00 UTC are examined
for REF, TrackLAT+ and TrackLAT- (Fig. 7). The spatial pattern of
the surge appears to be influenced by the presence of Anguilla island
(Fig. 1), which blocks the water flow, promoting accumulation in the
channel between the two islands. This accumulation, combined with

strong onshore winds associated with the first eyewall passage, explains
the maximum modelled surge in the bay where the tide gauge is
located. In REF, the secondary maximum occurs when the eye passes
over the channel. The associated sudden drop in the wind forcing may
generate oscillations in water levels constrained by Anguilla, whereas
in TrackLAT—-, the eye passes south of the channel, which therefore
remains continuously exposed to strong winds. A preliminary test (not
shown) indicates that the secondary peak is indeed no longer modelled
when Anguilla is removed from the simulation. Since this pattern is less
pronounced in observations, it may suggests that the actual cyclone
track was slightly shifted relatively to IBTrACS data, as TrackLAT—
does not reproduce this feature. Cécé et al. (2021) indeed reported
that the track observed by radar and satellite measurements, as well as
that simulated by a dynamical atmospheric model, was slightly more
southerly than that reported in IBTrACS during Irma’s passage over
Saint Martin. Further investigations will be required to fully understand
this secondary peak pattern. The negative surge in REF is associated
with strong north-westward wind stress offshore the northern coast
of Saint Martin (Fig. 7). In TrackLAT—, this negative surge is further
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enhanced by winds oriented even more to the north-west. In contrast,
in TrackLAT+, the wind stress is weaker and directed northward, thus
less favourable to the generation of a negative surge.

The sensitivity of surge amplitude to track variations is also evident,
and can be even more pronounced at the island scale, as illustrated
by the differences in maximum free surface anomaly between each
latitude-modified simulation and REF (Fig. 8). Hence, at Saint Mar-
tin, although the various experiments lead to variations of less than
50 cm in peak surge at the tide gauge location (Table 4), the max-
imum surge along the north-eastern coast varies by 0.75-1 m when
latitude-modified tracks (TrackLAT+) are considered. In TrackLAT-,
such variations reflect a higher maximum surge in this region, that
was already part of the most exposed area with more than 2.6 m
of maximum surge (Fig. 3b). At Barbuda, differences relative to REF
exceeding 1 m are found near the tide gauge location for TrackLAT+.
In the north-west of Barbuda, variations of the same order of magnitude
are obtained for TrackLAT—, while differences of more than 50 cm are
found for TrackLAT+. These results show that slight modifications of
the TC track, while remaining within the range of best-track uncertain-
ties, can significantly alter which regions of the islands are exposed to
high surge conditions.

3.4. Sensitivity to wind intensity and surface stress

Next, we evaluate the sensitivity of the modelled surge to current
limitations in the wind-induced surface stress representation, including
both diverse wind stress parametrisations and best-track wind intensity
uncertainties. To that end, the REF simulation is compared with a

10

simulation using the ECUMEv6 bulk parametrisation (zECM) instead
of COARE 3.0, and 4 simulations with modified maximum winds (ei-
ther increased or decreased by 3.6 m.s™!) with both the COARE 3.0
and ECUMEvV6 parametrisation (Vmax+REF and Vmax+ECM). The two
parametrisations produce markedly different wind stress behaviour for
wind speeds exceeding 30 m.s~! (see Fig. A.16 in Appendix A.3).

Fig. 9 and Table 5 reveal that modelled surge peak amplitude is
very sensitive to wind-induced surface stress, while this parameter have
little to no effect on surge peak duration and timing. At the tide gauge
locations, replacing COARE 3.0 with ECUMEvV6 reduces the maximum
wind stress by more than four times. This leads to weaker wind stress
gradient during the TC passage and in turn simulated maximum surges
are reduced by more than 50% in tECM compared with REF (1.14 m
against 2.35 m at Saint Martin, 1.16 m against 2.44 m at Barbuda). The
observed maxima (2.00 m and 2.36 m at Saint Martin and Barbuda,
respectively) lie between those two values, being however much closer
to REF. At Saint Martin, the smoother wind stress gradient in TECM
delays and limits the surge rise and almost removes the negative surge
during the second eyewall passage. The primary and secondary positive
peaks tend to merge into a single, broader but weaker maximum.
This stress-parametrisation sensitivity is modulated by the sensitivity
to prescribed wind intensity. The maximum surge is modulated by
8%-15% around REF, and by 2%-10% around rECM when modifying
the maximum winds according to the best-track uncertainty range. The
effect is more pronounced around REF, consistently with the stronger
dependence of wind stress on wind speed in COARE 3.0 parametri-
sation. The larger wind stress induced difference, considering both
maximum wind and parametrisation sensitivity together (i.e. between
REF and Vmax—ECM), is —56% at Saint Martin, and —55% at Barbuda.
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Table 5

