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Abstract. This study aims to contribute to the understanding of marine and coastal hazard due to cyclones in the Mediterranean
region, through the reproduction of sea level and wind waves with the use of an unstructured and coupled 2D hydrodynamic-
wave modelling system. The modelling system is used to produce a numerical hindcast for the period 1994-2020 which is
validated against tide gauges, wave buoys and satellite-borne instruments. The sea level and wave results are analysed for 2483
Mediterranean cyclones detected through a meteorological approach based on a composite cyclone detection and tracking
method. We study which portion of extreme values (i.e. values exceeding the 99*" percentile) of storm surge and significant
wave height is associated to Mediterranean cyclones and we find that in the Mediterranean basin, extreme waves are more
frequently associated to cyclones than extreme storm surge. Indeed, more than 50% of extreme significant wave heights of
the hindcast is associated to waves generated by cyclones in most of the Mediterranean basin. The percentage is higher than
75% in the Western Adriatic basin and in some sub-regions of the Ionian-Meridional basin, as well as in the northwestern
part of the Aegean Sea. For storm surge we find that more than 50% of extremes values are linked to cyclones in the Western
Mediterranean basin, in most of the Thyrrenian and the Ionian-Meridional basin, and in the Western Adriatic Sea. On the
contrary, less than 50% of extreme values of storm surge are associated to cyclones in the Northern and Eastern Adriatic
basin, in the Ligurian Sea and in the Levantine-Aegean basin. The cyclone hazard is then evaluated through selected indicators,
including peak values of storm surge and significant wave height, as well as the storm erosion potential index and the total
storm wave energy which are integrated indices suitable to indicate cyclones intensity. The spatial distribution of the 99"
percentile of all hazard parameters shows that the regions characterized by high hazard values vary depending on the parameter
considered. In case of maximum significant wave height and total storm wave energy, the highest values are reached in the
Western Mediterranean Sea, in the open sea area between the Balearic Islands and Sardinia. In case of maximum storm surge
and storm erosion power index, the highest values are observed in the Northern Adriatic basin while the Western Mediterranean
is characterized by moderate values. Despite some common patterns between hazard parameters in the Mediterranean basin,
the analysis of their relationships stress that there is not an high correlation among most of them. Through some case studies we

show that these parameters provide complementary information enabling a more comprehensive overview of cyclone hazard.

1 Introduction

The Mediterranean basin (MB) is a region of high cultural and landscape richness heavily impacted by human activity and

represents a focal area for climate change studies (Chiggiato et al., 2023; Lionello et al., 2023). The frequency of marine ex-
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treme events and related coastal impacts, including storm tides, coastal flooding and severe sea states, is likely to be altered due
to global warming and sea level rise, which may severely threaten the coastal environment and economies (Tuel and Elthair,
2020; Ali et al., 2022). According to several authors (Jansa et al., 2014; Lionello et al., 2019; Flaounas et al., 2022; Portal et al.,
2024; Rousseau-Rizzi et al., 2024; Khodayar et al., 2025), many of the meteo-marine hazards that affect the region, including
storm surges, extreme waves, heavy rainfall and flash floods, landslides, windstorms, and even compound events are caused by
cyclones. Several intense cyclones affected the MB in the last decades showing important economic and social consequences
on communities living in coastal areas (Khodayar et al., 2025). In addition, wave storminess, storm surge and sea level rise
are the more direct and robust climate indicators for the state of coastal areas, for erosion and flooding (Sanchez-Arcilla et al.,
2016). For these reasons, it is crucial to better understand and quantify the marine and coastal hazards of cyclones in the

Mediterranean area.

Mediterranean cyclones are mostly developed by baroclinic instability and affected by diabatic processes similarly to other
extratropical cyclones in the mid-latitude storm track (Flaounas et al., 2022). In addition, subtropical or even tropical-like
storms, called medicanes, can develop in the MB (Miglietta et al., 2025). Sea storms induced by Mediterranean cyclones are
usually detected through the analysis of significant wave height (H;) or water levels data. Most of the time only one parameter
is used for storm detection and H; is the most popular one (Dolan and Davis, 1992; Boccotti, 2000; Fedele and Arena, 2010;
Ojeda et al., 2017; Lira-Loarca et al., 2020). Indeed, during extremes conditions waves drive coastal erosion and flooding
(Komar, 1983), playing a key role in the extreme water levels (Melet et al., 2018; Toomey et al., 2022b). On the other hand,
also water level records from tide gauges can be used to storm detection and to compute an index for storm erosion potential
(Zhang et al., 2001). Cohn et al. (2019) show that in the Pacific Northwest of the United States high still water levels, caused
by storm surge or spring tides, have a greater potential to produce dune erosion than the largest wave energy (Dominguez et al.,
2024).

Once cyclones are detected, they can be studied to assess potential coastal hazard, which is evaluated in literature through
the analysis of wind waves and storm surges (Toomey et al., 2022a; Leijnse et al., 2022; Ferrarin et al., 2023) but also through
indices like the Total Storm Wave Energy (TSWE) (Amarouche and Akpinar, 2021; Amarouche et al., 2022), the Storm Power
Index (SPI) (Anfuso et al., 2016; Lira-Loarca et al., 2022; Amarouche et al., 2022) and the Storm Erosion Potential Index
(SEPI) (Fenster and Dominguez, 2022; Dominguez et al., 2024). These indices are also used as intensity variables for storm
classification (Dolan and Davis, 1992; Zhang et al., 2001; Molina et al., 2019).

Coastal hazard assessment can be investigated using in-situ data; however, numerical hindcasts represent a valuable alterna-
tive, as they offer the possibility to retreive waves and storm surge data in past periods with broader spatial coverage. In the
last decades, several hindcasts have been produced for the Mediterranean Sea (Donatini et al., 2015; Mentaschi et al., 2015;
Barbariol et al., 2021; Vannucchi et al., 2021; Elshinnawy and Antolinez, 2023). Most of these works only consider wind waves
and the meteorological forcing is obtained from global atmospheric reanalysis (e.g. ERAS), non-hydrostatic mesoscale models
(e.2.WRF-ARW) or a downscaling. Storm surges modelled through barotropic models in MB are analysed in Marcos et al.
(2009); Conte and Lionello (2013); Makris et al. (2023) through hindcasts or future climate scenarios. All these works help in
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understanding and characterizing marine extreme conditions but the link with cyclones is not specifically investigated.

The main purpose of this study is to characterize the marine and coastal hazards associated with Mediterranean cyclones
over a 27-year period by producing a coupled hydrodynamic—wave hindcast and applying a composite track method for cyclone
detection based on atmospheric variables, proposed by Flaounas et al. (2023). The hazard assessment is performed considering
different parameters: the cyclone duration, the cyclone influence area, the maximum significant wave height and storm surge,
the Total Storm Wave Energy and the Storm Erosion Potential Index. Finally, a deeper analysis of the hazard is performed for

some specific cyclones linking the events dynamics to the obtained results for hazard estimation.

