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A B S T R A C T   

This paper deals with extremes and resource assessment of wind and waves in central Mediterranean Sea. The 
extreme value analysis is performed following Equivalent Storm Models (ESMs) approach, commonly employed 
in the context of significant wave height return values estimation. In this work, it is extended to wind storm 
events thanks to some analogies between wave and wind processes at short and long-term scale. The Equivalent 
Exponential Storm (EES) Model is selected for this study because of its realistic description of actual events time 
evolution. Energy estimations are based on both real storm data and EES model. The input data used for this 
analysis comes from the re-analysis of atmospheric and wave conditions performed by MeteOcean group at 
DICCA of Genoa University and cover the period from January 1979 to December 2020. Sixteen points have been 
selected including the south and west coast of the Italian peninsula, the Sicily and Sardinia Islands. The study is 
focused on return values estimation and energy assessment, mainly related on the storm concept; it aims to 
elucidate analogies and/or differences of wind and wave at a given site as well as how the two resources are 
distributed along the examined locations, identifying the potential working time over the year and which are the 
storm events providing the prevalent energetic contribution to harvestable energy. Results show that the location 
characterized by the severest wind storm and wave storm events do not coincide and not always the location 
where the severest storm occur is also the most energetic site. Further, the variability of return values with 
different levels of return period for wind speeds is lower than for significant wave heights: this aspect is moti-
vated by a shape parameter of Weibull distribution that is systematically higher for the wind speed with respect 
to the significant wave height. The extremes of significant wave height are more variable from one location to 
another than those of wind speed ones and the same behavior is exhibited by energy resources, elucidating that 
the wind resource in the investigated sites is more homogeneous.   

1. Introduction 

In the last decades, the increase of energy demand and the need of 
reduction of energy consumption from fossil fuels have conducted to a 
fast development of the renewables energy sector. This factor has led the 
research community to focus their investigations on renewable energy 
relates aspects, from themes connected with resource assessment and 
climate analysis, to those concerning the patenting and developing of 
prominent devices for energy harvesting. Wind and wave resources have 
received a great interest because although their intermittence over time 
they are characterized by a considerable energy content. In a worldwide 
context, Mediterranean area has a significant delay in the implementa-
tion of marine renewable energy projects with respect to other maritime 
areas, like Atlantic Ocean, Pacific Ocean and North Sea. Exploitation of 

Marine Renewable Energy (MRE) potential in the Mediterranean is 
crucial to contribute to the global and European efforts towards decar-
bonization, in the framework of the UN Sustainable Development Goals 
(SDG7 Affordable and Clean Energy and SDG13 Climate Action) as well 
as the European Green Deal. There are several studies evaluating the 
feasibility and performances of wind [1–3] and wave [4–6] plants in the 
Mediterranean Sea. In this context, the selection of areas to be destinated 
to renewable energy farms plays a key role in the success of the project. 
In this regard, an optimized resource assessment is paramount, but not 
sufficient to support all the decisions involved in the site selection. In 
fact, any energy device has to both convert the incoming resource and 
has to face with the environmental loads. For this reason, a good practice 
is to combine resource assessment studies with extreme value estima-
tions for a complete climate characterization. To this the necessity to 
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have reliable data with a large space and temporal coverage, arises. This 
problem is overcome thanks to meteorological models that simulate 
weather and sea conditions using validated atmospheric and wave nu-
merical models with the generation of large hindcast databases [7–12]. 
In the literature a great body of works investigated wave power [12–15], 
wind power [16–18] and both [19–22] in various locations in Medi-
terranean area. Numerous are the studies on extreme values of wind 
speed and wave height [23–27] and investigating the Mediterranean 
climate in general [27,28]. There is a lack of studies dealing with 
combined wind and wave resource assessment and wind and wave 
extreme value analysis in central Mediterranean Sea. Thus, this paper is 
focused on wind and waves extremes and resource assessments mainly 
based on storm concept in central Mediterranean Sea. The scope of this 
work is to provide an exhaustive overview of the wind and wave energy 
and extremes variability over the investigated area useful for site se-
lection for offshore wind and wave farms. It also, aspires to represent a 
kind of atlas to be used as input for preliminary design of wind and wave 
energy harvesters at the examined locations. In this regard, it is very 
important to couple energy assessment, statistics in general and extreme 
values analysis, when evaluating the feasibility and potentiality of a 
wind and/or wave farms project. Statistics influence the operability and 
energy yield of the device and extreme events are paramount for 
adequate design of the structural part. Sites characterized by the greatest 
amount of both wind and wave available energy are identified. Further, 
a storm analysis is performed to detect the storm events responsible of 
the most relevant contribution to total available and useable energy and 
those involving downtime periods as well, comparing wind and wave 
cases. The paper is organized as follows: section 2 describes methods 
used for this analysis, section 3 provides an on overview on the input 
data, section 3 is dedicated to data analysis and results and section 4 
gives the conclusions. 