Biases of key metrics of stress-modified simulations with respect to REF. For Vmax+ECM, biases relative
to 7ECM are also shown in italics. For the peak maximum (max. #), the relative biases are indicated into

brackets.
Experiment Location Max. 1 (cm) Ap (min) t, (min)
ECM Barbuda —128 (—-52%) -10 -10
r Saint Martin ~121 (-51%) -40 10
~133 (-55%) -10 -10
Barb
Vmax—ECM arbuda =5 (=4%) 0 0
Saint Martin —132 (-56%) —40 10
—11 (-10%) 0 0
—126 (~52%) -10 -10
Vmax+ECM parbuda 2 @0 0
Saint Martin ~111 (-47%) —40 10
10 (9%) 0
Barbuda —20 (-8%) 0
Vmax-REF Saint Martin —25 (~11%) 0 ~10
Barbuda 22 (9%) 0 -10
Vmax+REF Saint Martin 36 (15%) ~10 0

Fig. 10 shows that each tide gauge is located within or nearby the
regions exhibiting the highest sensitivity, consistent with the spatial
pattern of maximum surges in REF (Fig. 3). The effect of variations
in the maximum wind intensity is less extended than that of changing
the wind stress parametrisation. The latter shows differences exceeding
60 cm between REF and rECM along most of the northern and western
coasts of Barbuda, as well as in the channel between Saint Martin
and Anguilla. As expected, since the contribution of wind stress to
surge generation is inversely proportional to water depth, regions of
high sensitivity to wind stress correspond to shallow areas, such as the

11

continental shelf, with depths inferior to 50 m, between Saint Martin
and Anguilla.

3.5. Sensitivity to TC wind structure

Finally, to explore the sensitivity of surge modelling to uncertainties
in TC wind structure, REF is compared with 3 modified-structure
simulations: RmaxWi06 with a modification of the R,,,, formulation,
ModelWi06 with a modification of the parametric formulation, and
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max?

Table 6

respectively. Tide gauge locations are indicated with red crosses. The bottom panel (c) shows the mean radial wind profiles

Biases of key metrics of the structure-modified simulations with respect to REF. For the peak maximum
(max. ), the relative biases are also indicated into brackets.

Experiment Location Max. 1 (cm) Ap (min) t, (min)
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AsymOIf17 with a modification of the asymmetry. Fig. 11 first com-
pares their wind field and profile. Next, the associated simulated surge
and differences relative to REF are shown at the two tide gauge loca-
tions in Fig. 12 and Table 6, while Fig. 13 presents the differences in
maximum surge around both islands.

The R, formulation of Willoughby et al. (2006) used in RmaxWi06
produces a larger mean R,,,, than that of Avenas et al. (2023) used in
REF (24 km against 18 km, Fig. 11c). For comparison, IBTrACS reports
a slightly larger R,,,, of 28 km, though this estimate is imprecise,
with errors larger than 30% for Category-5 cyclones (Combot et al.,
2020). Although these differences in R,,,, are only a few kilometres,
they induce marked discrepancies in the associated wind fields, with
extended area under high winds or under the calm of the eye. At
Saint Martin, the peak surge occurs about 20 min earlier in RmaxWi06,
consistently with the larger R,,,, causing strong onshore winds to reach
the tide gauge slightly earlier, and last overall longer (+50 min in 4p,
Fig. 12, Table 6). At Barbuda, the surge decay is slightly delayed (in
better agreement with observations). While the surge amplitude at the

13

two tide gauges is only weakly affected by the change in R,,,, (absolute
differences with REF up to 16 cm, Table 6), the sensitivity is more
pronounced in other areas around the studied islands (Fig. 13). At Saint
Martin, the larger R, . in RmaxWi06 leads to maximum surge values
exceeding those in REF by up to 50 cm along the northeastern coast of
Anguilla and the southeastern coast of Barbuda.

The wind profile decay in ModelWi06, using Willoughby et al.
(2006) rather than Wood et al. (2013) parametric formulation, is less
steep than that of REF, and also leads to an extended area under high
winds (with absolute differences in wind profile of up to 8 m.s7!,
Fig. 11), and an extended surge duration (+30 and +90 min for Saint
Martin and Barbuda tide gauges respectively, Fig. 12 and Table 6). The
slower wind field decay in ModelWi06 exhibits a weaker spatial impact,
although the western coast of Barbuda generally experiences a slight
decrease in maximum surge (10-30 cm) compared with REF (Fig. 13).

Finally, exploring the impact of the parametric wind asymmetry, the
AsymOIf17 simulation, which exhibits a more pronounced asymmetry
than REF, and a maximum wind located in the TC front rather than
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to its right (Fig. 11), induces a higher maximum surge at Saint Martin
tide gauge (2.60 m vs 2.35 m for the REF simulation) but a weaker
negative peak surge (Fig. 12 and Table 6). At Barbuda tide gauge, the
cyclone being slightly farther from the tide gauge location, the impact
is weaker and mostly lies in a slightly reduced peak duration (-10
min). However, at the islands scale, changed asymmetry in AsymOIf17
produces reductions of 30-40 cm in maximum surge along the southern
coast of Anguilla and similar increases along parts of the northwestern
coast of Barbuda, compared with REF (Fig. 13).