2 Methods
2.1 The coupled modelling system

In this study, we use an unstructured and coupled hydrodynamic and wave modelling system to simulate past sea conditions
in the whole Mediterranean Sea. The hydrodynamic core is based on the System of HydrodYnamic Finite Element Mod-
ules (SHYFEM, Umgiesser et al. (2022)) code, an open-source unstructured ocean model for simulating hydrodynamics and
transport processes at very high resolution (https://github.com/georgu/shyfemcm-ismar). The model solves the shallow-water
equations in their formulations with levels and transports using a finite element numerical method and semi-implicit time step-
ping. The model has been already applied to simulate the hydrodynamics in the Mediterranean Sea (Ferrarin et al., 2013, 2018),
in the Adriatic Sea (Bellafiore et al., 2018; Bajo et al., 2019; Ferrarin et al., 2019, 2021), and in several coastal systems (see
Umgiesser et al. (2022) and references therein). For the astronomical tide computation, the model calculates the equilibrium
tidal potential and load tides and uses these quantities to force the free surface (Kantha, 1995). Four semi-diurnal (M2, S2, N2,
K?2), four diurnal (K1, O1, P1, Q1) and four long-term constituents (Mf, Mm, Ssa, MSm) are considered. In this work, we do
not consider baroclinic processes which, in a first approximation, do not affect sea-level variations in the storm surge frequency
range. The Coriolis term is included in the equations to consider the rotating frame. The drag coefficients used to model the
wind stresses in the momentum equations are variable in space and in time; they are calculated thanks to the coupling with
waves.

The wave model, WAVEWATCH III (WW3, [WW3DG] (2019)), is a third-generation spectral wave model which is open
source. It solves the random phase spectral action density balance equation for wavenumber-direction spectra over regular
and unstructured grids. Source terms for physical processes include parameterizations for wave growth due to the actions of
wind, exact and parametrized forms accounting for nonlinear resonant wave-wave interactions, scattering due to wave-bottom
interactions, triad interactions, and dissipation due to whitecapping, bottom friction and surf-breaking [WW3DG] (2019). We
have used the highest-level implementation of WW3 based on the multigrid driver that allows coupling the unstructured grid
type with SHYFEM. The package ST4 is used for the input wind-wave interaction term and the dissipation white-capping term.

SHYFEM and WW3 are coupled based on a so-called “hard coupling”, e.g. binding the models directly in the source code

without any external coupling library. The benefit is minimal memory usage and very limited code changes in both models.
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Since both models use the same computational grid there is no need for spatial interpolation and the communication is done
via global arrays that are assembled at the coupling interval between both models.

The considered interactions between waves, surge and tides are: (1) the contribution of waves to the total water levels and
currents through the gradients of the radiation stress induced by waves computed using the theory of Longuet-Higgins and
Steward (1964); (2) the effect of the wave on the surface roughness and therefore on the wind drag; (3) the influence of tides,
storm surge and currents on the wave propagation affecting the refraction, shoaling and breaking processes. The two numerical

models exchange the following variables that are needed to simulate the current-wave interaction:
— from SHYFEM to WW3: water level, water currents;

- from WW3 to SHYFEM: significant wave height, mean wave period, peak wave period, mean wave direction, radiation

stress, wave pressure, sea surface roughness.
2.1.1 Model set-up

The hydrodynamic and wave numerical computation is performed on a spatial domain that represents the Mediterranean Sea
using an unstructured grid consisting of about 163.000 triangular elements. The application of triangular unstructured grids in
both the hydrodynamic and wave models has the advantage of describing more accurately complicated bathymetry and irreg-
ular boundaries in shallow water areas. It can also solve the combined large-scale oceanic and small-scale coastal dynamics in
the same discrete domain by subdividing the basin into triangles varying in form and size. The resolution of the elements varies
from 10 km in the open sea to 500 m near the coast (Fig. 1). The model bathymetry over the Mediterranean Sea is obtained by a
bilinear interpolation on the model grid of the European Marine Observation and Data Network dataset (EMODnet Bathymetry
Consortium, 2022).

To reproduce the past sea conditions over the period 1994-2020, the ocean simulations were forced by the wind and the mean
sea level pressure (MSLP) fields from the meteorological Copernicus European Regional ReAnalysis (CERRA, Schimanke
et al. (2021), https://climate.copernicus.eu/copernicus-regional-reanalysis-europe-cerra). CERRA is a pan-European reanalysis
dataset with horizontal resolution of 5.5 km and hourly data, forced by the ERAS5 global reanalysis (31 km resolution and three-
hourly data, Hersbach et al. (2020)). The SHYFEM hydrodynamic model was forced at the lateral boundary of the Atlantic
Ocean (off the Gibraltar Strait) with the sea surface height above the geoid from the Atlantic-Iberian Biscay Irish Ocean Physics
Reanalysis made available via the E.U. Copernicus Marine Service Information (https://doi.org/10.48670/moi-00029; accessed
on 14-Jun-2024). Velocities from the same model (Atlantic-Iberian Biscay Irish Ocean Physics Reanalysis) are also considered
through a nudging scheme with a relaxation time equal to 600s. No waves conditions were prescribed on the open boundary
for the wave model.

Simulations cover the period from 01/1994 to 12/2020 with a spin-up period of 1 month. A variable time step, based on
a CFL condition with CFL=0.9 (necessary for the explicit part of the scheme), is set for the SHYFEM model with a time



130

135

140

https://doi.org/10.5194/egusphere-2026-2774
Preprint. Discussion started: 16 June 2026 EG U
© Author(s) 2026. CC BY 4.0 License. sphere

® Tide gauge - g 27
Adriatic A Wave buoy L e 1 =
basin V63 %
44°N 3
oy
. Northern 67,
N Adriatic Sea
Western 15
basin o
40°N A
Gibraltar
2 . 3
on Tyrrhenian
36°N basin
Bathymetry [m]
32°N
lonian-Meridional
1000 2000 3000 4000 onan naiona

T T T T T T T T T
5°W 0° 5°E 10°E 15°E 20°E 25°E 30°E 35°E

Figure 1. Unstructured numerical grid and bathymetry of the hydrodynamic and wave models with indicated the position of the validation
tide gauges (red dots) and wave buoys (blue triangle). The sub-basins considered for the analysis purposes of this paper are separated by

dashed blue lines.

step synchronisation every 300s. A global time step equal to 300s is used for the wave model. Hourly outputs are set for

hydrodynamics variables (sea levels and velocities) and waves (significant wave height, period and direction).
2.2 Cyclone identification and cyclone influence area

When studying cyclones and storms in oceans or coastal waters, it is common to identify the events and to compute their du-
ration using thresholds based on ocean variables (e.g. significant wave height or water level) at specific locations, as explained
in Boccotti (2000); Molina et al. (2019); Amarouche et al. (2022); Fenster and Dominguez (2022). In general, threshold values
can be fixed according to specific characteristics of the region where storms are studied, based on field evidence (see Dolan
and Davis (1992)) or determined using long-term data series (see Amarouche et al. (2022)). In addition, thresholds must of-

ten be exceeded for a certain time interval, i.e. a minimum storm duration is fixed (Dolan and Davis, 1992; Anfuso et al., 2016).