2. The Equivalent Exponential Storm model 

The Equivalent Exponential Storm (EES) Model [29] belongs to the 
class of Storm Models [29–33] that represents a relatively new approach 
introduced in the context of long-term analysis of sea storms. It is based 
on the substitution of actual storm sequence at a given site (actual sea) 
with a simplified storm sequence whose peculiarity is that all the storms 
have the same shape and are fully characterized by an intensity and a 
duration parameter, established in relation to actual storm event. Spe-
cifically, the storm intensity is fixed equal to the peak of the actual storm 
and the duration parameter is determined by imposing an equality be-
tween a relevant statistic parameter of actual and associated simplified 
storm (e. g. the maximum expected wave height for the wave case). In 
this regard, depending on the objective of the analysis, one have the 
possibility to set the duration parameter in order to establish an equiv-
alence between actual and simplified storm that is more related to the 
investigated aspect. For example, if the analysis is only targeted to 
estimation of energy content of the storm the duration can be fixed such 
that the total energy of the storm is the same in actual and simplified 
event. When more aspect are involved in the analysis, as in the case of 
this work, one can select a unique equivalence and use the same storm 
duration for all the analyses. The simplified storm can be triangular 
[30], power [31], exponential [29] or trapezoidal [32] in shape, but the 
logic behind the model remains the same. In fact, whatever the shape is, 
due to its simple mathematical description it is possible to develop 
analytical solutions for the calculation of return period of storms with 
assigned characteristics. The main aspect justifying the use of such 
analytical solutions is related with the statistical equivalence between 
actual and associated simplified storm. Jointly, it is assumed that the 
exceedance probability of either significant wave height or wind speed 
for high thresholds coincide in actual and simplified storm sequence. 
The two conditions mentioned above ensure that the actual storm 
sequence and the simplified one are characterized by the same risk. 
Thus, the return period derived on the basis of simplified storm sequence 

is the same of that estimated from a real storm sequence. Another 
strength of this approach with respect to classical ones, is that it provides 
a temporal evolution of events once their intensity and duration pa-
rameters are known. In this regard, there is also some recent some recent 
literature on statistical models for “storm trajectories” which can be 
used in place of “equivalent storm” profiles [34–36]. The knowledge of 
process evolution over time allows the possibility to develop formulas 
that could be very useful for energy related studies e. g. storm energy 
content. Further, identified an operation range of either wind speed or 
significant wave height at a given site, it is possible to estimate operation 
time and amount of useable energy of each storm event. Focusing on the 
EES, the simplified storm is defined by an exponential law depending on 
intensity and duration parameters and on the threshold used for actual 
storm identification. 

2.1. The wave storm model 

The EES model has been developed in the context of the calculation 
of return value of significant wave height. It provides a closed analytical 
solution for the calculation of the return period R(Hs > h) of a storm 
during which the maximum significant wave height exceeds the 
threshold h. It has been derived on the basis of general definition of 
return period, as the ratio between a long time interval τ and the number 
N(h; τ) of storms occurring during τ whose maximum significant wave 
height exceeds h: 

R(Hs > h)=
τ

N(h; τ) (1) 

The number N(h; τ) depends on the probability density function of 
EES peaks pA(a) as follows [29,30,32]: 

N(h; τ)=N(τ)
∫∞

h

pA(a)da (2)  

where N(τ) is the total number of storms occurring during τ and pA(a) is 
the probability density function of storm peaks a. 

The EES probability density function pA(a) has been derived 
analytically by imposing that the total time during which the significant 
wave height is above the threshold h is the same in actual storm and EES 
sequence [29] (see Appendix A1 for key points on analytical derivation 
of pA(a)). The time above the threshold h in a EES with assigned intensity 
a and duration b is calculated starting from the temporal evolution of 
significant wave height Hs(t), that for an EES is expressed as [29]: 

h(t)= a exp
[

2
b

ln
(

hcrit

a

)

|t|
]

(3)  

where hcrit is the threshold used for actual storm identification (usually 
1.5 times the average significant wave height at site), a and b are the EES 

Fig. 1. Example of actual wave storm and associated EES.  
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intensity and duration (see Fig. 1), respectively. The parameter a is fixed 
equal to the maximum significant wave height of actual storm, while 
duration parameter b is determined by an iterative procedure. 

