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ABSTRACT: Direct measurements of ocean waves are critical for tracking the hydrodynamic effects of climate
change, as synthetic data usually obtained by numerical modelling fails to robustly capture evolving state
regimes. This study investigates how the Mediterranean tropical-like cyclone (Medicanes) events influence the
wave energy distribution analysing the heave displacement data recorded by an ocean buoy. The Tropical-like
Cyclone “Helios” was examined through the Power Spectral Density (PSD) of the heave displacement time
series recorded by the Crotone buoy, analysed with the Welch method. Results show how the wave spectra
produced by Helios are characterized by a significant frequency shift from higher to lower values as the wave
heights increase. Moreover, more unimodal-like shape around the peak frequencies were recorded as the
cyclone intensified. A bi-modal shape is recorded in different Cyclone phases, due to the complexity of the
wind field. The study underlines the importance of the spectral analysis in understanding sea state dynamics
driven by extreme climatic events and highlights the role of Medicanes in generating hazardous waves

conditions with possible implications for coastal morphology and flood risk.
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1 INTRODUCTION

1.1 Mediterranean Tropical-Like Cyclones

Direct wave measurements in the oceans are
critically —important for researchers, who
increasingly require robust evidence of the effects
of climate change on maritime hydrodynamics to
understand the evolution and design more
efficiently coastal infrastructures [1], [2].

To achieve this goal is crucial also to increase the
numerical models reliability [3].

Synthetic data used in the past are not sufficient
to reliably capture the evolution of sea state
regimes and a statistical approach is normally
used [4]. The formation of Medicanes is often
caused by the superposition of relatively cold
atmospheric air coming from polar latitudes and
the warm surface of the Mediterranean Sea, and it
is favoured when an extra-tropical depression gets
isolated from the polar jet stream [5].

Medicanes are usually characterized by an
axisymmetric structure with a warm core, moist
deep convection, very strong surface winds, and a
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mostly cloud-free central area commonly called
the ‘eye’[6], [7].

The Medicanes play a key role in generate
extreme wave storms and surges having
implication and consequences for coastal
protection [8], contributing to the increasing of
flooding risk [9]. Flooding and wave storms are
the main causes for coastal erosion, contributing
to modify drastically the coastal morphology
[10].

The aim of this study is to investigate different
aspects related to local effect of wave spectral
form induced by climate change events like
Mediterranean Hurricanes (Medicanes).

The calculation of synthetic wave parameters—
such as spectral significant wave height (Hmo),
peak period (Tp), and mean wave direction
(Dir)—is based on the integration of the wave
energy spectrum derived from measurements, but
it clearly loses detailed spectral information.

For the first time, this study uses surface elevation
and horizontal displacement data from an Italian
wave buoy to compute omnidirectional wave
spectra of a storm induced by a Medicane,



revealing the spectral “signature” of an extreme
event such as a tropical-like cyclone.

1.2 The Medicane Helios

The cyclone Helios, occurred between 8™ and
10™ February 2023 in southern Mediterranean
Sea, affected Sicily, Malta, Tunisia and Libya and
was characterized by the convergence of
Northeast cold air and subtropical milder air
rising from the Southwest, showing a distinct
deep convection during the first days.

However, since some microphysical properties
are different from those of the other Medicanes,
Helios does not seem to be classifiable in the
same way as the other severe Medicanes in the
Mediterranean Sea [11].

2 MATERIALS AND METHODS

2.1 ltalian wave buoys network

The Italian Wave Buoy Network is managed by
the Italian Institute for Environmental Protection
and Research (ISPRA). It consists of several wave
buoys —up to 14 devices at historical its peak —
deployed along the Italian coast [8]. Currently,
thanks to the NextGenerationEU PNRR MER
Italian project (see Acknowledgement section),
16 wave buoys are now  operating
(www.mareografico.it)  measuring  multiple
climate parameters, including wind speed and
direction, air and water temperature, current
velocity, wave parameters, humidity, atmospheric
pressure, and more.

The data used in this work came from the Crotone
wave buoy located in the south of Italy, in the
Ionian Sea (Lat: 39.02405°,

Lon: 17.21859°)

Figure 1 - Current configuration of the Italian buoy network,
highlighting the Crotone wave buoy.

2.2 The numerical models and the Crotone wave climate

When direct measurements are unavailable,
numerical spectral models based on the wave
action balance equation and the spectral
representation of the sea surface can assist
technicians and researchers in describing the
evolution of sea states. These models provide
synthetic parameters derived from numerical
simulations—such as significant wave height,
peak period, and mean wave direction—as well as
numerical spectra. The model used in this study is
the one distributed by the Copernicus Marine
Service (CMS), specifically the
MEDSEA MULTIYEAR WAV 006 012
product. This model, like others, often lack
accuracy especially during extreme events, due to
topographic discretization, wind-wave
interactions, and wave spectrum discretization
[12]. To understand the local effects on wavefield
induced by Tropical Cyclones, extensive tracks of
synthetic cyclones could be tested in a relatively
confined area, increasing the computational cost
[13].