Cyclones are, at their core, meteorological phenomena known to induce extreme sea states and sea levels via the direct action
of wind and MSLP on the sea surface (Pugh and Woodworth, 2014). For these reasons, to characterize the marine and coastal
hazard of Mediterranean cyclones, we choose an event identification method based on a meteorological definition rather than

a method based on the threshold analysis of ocean variables. In this work cyclone track and duration are defined according to



145

150

155

160

165

170

https://doi.org/10.5194/egusphere-2026-2774
Preprint. Discussion started: 16 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Flaounas et al. (2023) by using a composite cyclone track approach based on different detection and tracking methods. Ten
different tracking methods are considered in their work and different datasets containing the composite tracks are proposed
and ranked according to their confidence level, defined by the number of contributing cyclone detection methods. The main
advantage is that the method is the result of the agreement of more than one criteria and it produces cyclone tracks with phys-
ically meaningful and distinctive life stages (Flaounas et al., 2023). Lower is the confidence level, higher is the number of
identified cyclones and of bogus tracks (i.e. false positives or artifact); higher is the confidence level, lower is the number of
identified cyclones but they are generally more intense (deeper and well-organized) systems. In this study, we select composite
tracks with a confidence level equal to 5 (called TRACKS CLS5), suggested by Flaounas et al. (2023) and also used in Givon
et al. (2024) to classify Mediterranean cyclones. Confidence level equal to 5 means that track points are captured by at least
five different methods of cyclone tracking and detection. The dataset contains 2483 cyclones in the period from 1994 to 2020
and the average number of tracks per year is about 95 which is sufficient for climatological studies (Flaounas et al., 2023)
and corresponds to the mean annual number of cyclones reported in other studies (Flaounas et al., 2022; Doiteau et al., 2024).
Cyclone tracks are detected in a larger rectangular domain (20-50° N and 20° W—45° E, see the red box in Fig. 2a) where the
MB is enclosed. For each cyclone of Flaounas et al. (2023), the dataset provides an index to identify the cyclone, coordinates
in longitude and latitude of the track points, date (year-month-day-hour) and lowest MSLP value within a 2.5° radius from the

geographical coordinates of the track point.

To study the cyclone hazard related to the ocean component, we associate to the track a time-variant cyclone influence area
instead of considering the whole MB, in which other atmospheric events can occur at the same time. The cyclone influence area
is computed for every track point using the wind data provided by the CERRA since the 10 m wind field is the predominant
meteorological forcing for waves and storm surge in the Mediterranean Sea. The method to compute the cyclone influence area
is inspired by the work of Pérez-Alarcén et al. (2021) where the cyclone size is computed for tropical cyclones in the Atlantic
and Pacific basins, using radial wind profiles and applying a wind threshold of 2ms~!. The same wind threshold is used in
John A. Knaff and Molenar (2014) to estimate the tropical cyclone size, defined as the radius of where the tropical cyclone
wind field is indistinguishable from the background flow in a climatological environment.

In this work we use the same 2m s~ threshold and wind data over the land are masked, considering a buffer zone for the
transition between the sea and the land. For every cyclone track point, wind data are interpolated along 36 radial directions
(every 10°) and the maximum distance (and the relative coordinates) with wind velocity larger than 2ms~! is tracked. This
step creates a first approximation of the hourly polygon representing an influence area, which is often very irregular, due to
the peculiar orography of the MB. To strengthen the method and increase the polygon regularity, the final hourly polygon is
obtained tracing the concave hull of the polygons’ coordinates (computed in the previous step) belonging to the time interval
(actual time — 4 hours, actual time + 4 hours). In order to obtain one value per event, for each cyclone we consider a time

average of the hourly influence area (i.e., the mean cyclone influence area, MCIA).
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2.3 Hazard estimation

The numerical results of the hindcast are used to estimate the coastal and marine hazards which are studied within the cyclone
influence area. We choose to characterize the hazard according to the following parameters: the maximum storm surge, the

maximum significant wave height, the storm erosion power index and the total storm wave energy.

We firstly analyse the storm surge and the significant wave height using statistical tools applied to the whole model hindcast
and to the cyclones subset. For each cyclone we compute the maximum of storm surge and of significant wave height in space
(over the cyclone influence area) and in time (for the cyclone duration), retaining one value per cyclone. The significant wave
height is directly retreived from the hindcast, while the storm surge is obtained through tha analysis of the hindcasted sea levels.
In this study, the average duration of cyclones is about 3 days but other phenomena can influence the sea level variations at
larger scales. For this reason, the moving monthly average of the water level height is subtracted to the residual sea level value,

which is equal to the difference between the sea level and the tidal level. The storm surge (S) can thus be defined as:
S(t)=2Z(t) = T(t) — pmontn () (1

where Z(t) is the simulated water level height, T(t) is the astronomic tidal levels and fi,,on:h (t) is the centred moving monthly
average. The tidal levels are based on harmonic analysis which considers four semi-diurnal (M2, S2, N2, K2), four diurnal

(K1, O1, P1, Q1) and four long-term constituents (Mf, Mm, Ssa, MSm). The monthly average is computed as:

1 &
Hmonth (t) - g Z Z(t + Z) (2)

’i:*ml
where k = m; + m; + 1 is the size of the moving monthly average (29 days), expressed in hours and m; is the integer number

of hours before/after the actual time (14 days X 24 hours/day).

The storm erosion power index (SEPI) has been introduced by Zhang et al. (2001) and incorporates storm tide effects
to characterize the potential erosion of sandy beaches. It is based on the analysis of sea levels and storm surges which are
considered as a proxy of erosion when two thresholds are overpassed: the mean high higher water (MHHW) for the sea levels

and the double of the standard deviation (2SD) of storm surge height for the storm tide levels. The SEPI magnitude is expressed

as follows:
tp

SEPI; = Sosp(t) Zamuw (t)At 3)
t=0

where At is the time interval (1h in this work) and ¢ is the storm duration; the subscript i states that is evaluated at point 3.
Zr maw (t) is the water level (Z(t)) above the mean higher high water (M H HW), defined as:
Z(t), Z({t)>MHHW

Zyvaaw(t) = . “4)
0, Z(t)<MHHW
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Sasp(t) is the storm surge (S(t)) above the threshold of 2 standard deviations of storm surge, o:

Sasplt) = { O S =20s )
0, S(t) <20

This index has been mainly applied to characterize the storms magnitude along the US coasts, using hourly water level records

tide gauges (Zhang et al., 2001; Fenster and Dominguez, 2022; Dominguez et al., 2024). It has been initially proposed to

quantify erosion potential of sandy beaches but it can be considered as a more general storm magnitude indicator and for

this reason, in this work, it is computed on the whole cyclone influence area and not only in coastal locations. To assign a

SEPI value to every cyclone track, we calculate the spatial average over the cyclone influence area of the product of Sogp and

Zyvaaw (SospZyaaw). So, the SEPI formula becomes as follows:

tp
SEPI =Y Sasp(t)Zynnw (t)At (6)
t=0

The cyclone duration (¢4) is chosen according to the composite track TRACKS CLS5.

The total storm wave energy (TSWE) is obtained by integrating the wave power contribution of each sea state over the
storm duration. Initially proposed by Arena et al. (2015) to evaluate the energy of storms for performance estimations of a
wave energy converter, was then used as parameter to classify and characterize storms (Molina et al., 2019; Amarouche and
Akpinar, 2021; Amarouche et al., 2022). The TSWE is defined at point ¢ as (Amarouche et al., 2022):

tq
TSWE,; = /Pw(t)dt @)

to

Where P, is the wave power, computed as:

_L92H2

Pw— sle
64

®)

With p the water density and 7 the energy period (see [WW3DG] (2019)). In this study the storm duration (¢4) over which the
wave energy flux is integrated is intrinsically defined by the composite track TRACKS CL5. The wave energy flux is computed
only for points belonging to the cyclone influence area. This means that an hourly wave mean power is computed considering
the average value (P,,) obtained from all the points in the cyclone influence area for that hour. The formula is then adapted as

follows:
tg

TSWE — / Py (t)dt ©)
to

In Table 1, the selected parameters to describe the marine and coastal cyclone hazard are summarized. The duration and the

mean cyclone influence area are derived from the atmospheric analysis: the first one is given by the cyclone track alghoritm and
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the second one is computed from wind data. The latter is expressed in terms of the fraction of the Mediterranean Sea surface
influenced by the event. The maximum of H, and S are obtained through the analysis of the tide-surge-wave model results and
they are istantaneous and local values. SEPI and TSWE are instead space and time integrated values. Then, we can distinguish
between parameters related to waves, such as max(H,) and TSWE, and parameters related to water levels, such as max(.S) and

SEPI.