With the above assumptions, pA(a) is explicated as 

pA(a)= −
τ

N(τ)
1

bm(a)
ln
(

hcrit

a

)[
dP(Hs > a)

da
+ a

d2P(Hs > a)
da2

]

(4)  

and the analytical form of the return period R(Hs > h) became: 

R(Hs> h)=
bm(h)

− h ln
( hcrit

h

)
p(Hs = h) + P(Hs > h)

(5a)  

where p(Hs = h) = -dP(Hs > h)/dh is the probability density function of 
Hs, P(Hs > h) the exceedance probability and bm(a) is a regression 
function relating the average value of storm duration to the storm in-
tensity. It depends on the specific site because is calculated using the 
EESs a and b parameters of each storm. Note that equation (5a) is valid 
for any distribution assumed for significant wave height. Further, this 
specific analytical form is related with the exponential shape (3) used to 
describe the EES temporal evolution. A different storm shape leads to a 
different analytical form, but still depending on intensity-duration 
regression function and probability distribution of significant wave 
height. Considering a two parameter Weibull distribution for the sig-
nificant wave height, equation (5a) becames: 

R(Hs> h)=
bm(h)

[
1 − h ln

( hcrit
h

)(
u
w

)(
h
w

)(u− 1)
] exp

[(
h
w

)u]

(5b)  

where u and w are the shape and scale parameters of the Weibull dis-
tribution. In this regard, note that the probability distribution P(Hs > h) 
is determined by processing the whole data sample of Hs without any 
consideration on EES concept, because it is assumed that the P(Hs > h) of 
actual sea and EESs sequence are the same. 

Now, focusing on the regression function bm(a) it is worth to say that 
its determination represents the most demanding step in applying the 
EES model. It requires a previous identification of all the actual storm 
event from data with the subsequent calculation of intensity a and 
duration b for each of the associated EES. The intensity parameter a is 
assumed equal to the maximum significant wave height during actual 
storm (see Fig. 1), while duration parameter b is calculated by following 
an iterative procedure imposing the equality between the maximum 
expected wave heights of actual and exponential storm. The maximum 
expected wave height of a sea storm can be calculated following the 
Borgman approach [37,38] while the expression of EES maximum ex-
pected wave height can be derived from the Borgman one, that is 
useable for any storm shape, by explicating it for an EES shape, taking 
into account the relation (3) between significant wave height and time. 
The following form is achieved [29]: 

Hmax(a,b,hcrit)=

∫∞

0

1 − exp

⎧
⎪⎪⎨

⎪⎪⎩

−
b

ln
( hcrit

a

)

∫a

hcrit

1
T(h)

ln[1 − P(H;Hs =h)]
1
h

dh

⎫
⎪⎪⎬

⎪⎪⎭

dH

(6)  

where P(H;Hs = h) is the distribution of crest to trough individual wave 
height, while T(h) is the mean zero up-crossing wave period in a sea 
state with significant wave height equal to h. 

The above expression is function of the duration parameter b. 
Starting from a tentatively value of b, the maximum expected wave 
height of EES is calculated and compared with the Borgmann estimation 
for actual storm, if it is smaller, one has to increment b otherwise to 

reduce and proceed until the equality is satisfied with a reasonable 
margin of error. It has been numerically proven that the above equality 
not only leads to the equivalence of the areas under the exceedance 
probability curves of the maximum wave height of AS and EES, but on 
the superposition of the two at any individual wave height threshold as 
well, providing a full statistic equivalence between AS and EES. Once the 
couples of parameters (a, b) of EESs are known, storms are divided 
within classes of storm intensity 1 m wide and for each class the average 
intensity am and duration bm are calculated. Then, data are fitted by an 
exponential law like the following: 

bm(a)= k1 exp(k2a) (7)  

where k1 and k2 are in hours and m− 1, respectively. 
As mentioned above, the fact that the EES model provides a law 

describing the time evolution of Hs, makes possible to calculate the 
storm energy and other interesting quantities in the context of wave 
energy harvesting. In this regard, starting from the power associated to a 
given sea state in deep water [13]: 

Ps wave
(
Hs, Tm, γf

)
=

ρg2

64πγf H
2
s Tm (8)  

where ρ is the sea water density, g is the acceleration due to gravity, γf is 
a parameter depending on the spectrum that is equal to 1.12 for a mean 
Jonswap and 1.15 for Pierson Moskowtiz, Hs is the sea state significant 
wave height and Tm is the mean wave period. 