The area considered for this study (offshore
Crotone) is exposed to extreme events as wave
storm with significant wave height values up to
7.50 m [14].
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Figure 2 - Geographical and Effective fetch calculated for the
Crotone buoy

Figure 2 shows the results of the effective fetch
calculation [15], which is used to identify the sea
surface areas where wind can effectively transfer
energy to generate waves. The effective fetch
represents the distance over which the wind blows
in a consistent direction without obstruction,
directly influencing wave growth.

While the longest effective fetch reaches up to
700 km from the southeast (Figure 2), the wave
climate in the region is strongly influenced by the
prevailing wind regime. In particular, intense
northeasterly winds originating from the Adriatic
Sea ([12], [13], [14]) can generate severe wave
storms despite the relatively limited fetch in that
direction (Figure 3).
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Figure 3 - Wave roses obtained considering the available
dataset of the wave buoy of Crotone (a) and the closest node of the
CMS dataset (b)

2.3 Wave spectrum analysis

To obtain a description of the characteristics of
wave energy content, spectral analysis was
carried out using displacements measurements
underlining the wave energy frequency
distribution.

The vertical heave displacement recorded with a
recording frequency equal to 4Hz for about 17-
minute period, was analyzed to extract

information from a constant sea state.
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Figure 4 -Heave displacement recorded by Crotone buoy
during the ascending phase of Helios

The Welch [16] method has been used to
represent the sea state power spectral density
(PSD). This method suggests parsing the
displacement data of the entire observation of T
seconds, into smaller segment of duration To,
applying a partial overlap between the following
segment for 20 to 50%. All segments are first
taped using a smoothing window to reduce the
bias due to spectral leakage, then a spectrogram is
calculated for each of them through a Discrete
Fourier Transform (DFT) function. Finally, the
spectrum is obtained by averaging all the
spectrograms, providing a bias reduction, by
tapering, and a variance reduction by averaging.
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The key parameters to compute the spectrum are
segment duration, the type of window taping
function and the overlap degree. Welch propose
an overlap degree of 50% and a cosine Hanning
window for parsing. The main trade off is to
compute the Welch method returning a good
spectral resolution, provided by higher values of
To, and small variance, which require small
values of To. To maintain a good spectral
resolution the relative variance was constrained
below 0.2 following the equation:

u (F)/S(f) =/(11/18) - Ny - N-1 (1)

where N and Ny are the number of samples in the
entire observation and the selected segment
length respectively, and S(f) the omnidirectional
spectrum.

Once obtained the wave spectrum, it was possible
to estimate the spectral moments using the

formula: 0
mo 2 [ fresaf @)
0

where 7 is the grade of the moment.

The spectral values of the significant wave height
were calculated obtaining the 0" moment using
the equation (2), corresponding to the area below
the energy spectrum.

Hpo = 4- \/FO (3)

3 RESULTS

Using the available data obtained from the CMS
numerical model, the wave field induced by
Helios was investigated to appreciate the
localization of the most important effects induced
by the passage of the cyclone. Helios affected
almost all the Mediterranean basin, producing
more effect in the lonian Sea with intense wave
storm directed to the southern coast of Italy

(Figure 5).
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Figure 5 - Wave map of Huo (colours) and wave direction
(arrows) the Mediterranean Sea during the highest peaks of the
extreme event Helios during the most representative timesteps,
from the wave storm approaching (a,b) to the cyclonic wave storm
formation  (c,d). Data  from  the CMS  dataset
MEDSEA_MULTIYEAR WAV _006_012.

The Crotone buoy, located in southern Italy, was
positioned near the outer edge of the cyclone and
was not directly impacted by its core.
Nevertheless, the area experienced significant
wave heights of up to 3.5 meters (Figure 6 a).

The wave spectra were calculated using the
Welch method with a segment length of To = 90
s, 50% overlap, and a Hanning window. The
zeroth moment was computed for each 30-minute
sea state. Using Equation 3, it was possible to
estimate the significant wave height for the entire
extreme event starting from the PSD zero-th
moment, obtaining a time series of the wave
storm induced by Helios (Figure 6 a)
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Figure 6 - Time series of significant wave height (Hmo) at the
Crotone buoy during the Helios-induced wave storm. The blue line
represents buoy measurements, while the red line corresponds to
data from the CMS numerical model node. The dashed vertical
line marks 14:00 on 09/02/2023(a) and scatter plot of numerical
model versus measured data (b)

The wave storm began during the night of
February 9, 2023, and ended in the mid-afternoon
of February 11, 2023. The most intense wave
activity occurred in the early phase of the event,
when the cyclone was moving from Greece
toward the Italian coast. During this period, an
“extended fetch” effect likely enhanced wave
growth [17]

The numerical model reproduces the extreme
event with reasonable accuracy, possibly due to
the assimilation of Crotone buoy data during the
reanalysis process (Figure 6). However, the
model tends to overestimate wave heights after
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the peak of the storm. This discrepancy may be
attributed on the difficulties of the numerical
model to correct replicate the wind field
generated by the Medicanes., particularly in the
post-peak phase.