Table 1. List of parameters to characterize the cyclones.

Measure Unit Origin Type

Duration h from atmospheric variables

Mean cyclone influence area | % from atmospheric variables | time averaged

Max(.S) m from hydrodynamics istantaneous and local
Max(H ;) m from waves istantaneous and local
SEPI m?h from hydrodynamics space and time integrated
TSWE Whm™! | from waves space and time integrated

3 Results

In this section, the validation of the numerical model is first presented. A wind assessment is performed to ensure the accuracy
of the meteorological forcing. Then, the sea level heights and the significant wave heights are evaluated. After the validation of
the numerical hindcast, results connected to the atmospheric input data (e.g. density of cyclones track, duration) and cyclones
hazard are presented. In this work we use the term extreme (e.g. extreme values, extreme data) referring to those values that

are larger than the threshold defined by 99*" percentile.
3.1 Model validation

Validation of hindcasted waves and levels is a necessary step which ensures that numerical results are suitable to study the
coastal and marine hazards of cyclones in the Mediterranean Sea. The performance of the ocean modelling system is evaluated
by comparing the simulated water level and significant wave height with observations collected by tide gauges, wave buoys,
and satellite-borne instruments.

In this work, we consider the centered root mean square error (CRMSE), the difference between the mean of simulation results
and observations (BIAS), the Pearson cross-correlation coefficient between model results and observations (CC) and the slope
of the linear regression best-fit line (SLOPE) as the metrics for measuring the accuracy of the numerical results in representing

the sea level and wave variability.
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3.1.1 Wind speed assessment

It is well known that most of the uncertainty associated with the simulation of sea storms resides in atmospheric forcing and
in particular in wind data. We verify the accuracy of the CERRA reanalysis wind fields against satellite-derived data and the
global ERAS dataset. Satellite data cover the period 2002-2020 and the following satellite missions are considered: ENVISAT
(05/2002-04/2012), CryoSat-2 (07/2010-ongoing), Jason-3 (02/2016-ongoing). The added value of the CERRA forcing with
respect to the ERAS global reanalysis product is expected to come with a higher horizontal resolution that permits the usage of
a better description of the model topography and physiographic data, and the assimilation of more surface observations. The
comparison between CERRA and ERAS datasets (Fig. S1 in the Supplement) highlights that CERRA overcomes the general
ERAS wind underestimation, indeed the accuracy is higher for CERRA data that has a BIAS of -0.18 ms~! and a CRMSE of
1.35 ms™ 1, compared to a BIAS of -1.02 m s~ ! and a CRMSE of 2.19 ms™! for ERAS data. In addition, for CERRA data

there is a better correlation between reanalysis data and satellite data, with a slope that approches unity.
3.1.2 Sealevel assessment

The Mediterranean Sea is well monitored by several meteo-marine stations, with the highest concentration in the northern
regions. Hourly data from 81 tide gauges (red dots in Fig. 1) were considered to validate the model. Data were retrieved
from the GESLA3 dataset (Haigh et al., 2023), the tide gauge monitoring network of the Italian Environmental Protection
Agency (https://www.mareografico.it/), the regional agency for environmental protection for the Region of Emilia-Romagna
(https://www.arpae.it/), the E.U. Copernicus Marine Service (https://marine.copernicus.eu/) and the Acqua Alta oceanographic
tower (AAOT; Pomaro et al. (2017)) located in the Northern Adriatic Sea, 15 km offshore the Venetian littoral (marked as tide
gauge 63 in Fig. 1). Tide gauges data globally cover the period 1994-2020 and availability increases with time: less than 20
stations are available from 1994 to 1998 while more than 40 stations are available after 2004 (e.g. more than 60 stations for the
period 2012-2015).

The accuracy metrics mentioned above are computed on the sea level anomalies (i.e. removing the mean from observations
and simulations in order to have data series with zero average). Table 2 shows the average of the errors for the sub-basins of the
Mediterranean, illustrated in Fig. 1. Higher values of CC are obtained in the Adriatic basin while lower values are shown in the
Ionian-Meridional and Levantine-Aegean basin. We remark that both the Ionian-Meridional basin and the Levantine-Aegean
basin have few stations compared to the other sub-basin (holding more than 70% of the stations) and in addition the period
of data availability is shorter. For most of the sub-basins except for the Adriatic, the slope is lower than 1 indicating a lower
model variability with respect to the observations variability and a systematic underestimation which is a common problem in
numerical modelling of the Mediterranean Sea (see Ferrarin et al. (2013)). The latter can be related to several factors like the
numerical diffusion and the spatial resolution, the low accuracy of the wind input data, the underestimation of some non-linear
effects (e.g. in the coupling between waves and hydrodynamics). The CRMSE varies between 8 and 11 cm: the higher value
(11 cm) is obtained in the Adriatic basin, while the Ionian-Meridional basin shows the lowest error equal to 8 cm. Considering

all levels and averaging over all sub-basins, the CRMSE is 0.09 m, the CC is 0.77 and the Slope is 0.92. Additionally, the
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Table 2. Statistical analysis of simulated sea levels at the tide gauge stations in terms of CRMSE, CC and Slope. Statistics are reported as

average values over the different Mediterranean sub-basins.

Sub-basin CRMSE [m] | CC[/] | Slope [/]
Western 0.09 0.77 0.96
Tyrrhenian 0.09 0.80 0.98
Adriatic 0.11 0.87 1.05
Ionian-Meridional | 0.08 0.73 0.87
Levantine-Aegean | 0.10 0.70 0.72

correspondence between simulations and observations has been investigated in detail for one station of each sub-basin having
the longest period of data availability. Selected stations are: Malaga for the Western basin, Palinuro for the Thyrrenian basin,
285 AAQOT for the Adriatic basin, Crotone for the Ionian-Meridional basin, Mentes for the Levantine-Aegean basin (respectively
station number 2, 44, 54, 64 and 76 in Fig. 1). Results are shown in Fig. S2 in the Supplement and confirm the values shown in
Table 2 indicating a general underestimation of high sea level values, except for the Adriatic where the model tends to slightly

overestimate the sea surface elevation.
3.1.3 Wave assessment

290 To validate the model, significant wave height from 33 wave buoys (blue triangles in Fig. 1) and along-track satellite data (Piollé
et al., 2022) derived from multiple satellite missions passing over the Mediterranean Sea were considered. Buoys data were re-
treived from the monitoring system of the Civil Protection of the Region Friuli Venezia Giulia (https://www.protezionecivile.fvg.it/),
the national wave buoy network of the Italian Environmental Protection Agency (ISPRA, https://www.mareografico.it/), the
regional agency for environmental protection for the Region of Emilia-Romagna (https://www.arpae.it/), the E.U. Copernicus

295 Marine Service (https://marine.copernicus.eu/) and the Acqua Alta oceanographic tower (AAOT; Pomaro et al. (2017)). Satel-
lite data cover the period from 01/2002 to 12/2018 and the satellite missions are the following: ENVISAT (05/2002-04/2012),
CryoSat-2 (07/2010-ongoing), Jason-1 (01/2002-06/2013), Jason-2 (07/2008-10/2019), Jason-3 (02/2016-ongoing), SARAL
(03/2013-ongoing), Sentinel-3A (03/2016-ongoing).