A formula of the storm energy is simply achieved by integrating (8) 
over the storm duration as: 

E actual storm =

∫D

0

Ps wave(t)dt (9) 

Then, considering that the mean wave period Tm can be related 
directly to the significant wave height, as [39]: 

Tm =Km(αPH , γ)

̅̅̅̅̅
Hs

g

√

(10)  

being Km a constant depending on the spectral shape through the Philips 
parameter αPH and the peak enhancement factor γ of the Jonswap 
spectrum, equation (8) can be further simplified as: 

Ps wave(Hs)=CwaveH2.5
s (11)  

where Cwave is a constant including the effects of water density, accel-
eration due to gravity and spectral shape. 

As demonstrated by Ref. [13], introducing a JONSWAP-like 
approximation on the frequency spectrum allows reliable estimation 
of the wave power even in case of bimodal seas. In this regard, if a mean 
JONSWAP spectrum is considered, Cwave = ρg1.5c and c ≈ 0.0578. 

Then, using relation (9), rewriting it for an EES and changing from 
variable t to h: 

ETOT EESwave(a, b, hcrit)= 2Cwave

∫b/2

0

h2.5(t)dt= − 2Cwave
b
2

1
ln
( hcrit

a

)

∫a

hcrit

h2.5 1
h

dh

=Cwave
− b

ln
( hcrit

a

)
1

2.5
(
a2.5 − h2.5

crit

)

(12) 

Considering that the operation range for a given device is defined by 
a lower and upper limits of working thresholds, hcut in, hcut out, the useable 
storm energy and related operation time are given by: 
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toperation EES wave(a, b, hcrit)=

⎧
⎨

⎩

0 if a ≤ hcut in
b if hcut in < a ≤ hcut out
b[1 − ln(hcut out/a)/ln(hcrit/a)] if a > hcut out

(14) 

Note that hcut in represents the minimum value of Hs necessary to 
justify the activation of the device, while hcut out is the maximum value of 
Hs within which the device can operate in safety condition. For hcut in a 
value of 1–1.5 m is reasonable and is always smaller or equal than the 
critical threshold hcrit in Mediterranean Sea. This means that during 
storm events with peak smaller or equal than hcut out the device can be 
always operative. 

2.2. The wind storm model 

The idea behind the utilization of EES model for long-term analysis of 
wind speeds arises from some consideration highlighting significant 
analogies between wave and wind processes at both short-term and 
long-term scales [40]. A sea storm is a non-stationary process during 
which the significant wave height varies over time: grows, reaches a 
peak and decreases in relation with an established critical threshold hcrit. 
This phenomenon is schematized as a sequence of stationary processes 
named sea states, during which the sea surface elevation is a gaussian 
process characterized by a given frequency spectrum. Similarly, in the 
case of wind process at long-term scale we talk about a wind storm 
whose evolution is analogous to that of Hs of a wave storm and is defined 
by a sequence of wind states during which the average wind speed Vm 
exceeds a critical threshold vcrit. At short-term scale wind is described by 
wind speed fluctuations around an average wind speed Vm, called tur-
bulence. Wind turbulence is a zero mean process characterized by a 
turbulence intensity TI and frequency spectrum. The TI is defined as the 
ratio between standard deviation of wind speed fluctuations and average 
wind speed. Both wind and waves at short-term scale are modelled as 
gaussian processes. Focusing on long-term scale, due to the analogous 
time evolution of wave storm and wind storm, the shapes introduced for 
wave storm analysis are suitable for wind storm as well. Thus, the wind 
speed of an exponential wind storm over time evolves as: 

Vm(t) = a exp
[

2
b

ln
(vcrit

a

)
|t|
]

(15)  

where vcrit is the threshold used for actual wind storm identification, a is 
the EES intensity equal to the maximum average wind speed during 
actual wind storm and b is the EES duration (see Fig. 2). 