Overall, these results show that, given the small size of the islands
of Barbuda and Saint Martin (diameters of 10-25 km), the wind dis-
tribution during the TC landfall is very sensitive to TC the structure
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(broadness, shape of the wind decay, location of stronger winds). At
the two tide gauges, these differences mainly affect surge duration.
Although the surge amplitude sensitivity is smaller in magnitude than
that associated with wind stress or TC track variations, changes in TC
structure noticeably modify the exposed areas.

4. Discussion

While using ERA5 wind and pressure fields leads to a major un-
derestimation of the modelled surge (~ —80% for the peak amplitude)
at Saint Martin and Barbuda tide gauges, using a blended forcing with
realistic intensity produces substantially better results. These results are
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consistent with Echevarria et al. (2026), in which parametric TC forcing
outperforms atmospheric reanalysis in simulating surges but contrast
with those of Chaigneau et al. (2024). Atmospheric forcing resolution is
a key factor controlling the representation of the TC structure and the
associated surge response (Ridder et al., 2018; Agulles et al., 2024),
and ERA5, given on a 0.25° resolution grid, is known to strongly
underestimate TC maximum winds (e.g. Hersbach et al., 2020; Jullien
et al., 2024; Herry et al., 2025). In contrast, the blended wind field,
used in all other simulations, is constrained with observed maximum
intensity (which cannot be solved by ERAS5), and provided on a finer
grid resolution (0.027°). Contrary to the results obtained here, Dullaart
et al. (2020) showed that ERA5 performed well in simulating storm
surges induced by Irma in Florida, even at locations where the TC
track passed very close to tide gauges. However, Florida is surrounded
by a wide continental shelf, allowing the surge to accumulate towards
the coastline, whereas Saint Martin and Barbuda have much narrower
shelves. In addition, Irma impacted Florida at a lower intensity, as
a Category-4 in the Florida Keys, and as a Category-3 in south-west
Florida (Cangialosi et al., 2021), while, in the studied case, the eyewall
of a Category-5 hurricane directly passed over the tide gauges. Taken
together, these factors reduce the sensitivity of the surge response to
the underestimation of TC maximum intensity, which may explain the
performance of ERAS5 in Dullaart et al. (2020). Similarly, Chaigneau
et al. (2024) reported better surge simulations using ERA5 forcing than
parametric models for Irma. The same arguments applied for the surges
along Florida coasts. Other locations considered in their study were
situated in Puerto Rico or in the U.S. Virgin Islands, several tens of
kilometres from the TC centre. With more moderate winds at these lo-
cations, ERA5’s underestimation of peak intensity has a smaller impact
on the simulated surges. Moreover, outside the TC inner core, ERA5
may provide more realistic wind fields than stand-alone parametric
models, as it assimilates available observations and can better represent
large-scale asymmetries. The forcing we have used in our study has the
advantage of using ERA5 winds in the TC periphery, and a parametric
formulation only in the inner-core, where the winds are the strongest,
and where those from ERAS are strongly underestimated (Herry et al.,
2025).

As the structure of the wind and pressure fields can also vary
depending on the resolution of the grid they are represented on, it
also appeared interesting to evaluate the impact of the chosen atmo-
spheric forcing grid. Observational means have various spatial reso-
lutions (e.g. radiometers, scatterometers and SAR observations have
resolutions on the order of 40, 25 and 1 km, respectively), and besides
representing the accurate maximum wind, we have shown that the
wind structure plays an important role. To explore the sensitivity of
the simulated surge to the grid interpolation smoothing, two addi-
tional experiments were conducted with the same parameters used to
construct REF wind and pressure fields, but interpolated onto coarser

grids of 9 km (Resdx9km) and 25 km (Resdx25km), instead of the
3-km grid used in REF. The resulting free surface anomalies at Saint
Martin (Fig. 14) highlight a marked dependence of the surge peak on
the resolution of the atmospheric forcing, with maximum amplitudes
decreasing from 2.35 m in REF, to 2.19 m in Resdx9km, and 1.25 m in
Resdx25km. The much larger reduction observed for Resdx25km com-
pared with Resdx9km suggests the existence of a resolution threshold
beyond which interpolation-induced smoothing severely degrades the
representation of the parametric fields. These results underline the ne-
cessity of conducting sensitivity analyses before using such parametric
forcings in ocean models, in order to identify an optimal compromise
between resolution, and therefore computational and storage costs, and
an acceptable level of degradation in the simulated TC fields.