Standard error metrics are computed for every wave buoy and every co-located point in case of satellite data. They are grouped

300 and averaged over sub-basins of Mediterranean, as shown in Table 3. For both satellite data and in-situ measurements we find
high and similar values of CC (> 0.87 in each sub-basin) and biases are negligible (< 0.08 m). More differences are observed
in the CRMSE which is higher for satellite data than for in-situ observations. Taylor diagrams and diagrams showing BIAS-
CRMSE (Fig. S3 in the Supplement) stress that for most of the buoys/satellites the model variability is slightly higher than the
observations variability (gs;m > Oops)-

305 Overall, there is a good agreement between numerical results and observations and validation results are comparable to those

obtained for other hindcast (Lira-Loarca et al., 2022; Barbariol et al., 2021; Elshinnawy and Antolinez, 2023).
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Table 3. Statistical analysis of simulated significant wave height extracted along satellite tracks and at the wave buoy stations in terms of

CRMSE, BIAS, CC and Slope. Statistics are reported as average values over the different Mediterranean sub-basins.

Sub-basin Satellite In-situ

CRMSE [m] | BIAS[m] | CC[/] | SLOPE[/] | CRMSE [m] | BIAS[m] | CC[/] | SLOPE /]
Western 0.32 0.07 0.94 0.99 0.22 0.07 0.92 1.07
Tyrrhenian 0.29 0.08 0.92 1.03 0.22 0.04 0.94 1.05
Adriatic 0.32 0.03 0.87 1.07 0.18 0.01 0.87 0.93
Ionian-Meridional | 0.27 0.03 0.93 0.94 0.24 0.06 0.92 1.03
Levantine-Aegean | 0.26 0.03 0.91 0.93 - - - -

3.2 Spatial and temporal distribution, influence area and duration of cyclones

The relative frequency of Mediterranean cyclones occurrence, defined as the number of tracks having a point within a radius
of 50 km, regardless their phase of development, divided by the total number of tracks, is shown in Fig. 2a. The spatial distri-
bution is not homogeneous and highlights some regions with higher frequency. The most intense cyclone activity is shown in
the West MB, with the Ligurian Sea accounting for the highest density with a peak value of more than 6%: this area is known
to be the most cyclogenetic one, cf. Trigo et al. (2002). We can observe a high cyclone occurrence also in the Tyrrhenian basin,
especially in the area close to the Italian peninsula coast where spatial frequencies are in the range (3-6%), followed by the
Northern African region (5%), close to the Atlas Mountain and the Lybian coast and finally the Cyprus area (spatial frequency
larger than 3%). The Adriatic basin shows moderate cyclone frequency in its central part (>4%) while we remark that the

northern part is characterized by very low cyclone occurrence.

Figure 2b shows the temporal frequency of cyclone influence area with respect to the period 1994-2020. It is computed by
dividing the number of time that a grid point fall within any cyclone influence area by the total hindcast duration in hours. The
figure highlights that the West-Meridional basin is the most influenced region by cyclones. The frequency decreases from this
area following a concentric pattern toward the peripheral regions of the Mediterranean. The coasts of West, East and North
Mediterranean are less influenced by cyclones, compared to the open sea areas. On the other hand, the coasts of the central

Mediterranean such as Libya, Algeria, Sicily and south of Italy as well as West Greece display moderate frequency.

The mean cyclone influence areas (MCIA), expressed in terms of the fraction of the Mediterranean Sea surface influenced
by the event, is shown in Fig. 3a. The median of the mean cyclone influence area corresponds to the 41% of the Mediterranean
surface, while the extreme MCIA are larger than the 73% of the Mediterranean surface. We observe that no cyclones have a
MCIA covering more than the 80% of the Mediterranean Sea. Figure 3b shows the relative frequency of MCIA that behaves
like a bimodal distribution, with the two peaks at around 8% and 48%.
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Figure 2. (a) Relative frequency of Mediterranean cyclones over the 1994— 2020 period, defined as the percentage of cyclones having a

track point within a radius of 50 km. The red box indicates the area where cyclones are detected by Flaounas et al. (2023). (b) Relative

occurrencies of cyclones influence areas over the 1994-2020 period, defined as the percentage of time during which a point is touched by

any cyclone influence area.
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Figure 3. (a) Time evolution of MCIA and corresponding percentiles. Names indicate cyclones for the selected case studies. (b) Relative

frequency distribution of MCIA and corresponding percentiles.

330 The mean duration of the 2483 cyclones is equal to 69 hours (almost 3 days) while the maximum duration is 236 hours
(about 10 days) (Fig. 4a). The total duration of cyclones represents the 58% of the time coverage of the investigated period
(1994-2020), regardless the cyclone influence area (overlapping hours between different cyclones track points are excluded).
The 50% of cyclones have a duration equal or less than about 2.5 days while extreme values of cyclones duration are larger

than about 7 days (Fig. 4a). The distribution of the duration is Lognormal-like, skewed towards higher values, as it is shown in

Fig. 4b.
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Figure 4. (a) Time evolution of duration and corresponding percentiles. Names indicate cyclones for the selected case studies. (b) Relative

frequency of cyclones duration and corresponding percentiles.
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3.3 Storm surges and significant wave heights

In this section we consider two of the physical variables derived from the governing equations: the simulated storm surge
and the simulated significant wave heights. We analyse their maximum values obtained along the cyclone duration and on the
cyclone influence area and we study the link between the extreme conditions, given by the hindcast, and the subset of cyclones.
The maximum value of max(S) is 1.29 m (Fig. 5a), while the mean is 0.32 m with a standard deviation of 0.17 m. The
distribution of max(S) (Fig. 5b) is mildly asymmetric with positive skewness, as the mean is slightly larger than the median.
Most cyclones have values of max(S) up to 0.5 m and the distribution is consistent with a Gamma-like shape. Figure Sc shows
the spatial distribution of the 99*" percentiles for max(S) associated to cyclones in the Mediterranean basin. The Northern
Adriatic basin shows the highest values of the 99" percentile of max(S) which exceed 0.6m in the northernmost part. Other
regions in the MB characterized by high values of max(S) are the Gulf of Gabes and the Western basin (the area between
Sardinia and Balearic Islands) with values larger than 0.4 m. Most of the Thyrrenian basin shows extrem values of max(S)
larger than 0.3 m, as well as most of the Ionian-Meridional basin. Compared to the rest of the MB, the Levantine-Aegean basin
exhibits the lowest extreme values of max(S).

Values of max(H;) associated to cyclones vary between [0.75, 11.23] m (Fig. 6a), the mean is equal to 4.33 m and the
standard deviation is 1.62 m. As for max(S), the distribution of max(H;) is a Gamma-like distribution, with a positive skewness
(Fig. 6b). The spatial distribution of the 99¢" percentile of max(H,) associated to cyclones shown in Fig. 6¢ reveals significant
differences compared to the one of max(S) (Fig. 5c). In particular, the Northern Adriatic is not marked out by high extreme
values of maximum significant waves while is the case for the storm surge. The same difference is observed in the Gulf of
Gabes and even slightly in the Tyrrhenian sea. On the other hand, the area between Sardinia and Balearic Islands concentrates

highest values of the 99th percentile of max(Hy).

We now observe the spatial distribution of the 99*" percentile for the storm surge and the significant wave height in the MB,
computed over the whole simulation period 1994-2020 (Fig. 7a and 8a). As expected these maps display patterns similar to
those associated with cyclones (Fig. 5Sc and 6c), although with weaker values because calm periods are included in addition
to cyclones. The 99 percentiles of Fig 7a and 8a correspond to values that are exceeded by only 1% of the entire hindcast.
Fig. 7b and 8b illustrate the fraction of the upper 1% that is associated to cyclones in terms of storm surges and significant
wave height corrispectively.