Further, considering that the analytical development of the return 
period (5a) is based only on the storm shape described by equation (3), 
even changing the variable that evolves over time and thus using 
equation (15), the general solution (5a) is also valid for wind process if 
Hs is replaced with Vm. Further, considering that average wind speeds 
follow a Weibull distribution as well, the return period R(Vm > v) of a 
wind storm during which the maximum average wind speed exceeds the 
threshold v is given by: 

R(Vm > v)=
bm(v)

[

1 − uwind ln
( vcrit

v

)(uwind
wwind

)(
v

wwind

)(uwind − 1)
] exp

[(
v

wwind

)uwind
]

(16) 

Note, that the function at the numerator is the regression function 
relating the average storm duration to the average storm intensity. Even 
for wind storm a regression of the form (7) is an adequate option, with 
the difference that in this case k2 is in measured s/m and a (or equiva-
lently v) is in m/s. The last aspect to be clarified in the adaptation of EES 
model to the wind storm case is related with the EES duration calcula-
tion. In fact, for the wave storm it was calculated iteratively by imposing 
the equality between the maximum expected wave heights of actual 
storm and EES. 

In this regard, a way to establish a procedure for the calculation of 
EES duration by constraining the equality between a relevant statistical 
actual storm and EES wind parameter is needed. A suitable candidate 
could be the maximum expected gust speed. A wind gust consists in a 
change of wind speed over a given small time interval and can be 
arbitrarily defined as any discrete events that can be identified from 
turbulent flow [41], that is any discrete velocity-time events that can be 
extrapolated from a turbulence time series. Accordingly, in the context 
of this paper, wind gust is defined as the amplitude G of wind turbulence 
process. Assuming that wind turbulence is a Gaussian process, the gust G 
defined above has a Rayleigh distribution P(G;σ) of the form: 

P(G; σ)= exp

[

−
1
2

(
G
σ

)2
]

(17)  

where σ is the standard deviation of wind turbulence. 
Further, applying the Borgman approach adopted for wave height, to 

wind gust G as defined above, the maximum expected gust for an actual 
wind storm can be expressed as [42]: 

Gmax AS =

∫ ∞

0
1 − exp

{∫ D

0

1
T(u(t) )

ln[1 − P(G; σ) ]dt}dG (18)  

where T(u) is the mean zero up crossing period of wind turbulence 
associated to an average wind speed u and turbulence intensity TI=σ/u, 
as described in the following. For the calculation of T̄(u) see 
Appendix A2. 

Then, with same logic of wave storm case, the solution (18) is 
adapted to an exponential shape and the maximum expected wind gust 
of an EES is obtained: Fig. 2. Example of actual wind storm and associated EES.  

Eusable EES wave(a, b, hcrit)=

⎧
⎪⎪⎨

⎪⎪⎩

0 if a ≤ hcut in

ETOT EES wave if hcut in < a ≤ hcut out

Cwave[ − b/ln(hcrit/a)](1/2.5)
(
h2.5

cut out − h2.5
cut in

)
if a > hcut out

(13)   
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Gmax EES(a, b, vcrit) =

∫ ∞

0
1 − exp

⎧
⎪⎨

⎪⎩
−

b
ln
( vcrit

a

)

∫ a

vcrit

1
T(v)

ln[1

− P(G; σ) ] 1
v

dv

⎫
⎪⎬

⎪⎭
dG (19) 

Finally, focusing on the energetic aspects, the specific wind power Ps 

wind associated with a wind state with assigned average wind speed Vm is 
given by: 

Ps wind(Vm)=
1
2

ρairV
3
m (20)  

where ρair is the air density. 
In analogy to what has been done for the wave storm case described 

in previous subsection, the total energy associated with a wind EES is 
given by: 

ETOT EESwind(a, b, vcrit)= 2
1
2
ρair

∫b/2

0

v3(t)dt= − ρair
b

2 ln
( vcrit

a

)

∫a

vcrit

v3 1
v

dv=

−
1
6

ρair
b

ln
( vcrit

a

)
(
a3 − v3

crit

)

(21) 

Then considering the operational range of an offshore wind turbine, 
defined by a cut in wind speed vcut in and a cut out wind speed vcut out the 
useable energy and operation time of an assigned EES are given by: 

Eusable EES win(a,b,vcrit)=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

0 if a≤ vcut in

ETOT EES wind
if vcut in <a≤ vcut out

− (1/6)ρair[b/ln(vcrit/a)]
(
v3

cut out − v3
crit

)
if a> vcut out

(22)  

toperation EES wind(a, b, vcrit)=

⎧
⎨

⎩

0 if a ≤ vcut in
b if hcut in < a ≤ vcut out
b[1 − ln(vcut out/a)/ln(vcrit/a)] if a > vcut out

(23) 

Note that offshore wind turbines have an operational range that is 
between wind speed of 5 m/s and 25 m/s. A cut in wind speed of 5 m/s is 
always smaller than the critical threshold vcrit used for wind storm 
identification. Thus, for storms with peak lower or equal to cut out wind 
speed vcut out the wind turbine is always operative and all storm energy 
can be utilized. 