Despite its relatively high resolution, the blended field still exhibits
limitations in its representation of TC atmospheric conditions, which
are reflected in the simulated storm surge. Indeed, although blend-
ing with ERAS introduces some asymmetry, the overall TC structure
remains largely idealised, being based on an azimuthally averaged
wind profile, whereas real cyclones exhibit a much more complex and
asymmetric wind field (see for instance the 2D wind speed from SAR in
Fig. 2). Small-scales wind structures exist due to the internal variability
of the TC or its interaction with external forcings such as flow shear,
ocean gradients, or land. In particular, when a TC crosses land, its
overall intensity decreases due to the loss of its oceanic heat source,
and the increase in surface roughness (Chen and Chavas, 2020). This
effect is considered in a few parametric wind formulations (Kaplan
and DeMaria, 1995; Boose et al., 2004; DeMaria et al., 2006; O’Grady
et al., 2024). In the studied case, both islands are small relatively to
the size of the cyclonic vortex, making the TC only briefly and partially
exposed to land. The effect may thus be limited. However, the increase
in surface roughness impacts the asymmetry of the landfalling system,
leading to lower wind speeds over land than over the ocean (O’Grady
et al., 2024), while land use and orography may further locally enhance
or reduce TC wind speeds or gusts (Chambers and Li, 2011; Barbary
et al., 2019; Cécé et al., 2021). In particular, Cécé et al. (2021) showed
that Saint Martin’s topography induced localised gust speed-up zones
during Irma. At Saint Martin, orographic effects could have a significant
influence on TC winds, as the island is relatively mountainous, with
Paradise Peak reaching more than 400 m above sea level (Institut na-
tional de 'information géographique et forestiére (IGN) classical map).
Depending on the wind orientation towards or from the land (first
and second eyewall respectively), we may expect different land-related
effects on the wind field especially at tide gauge coastal location.
In particular, these missing effect may explain the strong negative
surge modelled in REF but not observed at the tide gauge. Indeed,
this negative surge coincides with the second eyewall passage, and
no attenuation was applied in the blended forcing to account for the
reduction of offshore winds after crossing the mountainous region,
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and just before reaching the tide gauge. Similar strong negative surge
following the surge peak were also simulated with parametric TC winds
in Echevarria et al. (2026), and were attributed to an oversimplified
treatment of land effects on wind speed. To assess the potential impact
of wind attenuation over land, preliminary sensitivity experiments (not
shown) were conducted, in which winds were reduced over land as
suggested in previous studies (Kaplan and DeMaria, 1995; Boose et al.,
2004; DeMaria et al., 2006; O’Grady et al., 2024) by attenuation factors
ranging from 0.6 to 0.8. We also extended the land-induced reduction
to winds over the coastal ocean when winds blew offshore linearly or
exponentially over distances of 5 to 50 km offshore. These experiments
revealed that local wind attenuation substantially reduces the ampli-
tude of the modelled negative surge as the second eyewall passes over
Saint Martin, with reductions ranging from 30 cm to 1 m, depending
on the considered strength and spatial extent attenuation. However,
the positive surge peak was also attenuated in these experiments, likely
due to the 3-km resolution of the atmospheric forcing relative to Saint
Martin spatial length scale of 10-15 km, and the proximity of Anguilla
island. Further work is needed to better account for the complexity of
the TC wind field, and in particular for representing orographic or land-
use effects in such islands. A dynamical atmospheric model could offer
more complex and finer wind fields (e.g. Cécé et al., 2021), but comes
with a high computational cost and other issues, such as the inherent
stochasticity of TC that may hinder the exact reproduction of observed
spatial structures. For TC Irma, an additional difficulty lies in accurately
representing its rapid intensification before landfall on the two studied
islands (DeMaria et al., 2021; Torgerson et al., 2023).

It can also be noted that the present study has not considered
wave related processes. Those may influence the water level in several
ways. A first effect could be related to their potential impact on the
wind stress, as several studies showed that explicitly accounting for
the dependence of surface stress on sea state, through wind stress
parametrisation integrating wave age or wave-induced stress, can im-
prove storm surge modelling (e.g. Mastenbroek et al., 1993; Bertin
et al., 2015; Pineau-Guillou et al., 2020). However, no consensus has
yet emerged and multiple formulations coexist, none of which being
well constrained at high wind speeds, and furthermore for winds ap-
proaching 80 m.s™1, i.e. the intensity of TC Irma during its landfall
on both islands. The parametrisations used in the present study (Ap-
pendix A.3) cover the overall range of existing parametrisations even
if not explicitly accounting for sea state variability for a given wind
intensity. Another wave-induced effect could be associated to wave—
current interactions that might enhance bottom friction stress (Nicolle
et al., 2009; Wu et al., 2018). Finally, wave dissipation in the nearshore
could induce a wave setup that may reach several tens of centimetres
during storms (Kennedy et al., 2012; Lavaud et al., 2020). Nonetheless,
resolving this process requires grid resolutions of the order of tens
of metres to properly represent the surf zone. In the present study,
the objective was neither to quantify the relative contributions of
the different physical processes to the studied surges nor to be able
to reproduce observations as closely as possible, but to investigate
the influence of current limitations in the representation of TC wind-
forcing on storm surge modelling. Hence, accounting for waves would
introduce additional sources of uncertainty and make it more difficult
to isolate the specific impact of various wind forcing scenarios on the
simulated surge. Moreover, the tide-gauge locations, relative to the TC
track, make them relatively sheltered from wave exposure. At Saint
Martin, Rey et al. (2019) showed that significant wave height did not
exceed 3 m at the entrance of the bay where the tide gauge is located,
with the most wave-exposed areas being the eastern and southeastern
coasts. Preliminary tests (not shown) using a coupled hydrodynamic-
wave model also confirmed that wave-related contributions to the
studied surge are much smaller than atmospheric contributions.