For storm surges, the west Mediterranean is the region where most of the extreme values are associated to cyclones. In
particular, the large part of the Spanish Mediterranean coast is characterized by a strong link between extreme values of storm
surge and cyclones (the percentage is larger than 60%). On the contrary in the Adriatic Sea, cyclones are driving less than 50%
of the extreme values except along most of the Italian coast where percentage exceeds the 50%. The Ligurian Sea, the Aegean
Sea and the Levantine basin, presents low percentages (between 30 and 50%) of extreme storm surge associated to cyclones.
For the significant wave height, results show larger percentages of extreme values associated to cyclones with values up to

80%. The east coast of Sicily and the south coast of Calabria, the southern region of the Mediterranean Sea, the north-west
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Figure 5. Time evolution of the cyclones maximum storm surge and corresponding percentiles (a). Names indicate cyclones for the selected

case studies. Relative frequency of cyclones maximum storm surge and corresponding percentiles (b). Spatial distribution of 99" percentile

of the maximum storm surge (c).

part of the Aegean Sea and the western part of the Adriatic Sea are regions where the extreme values are largely represented

by cyclones with more than 70% of data associated to cyclones. Finally, we remark that lower values of percentage (less than

50%) are shown in the Ligurian Sea, in the Tyrrhenian Sea (along the coast of the Italian peninsula) and in the Western basin,

close to the Gibraltar strait.
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distribution of 99" percentile of the maximum significant wave height (c).

3.4 Cyclone magnitude indices

In this section we show results concerning the indices derived from waves and hydrodynamics: the total storm wave energy
and the storm erosion potential index. Compared to the maximum of storm surge and of significant wave height, the total storm
wave energy and the storm erosion potential index give a complementary information on cyclones hazard as they are obtained

through a space-time integration of simulated wave power (for TSWE) and simulated sea levels and storm surge (for SEPI).
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Total storm wave energy

380 Figure 9a shows the evolution of the TSWE for each cyclone of the dataset with the corresponding 50*” and 99th*" percentile
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Figure 8. Spatial distribution of 99" percentile of significant wave height (a) and fraction of extreme events (H,>99%" percentile) associated

to cyclones (b).

values. The average value is 5.10x 10> Wh/m with a standard deviation of 5.53x10° Wh/m. The distribution of TSWE is
Lognormal-like, with a long tail to the right (Fig. 9b).
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Figure 9. Time evolution of the cyclones TSWE and corresponding percetiles (a). Names indicate cyclones for the selected case studies.

Relative frequency of cyclones TSWE and corresponding percentiles (b). Spatial distribution of the 99*" percentile of cyclones TSWE (c).

As the index is based on variables related to waves, results agree with the maps showing the spatial distribution of the 99"
percentile for the maximum significant wave heights (Fig. 6¢). Indeed, the Western Mediterranean Sea is the region with higher
values of the 99" percentile of TSWE, while moderate values are also observed in the southern part of Mediterranean Sea.
Regions with lower values of 99*" percentile are the Adriatic basin, the east and west Mediterranean (i.e. Alboran Sea). Results
agree with those obtained in the Western Mediterranean Sea by Amarouche et al. (2022).

Storm erosion potential index

SEPI values for each cyclone of the dataset and their percentiles are shown in Fig. 10a. This index, based on sea level and storm
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390

distribution of SEPI, shown in Fig. 10b, stress that most of the cyclones are weak according to this parameter while a few
cyclones are very intense, contributing to a long upper tail. The spatial distribution of the 9
where we observe that areas with higher values of SEPI are the Western Mediterranean and the Northern Adriatic Sea. Since

SEPI is partially based on simulated storm surge, we compare the map of the 99" percentile of max(S) (Fig. 5¢) with Fig. 10c.

EGUsphere\

surge, as a maximum value of 2.4 m? h. The average value is equal to 0.025 m? h, with a standard deviation of 0.13 m? h. The

9" percentile is shown in Fig. 10c

Similar patterns between the two variables are observed, except in the Gulf of Gabes and the Northern Aegean Sea.
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Figure 10. Time evolution of the cyclones SEPI and corresponding percentiles (a). Names indicate cyclones for the selected case studies.

Relative frequency of cyclones SEPI and corresponding percentiles (b). Spatial distribution of the 99" percentile of cyclones SEPI (c).
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3.5 Case studies

The marine and coastal hazard is investigated with a more detalied analysis for four cyclones belonging to the dataset. We
choose four intense events characterized by extreme values according to at least one hazard parameter. Two of these events,
Celeno and Ianos, correspond to well known intense cyclones which are classified as medicanes (see Miglietta et al. (2025)
for a detailed medicane definition), already studied in the literature. Events are listed in Table 4 where hazard parameters
for every cyclone are also indicated. Cyclone 2256 affects mainly the Western, the Tyrrhenian and Adriatic basin, while the

Ionian-Meridional basin is affected by cyclone Celeno, Athos and Ianos.

Table 4. List of selected case study and corresponding values of hazard parameters. ID corresponds to the index used to identify cyclone in

TRACKS CL5.

Name 1D Start date Duration [h] | MCIA [%] | Max(S) [m] | Max(Hs) [m] | SEPI[m?h] | TSWE [Whm™]
Celeno | 1410 | 1995/01/13 133 69 0.51 7.57 1x107* 2.7x 10°

/ 2256 | 2004/02/26 95 59 0.78 5.64 1.43 1.38x 10°
Athos | 3006 | 2012/03/08 86 60 1.04 7.24 4x 1073 2x 10°
Ianos | 3777 | 2020/09/12 206 61 0.42 6.11 4% 107° 8.74x 10°

Cyclone Celeno (Avolio et al., 2024) has a duration that exceeds 5 days but is smaller than the threshold of the 99 percentile
(Fig. 4a). It influenced a large portion of the MB (MCIA = 69%) and according to the TSWE it can be classified as an extreme
event. Cyclone Celeno is characterized by high values of significant wave height over a large zone in the Mediterranean. Indeed,
during this event, there are several spots inside the cyclone influence area with wind velocity larger than 18 ms~! generating
severe sea state. High, spatially widespread, persistent values of significant wave height combined with a long cyclone duration,
result in a highly energetic cyclone, as reflected by the large TSWE values (Fig. 11). Although meteorological conditions
strongly determinate such a severe sea state, a comparable response is not observed in the storm surge component. We observe
an inverse barometer effect in the area surrounding the cyclone track and high storm surge values in the Gulf of Gabes, favored
by the exceptionally wide, gently sloping, and shallow continental shelf. Nevertheless, cyclone Celeno cannot be classified as

extreme event in terms of storm surge magnitude.

Cyclone Athos ranks among the most intense events in our dataset in terms of maximum storm surge, which is observed
in the Gulf of Gabes. This cyclone has a short lifetime, about 3.5 days, compared to the other selected cyclones (Fig. 4a) and
the value of MCIA lies in the region between the median and the 99*" percentile, as shown in Fig. 3a. The system develops
over north Africa and enters the Mediterranean Sea, approaching the Tunisian coast on the evening of 9 March. It then remains
in the Meridional basin where it dissipates. Athos is characterized by moderate to strong wind speed (exceeding 18 ms—1)
along the marine side of its track. The intense winds over the Gulf of Gabes, together with the region’s particularly gentle
and shallow continental shelf, are also responsible of extreme storm surge conditions. Storm surge levels exceed 1 m several

times throughout the cyclone’s lifetime and nearly the entire Gulf of Gabes is associated with extreme surge values as shown
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Figure 11. Spatial distribution of TSWE for cyclone Celeno.

in Fig. 12. Though high values of storm surge, the associated SEPI is low likely because the condition on water levels is not

satisfied (i.e. condition Z(t) > M H HW). The significant wave height reaches and locally exceeds 7 m (on 9 March), while

values predominantly range between 4 and 6 m during the remaining time.
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Figure 12. Spatial distribution of maximum storm surge for cyclone Athos.
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Among the four cyclones, cyclone 2256 is the most intense cyclone according to SEPI. This event is also characterized
by a significative maximum storm surge (5a) while other hazard parameters are not extreme. This cyclone develops over the
Ligurian Sea and moves towards the Italian peninsula with a south-east direction. Intense winds occur along and around the
cyclone track, generating significant wave heights with maxima larger than 5 m in the Thyrrenian basin. During cyclone pas-
sage, high values of storm surge are observed in the Thyrrenian and Adriatic basin where the value of 0.7 m is reached. This
factor, combined with sea levels frequently exceeding Mean Higher High Water (MHHW), results in extreme SEPI values, as
shown in Fig. 13.