3. Input data 

The input data used for this work are those provided by DICCA 
MeteOcean Re-Analysis database (http://www3.dicca.unige.it/meteoce 
an/hindcast.html). This database is obtained by a re-analysis of atmo-
spheric and wave condition and covers the period from January 1979 to 
the end of December 2018 for all the Mediterranean Sea. Meteorological 
re-analyses have been developed employing NCEP Climate Forecast 
System Reanalysis, CFSR for the period from January 1979 to December 
2010 and CFSv2 for the period January 2011 to December 2018. The 
numerical model chain employed for the construction of this database 
consists in a meteorological model for the reanalysis and simulation of 
winds and atmospheric fields and a third generation model for the 
description of generation and propagation of wind and swell waves in 
the Mediterranean basin. The wind forcing employed in the simulations 

has been provided by the 10-m wind fields obtained using the non- 
hydrostatic mesoscale model WRF-ARW version 3.3.1 [43]. A single 
computational domain has been implemented for the WRF model, 
covering the whole Mediterranean with a ~10 km resolution Lambert 
conformal grid. Initial and boundary conditions for the atmospheric 
simulations with the WRF model were provided from the CFSR (Climate 
Forecast System Reanalysis) database [44]. The re-analysis of wave 
conditions relies on the third generation wave model WavewatchIII 
(WWIII), version 3.14 [45,46], for the description of wave generation 
and evolution processes of the wave field. Following the set-up 
employed for wind simulations, WWIII has been implemented in the 
Mediterranean basin on a regular grid (hereinafter referred to as R10) 
with a resolution of 0.1273 × 0.09◦, corresponding almost to 10 km at 
the latitude of 45◦N, and ETOPO1 data has been used for the interpo-
lation on the computational grid of the bathymetry. The model has been 
forced with the wind fields obtained from the atmospheric model with 
an hourly time step. Validation of the hindcast has been developed 
through the comparison between the numerical results and wave buoy 
observations [47,48]. Data are provided every hour and several pa-
rameters are given. Among them are: Hs - Significant Wave Height [m], 
Tm - Mean Period [s], Tp - Peak Period [s], Dirm - Mean Direction [◦N], 
Dirp - Peak Direction [◦N] and Wind Velocity [m/s]. For the scope of this 
work only significant wave height and wind speed data are considered. 

4. Data analysis 

This section proposes a data analysis aiming to provide an exhaustive 
assessment of extreme values and power characteristics of wind and 
waves in central Mediterranean Sea. For this purpose, a set of sixteen 
points has been selected from the DICCA database, covering the West 
and South coasts of Italian peninsula, Sardinia and Sicily islands (see 
Fig. 3 and Table 1 for geographic coordinates and water depths). Data 
analysis is carried out by processing average wind speed and significant 
wave height time series. The first part of the work is dedicated on return 
values calculation via EES model in order to identify which are the lo-
cations where the severest wind and wave storms occur and how ex-
tremes vary from one location to another. Then, follows an estimation of 
annual available energy, average power and a storm energy based 
analysis finalized to the identification of storm events providing the 
most energetic contribution to available energy, their average number of 
occurrences during the year, amount of useable energy and related 
operation time for all the storms. 

4.1. Extreme value analysis of wind speed and significant wave height 

This subsection shows the results of extreme value analysis for both 
significant wave height and wind speed. The analysis is assessed on the 
basis of EES model described in previous section. Essentially, the use of 
such model for the calculation of return values of either significant wave 
height or wind speeds requires the determination of the probability 
distribution, the actual storm identification, the calculation of associ-
ated EES parameters and determination of the regression function. Both 
significant wave height and wind speed are well represented by a two 
parameter Weibull distribution, that is the selected one for this work. 
For what concerns actual storm identification accordingly to Ref. [40] a 
threshold of 1.5 times the averages of wind speeds and significant wave 
heights are assumed. In this context, a sea storm is considered as a 
sequence of sea states during which the significant wave height exceeds 
the threshold hcrit = 1.5Hs and analogously a wind storm as a sequence 
of wind states during which average wind speed exceeds the threshold 
vcrit = 1.5Vm. Actual storm events identification has been performed 
according to the above definitions. Then, the parameters of associated 
EES have been calculated following the procedure explained in previous 
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section and finally the two regression functions have been determined. 
Table 2 summarizes the shape and scales parameters of significant wave 
height and average wind speed Weibull distribution. 