Finally, part of the discrepancies between observed and modelled
surge levels may also arise from uncertainties and biases in tide gauge
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measurements or model limitations. Although recent tide gauge obser-
vations are generally capable of achieving cm to mme-level accuracy
(Martin Miguez et al., 2012; Woodworth et al., 2016; Pytharouli et al.,
2018) they remain affected by multiple sources of error, including
changes in sensor reference, clock de-synchronisation or positional
drift. These can manifest as linear trends, abrupt offsets, or gradual
drifts, and may lead to biases, typically on the order of + 15 cm, if
not properly corrected (Martin Miguez et al., 2012; Pytharouli et al.,
2018). Such biases are particularly critical for long-term trend analyses,
or when absolute water level value is required, but not in an event case
like this study. Meanwhile, in situ measurements of sea level during
extreme events can be challenging and may result in missing data at
the surge peak or offsets following the event. Although not explicitly
labelled as fully validated by the data provider, the high-frequency tide
gauge datasets used here appeared to be of reliable quality, and capture
surge levels exceeding 2 m. They are therefore especially valuable for
such extreme surge study. Another potential source of discrepancy in
model-data comparison is representativeness of the model grid point
versus that of the tide gauge. As in other studies (e.g. Chaigneau
et al., 2024), we performed comparisons using the nearest model grid
point to each tide gauge, but this point may not necessarily be the
most representative of local conditions. Alternative approaches, such
as spatial averaging over a given radius (e.g. Agulles et al., 2024) or
selecting the least biased grid point within a neighbourhood (e.g. Dul-
laart et al., 2020), have been proposed to reduce this representativeness
error. The tide gauges are located in sheltered environments, where
they capture highly localised dynamics that are unlikely to be fully
resolved, even at the relatively fine model resolution used here (120 m),
further contributing to the observed discrepancies. A sensitivity test
including an additional nest at 40-m resolution was then performed
and showed that the simulated surges converge towards the results
obtained with the 120-m nest, indicating that the chosen resolution
adequately resolves the considered surge. Bathymetry also represents
a critical input for accurate storm surge modelling (e.g. Weaver and
Slinn, 2010; Paugam et al., 2021). Nevertheless, in this study, the
bathymetric dataset used for Saint Martin has a higher resolution than
the model grid. The 500-m resolution bathymetry used around Barbuda
may introduce some uncertainty in the modelled surge, although, to the
best of our knowledge, no finer dataset is currently available. Overall,
the limitations described above are considered to remain acceptable, as
the agreement between modelled and observed surge levels is sufficient
for the purpose of this study, which focuses on analysing relative
differences between sensitivity experiments rather than achieving the
closest possible fit to observations.

5. Conclusion

In early September 2017, Category-5 Hurricane Irma made landfall
on the narrow islands of Barbuda and Saint Martin, inducing significant
storm surges, captured by each island’s tide gauge located only a
few kilometres away from the TC centre. This study investigates the
sensitivity of the modelled surges to variations in TC atmospheric char-
acteristics. Surges simulations are conducted using a two-way nested
configuration of the CROCO ocean model, forced with a state-of-the-
art parametric wind formulation, fitted to best-track observations, and
blended with the ERA5 background flow (Herry et al., 2025). The
parametric vortex, as well as the wind stress formulation, is then
carefully adjusted to explore the influence of a posteriori uncertainties
in track position, wind intensity, surface stress, and horizontal wind
structure, on the simulated surges. It should be noted that using ERA5
wind forcing fields alone leads to a substantial underestimation of
peak surges, with values about five times lower than observed. These
weak predictive skills are attributed to the coarse resolution of ERA5,
its substantial underestimation of Irma’s intensity, and the specific
location of the studied sites, just under Irma’s strongest winds.
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Fig. 15. Summary of all stress-, structure- and track-modified experiments forced with the blended wind forcing. For each experiment, the peak surge amplitude
(max 7, left), duration (4p, middle), and timing @, right) are compared against the corresponding metrics in REF. The panels show the difference (diff) between
each experiment and REF for peak duration and timing, and the relative difference (rdiff) for peak surge amplitude. For each category of experiments, the range
of (relative) differences is shown as an envelope, cyan for Saint Martin, and purple for Barbuda. Inside these envelopes, each experiment is plotted as a coloured

dot.