—— influence area
>99th percentile
cyclone track

0.0 0.4 0.8 12 1.6 2.0 2.4 2.8 3.2
SEPI [m2h]

Figure 13. Spatial distribution of SEPI for cyclone 2256.

Cyclone Ianos (Lagouvardos et al., 2022; Ferrarin et al., 2023; Scardino et al., 2025; Babagolimatikolaei, 2026), is one
of the longest-lasting cyclones in our dataset with a lifespan exceeding eight days (Fig. 4a). The cylogenesis phase occurs
in Lybia while the mature phase develops in the Ionian-Meridional basin, near the coasts of Calabria and Greece. During its
mature stage, lanos exhibits strong and sustained surface winds (higher than 20 ms~!) around the cyclone center, generating
severe marine conditions. Significant wave heights reach up to 6 m along the Greek coast, exceeding the 99*" percentile within
a limited area (Fig. 14a). Storm surge is also significant in the area surrounding the cyclone track during the mature phase,
altough values remain below the 99" percentile threshold (Fig. 14b). Both extreme wave heights and elevated storm surge
levels are confined to a relatively small area along the Greek coast compared to the overall spatial extent of the cyclone’s
influence. Therefore, from a meto-marine point of view, medicane Ianos can be characterized as an intense but localized event.
For this reason, marine hazard indices do not identify it as one of the most extreme events of our dataset (Fig. 5a, 6a, 9a,10a),

despite its long duration. All these cyclones are highly intense, although their intensity arises from different characteristics.
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Figure 14. Spatial distribution of some hazard parameters for cyclone Ianos: maximum significant wave height (a) and maximum storm

surge (b).

This demonstrates that is necessary to consider different parameters to characterize the hazard since each parameter provides

445 different measures of intensity and the latter are not necessarly correlated (e.g. classification differs depending on the parameter
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chosen).

4 Discussion

In literature there are several studies that analyse the marine and coastal hazard of one or more specific events (Scicchitano
et al., 2021; Mattei et al., 2021; Ferrarin et al., 2023; Flaounas et al., 2025), while in this study we aim to characterize the
relative role of cyclones in determining marine hazardous conditions.

We find similar works (Amarouche et al., 2022; Martzikos et al., 2021) where only some of the hazard parameters that we use
are analyzed in a limited region of the MB or for a series of buoys. In Amarouche et al. (2022) the analysis of wave storm events
is focused on the Western Mediterranean basin and the spatial distribution of maximum significant wave height and TSWE
during wave storm events (identified through a threshold on the significant wave height) recorded over the last four decades
(1980-2020) has similar patterns to those that we obtain (Fig. 6¢ and 9c¢). Our study completes the analysis by considering the
whole MB showing that the Western basin, in particular the area between Sardinia and Balearic islands remains the portion of
the Mediterranean Sea with highest values of the 99*" percentile of maximum significant wave height induced by cyclones.
Our results of the TSWE show that the Ionian and Southern MB are characterized by moderate values of cyclones energy
(according to the 99" percentile), even if they are lower than those in the Western basin.

In Martzikos et al. (2021), 4008 coastal storms are analysed, corresponding to 41-127 Mediterranean storm events per year,
which is in agreement with our study that considers 92 cyclones per year in average. Martzikos et al. (2021) perform a coastal
storm analysis by studying the parameters which define a coastal storm and their properties, such as the wave height, the wave
period, the duration, the calm period, and the storm energy. Results of this study describe cyclone intensity in some specific
buoys location, according to the temporal availability of the measures. Our analysis completes the characterization of cyclones
including parameters related to sea levels and considering the whole MB, for a continuous period of 27 years, thanks to the
numerical hindcast of sea levels and wind-waves.

Results about the maximum storm surge induced by cyclones (Fig. 5c) confirm that coastal regions with wide continental
shelves, gentile slope and shollow waters are among the most affected one, like the Northern Adriatic Sea and the Gulf of
Gabes. This can be extensively verified in other works like Marcos et al. (2009); Conte and Lionello (2014); Lionello et al.
(2017); Boyes and Elliott (2019); Toomey et al. (2022a); Makris et al. (2023). The storm surge observed in the Western basin,
a small portion of the Thyrrenian and of the Meridional basin is mainly related to the inverse barometer effect rather than wind
which is the dominant factor only in shallow areas (Lionello et al., 2019; Conte and Lionello, 2013).

Results on the percentage of extreme data associated to cyclones (Fig. 7 and 8) shows that, in general, extreme waves are more
frequently associated with well defined low-pressure systems than extreme storm surge and there is not spatial correlation
between them. The spatial difference between the percentage associated to cyclones for waves and storm surge, is also linked
to cyclones physics as these systems are characterized by a rotating wind field around a low pressure center, with strongest wind

occurring in a ring rather than in the cyclone center. For this reason, under open sea conditions the location of maximum values
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of storm surge and significant wave heights are not expected to be in the same position. In addition, the local morfology and the
bathymetry play an important role modifying the sea levels and waves response approaching the coast. For all these reasons,
the concurrence between extreme storm surges and high waves is not straightforward and is dependent on site conditions. The
few percentage of extreme data associated to cyclones in some specific regions of the MB can also be explained by the presence
of local and regional winds (e.g. mistral and bora), able to create extreme sea conditions without being necessarly associated to
well-organized low pressure systems in the Mediterranean. In Marcos et al. (2019) authors investigate the relationship between
extreme storm surges and waves along the world coastlines, showing that, for the Mediterranean coast, the dependence between
extreme storm surge and waves is extremly variable according to the geographical location. Values of dependence strenght and
of Kendall rank correlation coefficient show that there is not a strong dependence, except for a few points that are located in
the north-Africa coast, in the Northern Adriatic basin and in the eastern coasts of Mediterranean.

Distributions of hazard parameters (Fig. 3b, 4b, 5b, 6b, 9b, 10b) show that TSWE and SEPI, compared to other parameters,
have very different distributions with many very small values and few large values. A similar difference between dynamical
measures and impact-relevant measures of cyclones intensity is observed in Cornér et al. (2025). The bimodal distribution
of MCIA reveals two cyclones classes related to the track region: the first one characterized by smaller MCIA corresponds
to cyclones whose track points are mainly outside of the MB, the second one characterized by larger MCIA corresponds to
cyclones whose track points are inside the MB (Fig. S4 in the Supplement). This result is linked to the method chosen to
compute the cyclone influence area, where only the sea surface is considered (wind field over the land is excluded).