Return values at different level of return period R are represented in 
Fig. 4 in the top and bottom panels for significant wave height and wind 
speed, respectively, and are listed in Table 3. From a first analysis, it is 
evident that the significant wave height return values exhibit a high 
variability among the selected sites. In particular, for a return period R 
= 1 year the maximum variability of return values among the considered 
locations is about 48%, it reduces for increasing return period and is 
about 43% for R = 100 years. The less severe storms occur at points 1, 2, 
7, 11 that are all located in different areas. Further, as expecting the 
severest storms occur off the west coast of Sardinia. Focusing on a single 
location, the variability of return values of significant wave height 
associated with R between 1 year and 100 years ranges from a minimum 
of about 39% at point 10 to maximum of 48% at points 5 and 6. This last 
aspect is strongly related to the values assumed by the shape parameter 
uwave. that regulates the ratio of return values at different probability 
levels. Accordingly, it is seen that the highest values of the parameters 
uwave is that of the location showing the smallest variability of return 
values with R, while the smallest uwave corresponds to the location 
characterized by the highest return values variability. Now, focusing on 
results related to average wind speed analysis, it can be seen that the 
return values show a significantly lower variability among the consid-
ered location at any return period R, in comparison to the wave case. 
Such variability is minimum for R = 1year and is about 15% and 
maximum for R = 100 years at which is about 19%. This result may 
reveal a more homogeneous distribution of wind resource along the 
examined locations. Focusing on a single point is evident that the vari-
ability of wind speed return values with return period R is smaller in 
comparison with significant wave height case and varies from a mini-
mum of about 23% at point 9 to a maximum of 29% at point 5. This 
aspect is easily motivated by comparing the values of shape parameter of 
significant wave height and wind speed distributions at each point. In 
fact, shape parameter regulates the ratios of return values at different 
probability levels and the wind shape parameter is always greater than 

Fig. 3. Location of the investigated sites.  

Table 1 
Geographic coordinate and water depth of the selected points.  

Point Name Lat[◦N] Long[◦E] Depth[m] 

000292 1 44.13 8.998 1420.8 
001468 2 42.51 10.6534 276.28 
002415 3 41.61 12.054 618.6 
004524 4 40.08 14.728 407.4 
005827 5 39.36 15.6194 627.27 
007259 6 38.64 15.492 927.37 
009041 7 37.74 15.6194 1787.01 
009046 8 37.74 16.256 1841.76 
007446 9 38.55 17.02 1345.21 
006355 10 39.09 17.6567 1495.16 
009609 11 37.47 15.492 2069.46 
010598 12 37.02 13.3274 553.99 
007787 13 38.37 13.3274 960.42 
004049 14 40.35 7.9793 287.1 
005776 15 39.36 7.9793 322.15 
004644 16 39.99 10.144 1336.69  

Table 2 
Shape and scale parameters of the wind and wave Weibull distributions.  

Point uwave Wwave[m] uwind Wwind[m/s] 

1 1.153 0.824 1.673 5.766 
2 1.051 0.655 1.834 6.475 
3 1.083 0.826 1.858 6.446 
4 1.048 0.829 1.702 5.987 
5 1.006 0.794 1.575 5.734 
6 0.982 0.694 1.601 5.794 
7 1.062 0.671 1.768 5.930 
8 1.097 0.848 1.685 5.823 
9 1.133 0.897 1.969 6.959 
10 1.234 1.059 1.851 7.003 
11 1.107 0.751 1.884 6.011 
12 1.182 1.028 1.917 6.987 
13 1.099 0.920 1.646 6.140 
14 1.241 1.371 1.834 6.728 
15 1.238 1.384 1.865 6.940 
16 1.019 0.770 1.691 5.732  
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the wave shape parameter at any location. Another interesting consid-
eration is that the point 5 is that characterized by the highest variability 
of both wind and wave return values. Lastly, from a comparison between 
wind and wave results it is seen that the point with the highest return 
values of wind speed does not coincide with the point with the highest 
return values of significant wave height, which are points 13 and 15, 
respectively. 

4.2. Wind and wave power assessment 

This subsection deals with the wind and wave energy characteristics 
among the examined points. A first estimation concerns the average 
power at each site calculated from the available data. Specifically, for 
the wave case it is calculated starting from the estimation of the power 
associated with each sea state via Equation (11) and then taking the 

Fig. 4. Return values of significant wave height Hs (R) (top) and average wind speed Vm (R) (bottom) for return periods R = 1, 5, 10, 20, 50, 100 years.  