Comparing Figure 5 and Figure 6 is possible to
appreciate the impact of Helios induced wave
storm to the coast of Crotone, underlining how the
cyclone path influenced the evolution of the
values of Hmo. In fact, after the peak occurred
during the 09/02/2023, the cyclone direction
turned South-Westworth affecting the oriental
coast of Sicily.

Focusing on the wave energy spectrum induced
by the cyclone, in Figure 7 are reported the PSD
function obtained using the Welch method related
to the cyclone approaching phase and during the
peak value of Hmo.
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Figure 7 - Power Spectral Density of two sea states induced
by Helios during the storm approach (a) and the corresponding
spectrum associated with H,,g maximum value(b)

In the graph, the abscissae report the wave
frequency identified during the DFT process
equally distributed. In the ordinates is reported the
results of the average of all the spectrogram
calculated with the Welch method, representing
the amount of energy estimated by the
superelevation of the water surface characteristic
of the considered sea state, representing how
much energy is contained in the waves for each
frequency interval. The wave energy spectrum
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helps to understand which are the waves who are
carrying the energy content per each sea states.
The maximum of the spectral density function
(Smax) indicates the highest energy content in a
frequency interval that characterize the sea states,
used to estimate the dominant waves energy. The
frequency peak (Fp) indicates the most energetic
wave frequency.

During the approaching phase (Figure 7, a), the
wave spectrum is concentrated around the F, =
0.12 Hz, and it is defined in a relatively wide area,
across 0.07 Hz and 0.35 Hz. The energy is spread
even in higher frequency, showing a modest
second peak at 0.2 Hz. This reflects the complex
genesis of the sea state during the approaching
phase of the cyclone, characterized by different
wind blowing conditions. After 8 hours, the
cyclone moved closer to the Italian coast and the
winds became more intense. The obtained wave
spectrum (Figure 7, b) is characterized by higher
energy values, more concentrated around the Fp.
In fact, the spectral concentration index (SCI),
defined as

sct = " O s @

increase by almost 1.4 time, from 11.7 up to 16,
returning the information about the PSD
narrowness. The recorded Smax is almost double
respect to the previous wave spectrum and the
PSD function is narrower due to the probably
most constant wind intensity. The time series of
F;, (here not reported) show lower values during
the most energetic spectra and joined with the
increasing value of SCI inform about how sea
states are composed by longer and higher period
waves. The energy frequency shift reflects the
intensification of the induced sea storm, and the
second peak energy content is now shifted to
frequency closer to the F,. These waves spectra
show how Helios produced severe sea states
where the energy both increase in magnitude and
tends to be more concentrated and carried by a
specific wavelength.

4 CONCLUSIONS

Observed wave spectrum data are essential to
detect the real evolutionary behaviour of climate
change-induced sea states, as synthetic or
modelled data often lack detailed information on
the frequency evolution of the wave energy.
While numerical models provide valuable
insights, they are still subject to numerical
approximations and limitations, especially during
extreme events.



The analysis of Power Spectral Density (PSD)
allows for a deeper understanding of the
complexity of wave storms induced by tropical-
like cyclones (TCs). In this study, the Welch
method was applied to perform spectral analysis,
minimizing variance while preserving adequate
frequency resolution.

Wave spectra were examined to identify the
frequency bands in which wave energy is more
concentrated and to analyse how the evolution of
Medicane Helios influences the spectral shape.
The complex wind field associated with the
cyclone generates wave spectra with energy
distributed across multiple peak frequencies,
leading to bimodal spectral forms.

As the cyclone’s core approached the Italian
coast, wind intensity increased, and wave energy
shifted toward lower peak frequencies (F,),
indicating the development of longer-period
waves and a concentration of energy into fewer
frequency bands. This research presents
preliminary results related to one extreme event
recorded by the Crotone buoy and a future deeper
analysis will includes also other Medicanes who
affected different areas of the Italian coasts
recorded by the buoy network.

The recurrence and intensity of such extreme
events highlight the need to incorporate spectral
wave analysis into coastal ~management
strategies. This approach is crucial for accurate
coastal hazard prediction, the design of resilient
coastal defences, and the assessment of long-term
climate impacts on the marine environment.
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