The results of all sensitivity experiments with the blended wind
field are synthesised in Fig. 15, which shows the (relative) differences
in peak surge metrics between each experiment and the reference
simulation, REF. Overall, the modelled surge is highly sensitive to the
variations in TC wind conditions (i.e. track, structure, intensity, or wind
stress). The surge amplitude can vary up to 56% relatively to the refer-
ence simulation with the largest contribution to this sensitivity lying in
the choice of the wind stress parametrisation (51%-52%) at both sites,
further enhanced by variations in the prescribed wind intensity. Shifts
of 10 km in the track position can lead to surge variations of up to 44%
at Barbuda, while the duration of the surge is more strongly controlled
by the horizontal wind structure, with increases of up to 1h30. A
strong site-dependency of surge variations to track and wind structure
is however highlighted: at Saint Martin, amplitude variations remain
below 20% in track-modified experiments, and peak timing differences
are limited to about 50 min in structure-modified experiments. The
small size of the considered islands, the proximity of the tide gauges
to the TC track, the high intensity of Irma, and the location of the
studied sites in relatively steep bathymetry areas, likely all contribute
to a strong response of modelled storm surge to variations in the TC
wind forcing.

This study highlights the importance of accounting for uncertainties
in the TC wind forcing when analysing modelled storm surges, as
variations within the range of uncertainty of key TC characteristics,
even a posteriori to the event, can lead to large, highly case-specific
differences in the resulting surge. The same methodology, assessing
cyclone-specific uncertainties followed by targeted sensitivity experi-
ments, could be applied to other surge hindcasts, providing practical
guidelines for future modelling studies. Evaluating the sensitivity of
surge modelling to these uncertainties is essential to better characterise
the hazard, assess the contributions of different physical processes
to the surge, and develop more effective coastal risk management
or adaptation strategies. In the context of surge forecasting, such an
evaluation is even more critical, as TC wind forcing uncertainties are
even larger, and assessing the associated range of possible surges can
help improve informed decision for emergency responses.
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A.1. CROCO schemes

See Table A.7.


https://futurisks.recherche.univ-lr.fr
https://futurisks.recherche.univ-lr.fr
https://futurisks.recherche.univ-lr.fr
https://futurisks.recherche.univ-lr.fr
https://futurisks.recherche.univ-lr.fr
https://futurisks.recherche.univ-lr.fr
https://futurisks.recherche.univ-lr.fr
https://futurisks.recherche.univ-lr.fr
https://futurisks.recherche.univ-lr.fr
https://datarmor.ifremer.fr/
https://datarmor.ifremer.fr/
https://datarmor.ifremer.fr/
https://datarmor.ifremer.fr/
https://datarmor.ifremer.fr/
https://datarmor.ifremer.fr/
https://datarmor.ifremer.fr/
https://datarmor.ifremer.fr/

A. Zribi et al.

A.2. Detailed methodology to construct the blended forcing

To overcome the strong underestimation of TC intensities in global
reanalyses (Hodges et al., 2017), the wind forcing strategy follows the
approach of Herry et al. (2025). It consists in blending a parametric TC
model, driven by observed intensities, within a global reanalysis pro-
viding the large-scale wind field around the TC. This blended product
adjusts the radial wind profile formulation V' (r) of Wood et al. (2013):

(w)
n/a\ 4
(1-xex(52)")
where V,

" and ¥V, denote, respectively, the azimuthally averaged
maximum wind speed, and the wind speed at the centre of the TC.
The parameters «, A, and n control the sharpness, broadness, and
decay rate of the profile. Along with V|, they are estimated using a
parametrisation, obtained after fitting the parametric model on SAR
observations, as detailed in Herry et al. (2025), and reproduced in
the following Egs. (A.2). Finally, R corresponds to the azimuthally
averaged radius of maximum wind.

(A1)

V() =Vo + Viax = Vo)

max

k= 1.887 = 1.291 - 107 Ry +2.216 - 1072V, + 7.686 - 1073 ||

4 =0.677-3261-1075R,,, +2.387 - 107°V,,,. —7.839 - 1074|¢)|

u=—0.787 —2.071 - 107°R,,,, — 2.623 - 1073V, + 1.903 - 1073|¢h|
Vy=4.805—3.186 - 1075 R, +7.927 - 1072V, + 1.019 - 1071 ||

(A.2)

Alternatively, the Willoughby et al. (2006) formulation for the wind
parametric profile is used:

n
V) =Voar (7)1 < R

V(r) = Ve |(1 = A)exp (—%) + Aexp (—%)] > R

(A.3)

The expression of the parameters A, n and X, which are dependent
of V,.xs Ryax> and the latitude ¢ can be found in Willoughby et al.
(2006), and are reproduced in the following Egs. (A.4), while X, is a
fixed parameter, equal to 25 km in this study.