The investigation of four selected case study shows that intense storms are not necessarily characterized by extreme values
of every hazard parameter. Cyclones corresponding to the most extended duration as Ianos, are not particularly ones with
maximum significant wave height or storm surge (and viceversa). Moreover, they do not correspond to cyclones with strong
intensity according to TSWE and SEPI, although these indices account for cyclone duration. This underlines the importance
of considering different hazard parameters when characterizing cyclones. Indeed, it is clear that peak parameters as max(H)
and max(S) fournish an istantaneous snapshot of cyclone intensity while cumulated indices like TSWE and SEPI give an inte-
grated overview that considers the intensity of single variables (e.g. significant wave height, wave period, sea levels and storm
surge levels) combined with cyclone duration and cyclone spatial influence. Intense cyclones of our dataset are not necessarily
well-known cyclones (i.e. damaging and impactful cyclones) since our statistical analysis is based on climatological values
(e.g. 99th percentile) and on cyclone dataset where all the cyclone life stages (cyclogenesis/mature stage/cyclolysis) are con-
sidered, without discriminating between land, coastal and open sea areas. In addition, we limit this work to the hazard analysis:
vulnerability and exposure of the areas affected by cyclones are not considered and they are key factors of impactful cyclones.
Finally, impactful cyclones can be related to precipitations or compound events like wind gusts and precipitations, which are
not considerd in this work.

Our study stresses that different cyclone classifications could be obtained according to the chosen hazard parameter. For this
reason we investigate the relationship between the hazard parameters selected in this work performing a correlation analysis
with two different methods. The first one is the Pearson’s correlation coefficient () to measure the linear relationship between

two variables (X,Y) corresponding to the ratio between the covariance of two random variables and their standard deviations.
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The second method is the mutual information (MI), which is a measure of the amount of information one random variable
contains about another (Cover and Thomas, 2006). It is the reduction in the uncertainty of one random variable due to the
knowledge of the other and is used to quantify non-linear dependencies. The MI values which belong to the interval [0, inf] are
converted into a correlation coefficient (p) with values between 0 and 1 by normalization, thanks to the Python package ennemi

(Laarne et al., 2021, 2022). The normalization ensures that results are easily interpretable (0 means poor correlation while
1 means strong correlation) and comparable to the Pearson coefficient: in classical linear correlation, it matches the Pearson
correlation coefficient, except for missing the sign (Laarne et al., 2022). Equal or similar values of r and p states that the vari-
ables are linearly correlated while higher values of p means that there is a non-linear relationship. The results for the Pearson
coefficient and the MI coefficient are shown in Fig. 15. The Pearson correlation coefficients are statistically significant for all
the variables combinations (p-values are lower than 0.05). We observe an high (r > 0.7) Pearson correlation coefficient between
the wave-based magnitude index (TSWE) and the maximum significant wave heights, which can be expected due to the TSWE
formulation (see Equation (9)). However, relationship is not perfectly linear, as cyclones with high values of max(H;) can be
characterized by either short or long cyclone lifetime (that means low or high values of TSWE), resulting in a large dispersion
for high values of max(H,). The mean cyclone influence area has low correlations with other variables, except with max(Hj;)
(r = 0.54). This moderate correlation can be partially explained by the fact that the MCIA is a rough proxy of the fetch. Low
values of Pearson correlations are found for all other variable pairs. We compare now the Pearson coefficients with the MI
correlation coefficients. The relationship between the wave-based magnitude index and the maximum significant wave height
is strong even according to the MI correlation coefficient (p = 0.88). The MI correlation coefficient for the pair (max(S),SEPI)
shows a stronger realtionship, which is not detected by the Pearson coefficient. Indeed the MI correlation coefficient is almost
the double of the Pearson coefficient (r = 0.31 and p = 0.61), suggesting a dominant non-linear component in the relationship
between these two variables. The thresholds used in the SEPI formulation (see Eq. (6)) and the influence of sea levels in the
SEPI results are probably the key factors driving the non-linearity between max(S) and SEPI. All other variables show slightly
increased MI coefficients compared to Pearson coefficients, however most of the values are lower than 0.5 indicating a weak
relationship between them.

The use of a meteorological method for cyclone detection implies a correspondence between the event from both an atmo-
spheric and a marine point of view. We do not expect that events detected through this approach are equal in number and tem-
poral characteristics to events detected through a threshold method on hydrodynamic variables (e.g. significant wave height).
However, we are confident that the potential error on cyclone duration (and on the start/end date of the event) is negligeable
since the cyclone tracking and detection method considers cyclones from the cyclogenesis to the cyclolysis and significant
marine effects are typically associated to the mature stage of cyclones when they reach the highest intensity. Another limitation
of this study is the use of a specific cyclone dataset (TRACKS CLS5). It is known that results in term of spatial frequency,
cyclone duration and position are dependent on the tracking algorithm because of variables and thresholds use to identify cy-
clones. Consequently, even the results related to the ocean component suffer of this dependency. Finally, the method proposed
to compute the influence area (so the hazard parameters inside it) presents some limits. Firstly, the influence area is dependent

on the wind speed threshold. Secondly, it does not allow to distinguish between events that occur at the same time and in a
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Figure 15. Pearson (a) and Mutual Information (b) correlation coefficients for the selected variables describing coastal and marine cyclone

hazard.

relative small spatial area: they will share the same influence area. Despite these limitations, our study offers some new insights
into cyclones hazard characteristics in the MB, highlighting importance of hazard parameters for a comprehensive description

of cyclones.

5 Conclusions

We created a 27 years (1994-2020) hindcast of sea levels and wind waves for the Mediterranean Sea to analyze the marine and
coastal hazard of Mediterranean cyclones. The ocean hindcast is obtained through a 2D tide-wave-surge model and the cyclone
subset (2483 events) is derived using an atmospheric composite cyclone detection and tracking method. Cyclone tracks and
duration, along with wind fields, are used to define the portion of the Mediterranean basin influenced by each cyclone. The
ocean simulation results are then processed over the influence areas to evaluate four parameters for characterizing marine and
coastal hazards: maximum storm surge, maximum significant wave height, the storm erosion power index, and total storm
wave energy. In this way, we create a dataset of Mediterranean cyclones hazard parameters.

The analysis of the model results allows for the evaluation of the fraction of extreme marine conditions in the Mediterranean
Sea associated with cyclones. In the Western Mediterranean and the Ionian-Meridional basin, between 50% and 75% of storm
surge and wave extremes, respectively, are linked to cyclones (with percentages exceeding 75% in some sub-regions of these
basins, in case of wave extremes). In the Levantine—Aegean basin, more than 50% of wave extremes (and over 75% in the

northern Aegean Sea) are associated with cyclones, whereas for storm surge the proportion is lower than 50% in the same area.
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The cyclone hazard depends strongly on the selected parameter, as it can vary depending on the metric considered. Conse-
quently, the strongest cyclones in terms of maximum significant wave height differ from those identified based on maximum
storm surge or another hazard parameter. Due to this variability, it is challenging to identify the most hazardous Mediterranean
cyclones, as well as the areas most exposed to hazard when it is considered in a comprehensive sense (i.e., accounting for all

parameters).

Data availability. Hazard parameters of each cyclone are provided as a Supplement in the form of ASCII file made up by 2483 rows and 9

columns. Each row corresponds to a single cyclone and the nine columns provide the following information:

Cyclone track index (corresponding to the one given in TRACKS CLS).

— Start date of the event in the format yyyy-mm-dd::hh:mm:ss.

— End date of the event in the format yyyy-mm-dd::hh:mm:ss.

— Cyclone duration in [h].

— Mean cyclone influence area in [%] with respect to the Mediterranean basin.
— Maximum storm surge in [m].

— Maximum significant wave height in [m].

— Storm erosion power index in [m? h].

— Total storm wave energy in [Whm™'].
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