X, =287.6-1942V,,, +7.79In R, + 1.819¢

n = 2.1340 + 0.0077V,,,, —0.4522In R, — 0.0038¢ (A4
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The value of R,,, is estimated using the formulation proposed
by Avenas et al. (2023):

V, 2fM,
Rmax — max 1 + f max _ 1
f V2

max

(A.5)

where f is the Coriolis parameter and M,,,, is the angular momentum
at R,,,.. This latter quantity is inferred from statistical relationships,
derived from radiometer observations, between angular momentum
and wind radii at 34- (R34), 50- (R50), and 64 kt (R64), as described
in Avenas et al. (2023) and reproduced hereafter:

1
Mmax — 0531 . 6_0'002]4(Vmax_17‘5)_0-003]4(Vmax_17‘5)(EfRM)
M;,
1
Mmax —0.626- ¢ 0400282(Vmax—2547)—0,00724(me—2547) ( 2fR50> (A.6)
Ms,
1
Mmax —0612-e 0A00946(Vm,,x7329)70‘01183(Vmaxf329) (EfRM)
M64

Alternatively the formulation from Willoughby et al. (2006) is also
used (R%’;( ). This expression is simpler as it only depends on the
maximum wind speed and the latitude ¢, rather than outer wind radii:

RV = 46,4 . 00155V pax 000169141

(A7)

The large-scale background field is provided by the European Centre
for Medium-Range Weather Forecasts ERA5 reanalysis (Hersbach et al.,
2020), with hourly surface wind fields on a 0.25° grid, covering
the period from 1940 to the present. Following the Herry et al.
(2025) procedure and associated toolbox (https://doi.org/10.12770/
11057ae4-b708-481a-9848-2e4fdef57625) to blend this large-scale wind
field to the parametric one, an 11-day low-pass filter is applied within
a 200 km radius around the TC track, in order to remove the under-
estimated vortex core. The filtered ERA5 field is then blended with
the parametric TC wind field using the 34-kt radius of maximum
winds, usually used to characterise outer-wind TC size (e.g. Chavas
and Knaff, 2022; Schenkel et al., 2023). The extent of the transition
zone is adapted to the TC size and intensity, ensuring a smooth tran-
sition between the parametric inner-core representation and the ERA5
winds in the outer-core region. The azimuthally averaged 34-kt wind
radius derived from ERAS (R34 grys) is used to define this transition,
as Herry et al. (2025) showed that this radius is well reproduced
when compared with high-resolution SAR surface wind observations.
Within Ry, pras/2 of the cyclone centre, the parametric wind field
is added to the filtered ERAS, while beyond Rj, prys, the wind field
corresponds solely to ERA5 winds. Between these two radii, the datasets
are smoothly merged. Sensitivity tests conducted by Herry et al. (2025),
using different extents of the transition zone, or a fixed zone instead of

A =0.5913 +0.0029V,,,, — 0.1361In R, — 0.0042¢ a criterion based on Rsy prys, show that this configuration provides
Table A.7
List of CPP-keys specified in CROCO that define the numerical schemes used in REF, and detailed in Section 2.2.
Category CPP-keys
Parallelisation MPI
Nesting AGRIF_2WAY

Open Boundary Conditions (OBC)
Grid configuration

Model Dynamics

Equation of state

Lateral forcing
Surface forcing
Advections

Sponge layer
Bottom friction and forcing

Vertical Mixing
Tides

OBC_[EAST, WEST, NORTH, SOUTH] OBC_[M2CHARACT, M3ORLANSKI, TORLANSKI]
CURVGRID; SPHERICAL; MASKING NEW_S_COORD
SOLVE3D; UV_COR; UV_ADV

SALINITY; NONLIN_EOS

[z, M2, M3, T]_NUDGING

[z, M2, M3, T]_FRC_BRY

BULK FLUX; FORMATTED; READ_PATM
UV_HADV_UP3; UV_VADV_SPLINES
TS_HADV_RSUP3; TS_VADV_SPLINES

SPONGE

LIMIT_BSTRESS ANA_[BSFLUX, BTFLUX]
LMD_[MIXING, SKPP, BKPP]

LMD_[RIMIX, CONVEC, NONLOCAL]

TIDES, [SSH, UV, POT]_TIDES; TIDERAMP
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Fig. A.16. Effect of the COARE 3.0 and ECUMEv6 wind-stress parametrisations on the drag coefficient. For each 2 m.s™! bin, the mean value over the 3-km
simulation grid is shown (solid curves), together with the standard deviation (shaded areas).

the best agreement with SAR observations, thereby limiting errors
associated with the blending parameters.

Alternatively, the parametric formulation of asymmetry proposed
by Olfateh et al. (2017) is used, instead of using the one given by
ERAS background field. The resulting asymmetric wind profile, V,(r, ),
is therefore defined as the sum of the symmetric wind profile, V' (r), and
an asymmetric component, such as:

Vo(r,0) = V(r) + eViyny () sin(@ + sign($))
1

RD rP\ ]2 (A.8)
VN1 () = [exp(l) - exp <—7‘1>]
where Vyyy;(r) is the first mode of asymmetry, g is the azimuth of the
asymmetric maximum wind, multiplied by the sign of latitude ¢, ¢ is
the factor that determines the degree of asymmetry, R, is the distance
from the centre at which the asymmetry is maximum, and D adjusts the
shape of the asymmetry radial profile. Regressions for these parameters
are given in Vinour et al. (2025) and summarised hereafter:

r

B(r) = min <o, 156.1 — 185.6— ) if r < 1.2R,,,

max
r

p(r)=—-54.1-35 if 7 > 1.2R,,,
RmHX
€=326x 107" —2.89x 107V,,,, —3.30 X 1072 In(R,,,) + 8.30 X 1073V,
In(R,) = 5.91 X 107" — 1.50 X 1072V, 0 +9.26 X 107" In(R,,,,) + 4.92 X 1072V,
D=930x 107" —4.16 X 1073V, +2.55 x 107" In(R,,,,,) — 2.37 x 1072V},
(A.9)

where V. is the TC translation speed.

The TC pressure field is also reconstructed, following the wind-
pressure relationship described by Knaff and Zehr (2007), as adapted
in Herry et al. (2025). These fields take into account the characteristics
of the previous reconstructed wind field, the position of the TC centre,
and V,

max*

The inputs parameters required to construct both the wind and
surface pressure fields, namely the TC centre position, the azimuthally
averaged maximum wind speed V,,,., and the wind radii, are ob-
tained from the IBTrACS dataset. IBTrACS parameters (see Section 2.1,
hereafter denoted with IBT) are not representative of azimuthally
averaged parameters (Avenas et al., 2023) as V,,,, ;pr being the local
maximum of the 2D wind field, and Ry, ;p7, Rs jpr and Rey jpr radii
representing the maximum quadrant-averaged radial extent at which
the respective wind thresholds are reached. Therefore, the following
corrections (Herry et al., 2025) are applied to convert the IBTrACS
values into an azimuthally averaged representation suitable for a TC
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parametric wind model:

- Vmax.lBT
Vinax = 1.186
Rey = Rea 181
1.044
Ren = Rso,1BT (A.10)
50 1.238
Ra, = R34 1BT
34 1.342

A.3. Bulk algorithms of wind stress

The wind stress t represents the turbulent flux of momentum across
the air-sea interface. In the simulations, because turbulent fluctuations
cannot be explicitly represented, this flux is parametrised using classical
bulk formulations, which links this surface turbulent flux to mean atmo-
spheric quantities, through an exchange coefficient, the drag coefficient
C,, such as:

T=—puw = paui = paCdUlz0 (A11)

where p, is the air density, ' and w’ the turbulent fluctuations of the
horizontal and vertical wind components, respectively, u* the friction
velocity, and U, the wind speed at 10 m above the surface. A term u,
is included in the computation of the wind module to take into account
gust effects, Eq. (A.11) is then modified as follows (Fairall et al., 2003):

2 2
\/U10+ug.

The friction velocity is linked to the roughness length z,, such as:

© = p,C Uy U/, where U[, = (A12)

au ALY

g Uy

zZy =

(A.13)

where g is the gravitational acceleration, v the kinematic viscosity of
air, and « the Charnock parameter.

Most simulations uses the COARE 3.0 bulk formulation (Fairall
et al., 2003). In this parametrisation, the Charnock parameter is set
to 0.011 for wind speeds up to 10 m.s~!, increases linearly to 0.018
between 10 and 18 m.s™!, and is kept constant beyond. Alternatively,
the ECUMEV6 bulk formulation (Roehrig et al., 2020) is used, in which
the surface exchange coefficients are directly derived from observations
without explicitly parametrising the roughness length. Fig. A.16 shows
the evolution of the mean drag coefficient C;, with respect to 10-m
winds, averaged in 2 m.s™! bins, from simulations using either COARE
3.0 (REF) or ECUMEV6 (zECM).
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Data availability

All data used in this study are available online or can be ob-
tained from the corresponding author upon request. Saint Martin
tide gauge data and 0.001° bathymetry product are available on the
SHOM platform (https://data.shom.fr). Tide gauge data for Barbuda
can be retrieved from Unesco Sea Level Station Monitoring Facil-
ity (https://www.ioc-sealevelmonitoring.org/station.php?code=barb).
The IBTrACS v4.01 dataset is available from NOAA’s National Centers
for Environmental Information (https://www.ncei.noaa.gov/products/
international-best-track-archive). The SAR image of hurricane Irma
is provided by CyclObs (https://cyclobs.ifremer.fr/app/tropical). The
toolbox used to generate blended TC wind fields is available at https://
doi.org/10.12770/11057ae4-b708-481a-9848-2e4fdef57625. ERAS
global reanalysis data are downloadable on the Climate Data Store (ht
tps://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?
tab=overview). CMEMS data, used for initial and boundary conditions
of simulations are available from the Copernicus Marine Data Store (h
ttps://data.marine.copernicus.eu/product/GLOBAL\_MULTIYEAR\_PH
Y\_001\_030/description). CROCO ocean model can be downloaded at
https://doi.org/10.5281/zenodo.15064113. Analyses and figures were
conducted with Python scripts, using Helmus and Collis (2016) Python
package for colour-blind friendly colourmaps. The scripts are available
from the corresponding author upon request.
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