Table 3 
Return values of significant wave height Hs (R) and average wind speed Vm (R) for return periods R = 1, 5, 10, 20, 50, 100 years.  

Point Hs(R) Vm(R)  

1 4.7 5.7 6.1 6.4 6.9 7.3 20.1 22.5 23.5 24.4 25.6 26.5 
2 4.4 5.4 5.8 6.2 6.7 7.1 20.2 22.5 23.5 24.3 25.4 26.2 
3 5.1 6.2 6.7 7.2 7.7 8.2 19.7 21.9 22.8 23.6 24.7 25.4 
4 5.4 6.6 7.1 7.6 8.3 8.8 19.9 22.3 23.2 24.1 25.3 26.1 
5 5.5 6.9 7.4 8.0 8.7 9.2 21.0 23.7 24.8 25.9 27.3 28.3 
6 5.1 6.3 6.8 7.3 8.0 8.4 21.0 23.8 24.9 25.9 27.3 28.3 
7 4.3 5.3 5.7 6.1 6.6 7.0 19.0 21.2 22.1 23.0 24.0 24.8 
8 5.0 6.1 6.6 7.0 7.6 8.0 19.8 22.2 23.1 24.1 25.3 26.1 
9 5.0 6.0 6.5 6.9 7.4 7.8 19.9 22.0 22.8 23.6 24.5 25.3 
10 5.3 6.3 6.7 7.1 7.6 8.0 21.3 23.6 24.6 25.5 26.6 27.5 
11 4.4 5.3 5.7 6.1 6.6 6.9 18.4 20.4 21.2 21.9 22.9 23.6 
12 5.6 6.7 7.2 7.7 8.2 8.7 20.5 22.7 23.5 24.4 25.4 26.2 
13 5.5 6.7 7.2 7.7 8.3 8.8 21.4 24.1 25.2 26.3 27.6 28.6 
14 6.7 8.0 8.5 9.0 9.7 10.2 20.8 23.2 24.1 25.0 26.1 27.0 
15 6.9 8.2 8.8 9.3 10.0 10.5 21.2 23.7 24.6 25.5 26.7 27.5 
16 5.2 6.5 7.0 7.5 8.1 8.6 19.3 21.6 22.6 23.5 24.6 25.5  
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average value. With the same logic but using Equation (20) the power 
associated to each wind state is estimated and then the average value is 
calculated. Results of this computation for each considered point are 
summarized in Table 4. 

From the analysis of the average power it is evident that the point at 
which the maximum wave power and wind power are observed do not 
coincide. In particular, the most energetic site for what concerns wave 
energy is represented by the west coast of Sardinia (Points 14 and 15), 
while the wind most energetic site is Calabria at point 10. Further, it can 
be observed that as for the analysis of extreme values, the variability of 
wave power among the considered points is greater than the variability 
of wind power. More precisely, the wind power variability is about 47% 
while for the wave power is about 163%, that is about 3.5 times greater. 
This result reveal that the wind resource is distributed more homoge-
neously along the considered sites. 

After this first calculation the available and useable energy in one 
year together with operation time are estimated at each point. For this 

calculation reasonable thresholds have to be considered to define the 
operational range of a potential wind and wave device. Specifically, for 
wave energy converted deployed in Mediterranean Sea a cut in and cut 
out significant wave height values ca be 1 m and 4.5 m, respectively. For 
what concerns offshore wind turbines, they are characterized by a wind 
speed operational range that is defined by a cut in wind speed of 5 m/s 
and a cut out value of 25 m/s. Fig. 5 shows available annual energy in 
conjunction with annual useable energy and associated operation time, 
estimated accordingly to the thresholds mentioned above. Further, the 
percentage of useable energy and operation time with respect to the 
available ones is listed in the same table. 

From Fig. 5 analogous conclusion of those extrapolated from average 
power can be developed. The useable annual power follows the same 
trend of annual available power. Among the considered points it is more 
variable for the wave resource with respect to the wind one. The per-
centage of annual useable energy varies from a minimum of about 82% 
to a maximum of about 93% for the wave resource and from a minimum 
of about 94% to a maximum of about 97% for the wind resource. For 
what concern the percentage of time during which the potential devices 
are operative, it varies from a minimum of about 21% to a maximum of 
about 50% for wave resource and from a minimum of about 44% to a 
maximum of about 59% for the wind resource. 

A deeper analysis is proposed in the following involving the storm 
concept and investigating how the available and useable energy varies 
with the storm intensity both for actual storm events and associated EES. 
Results of this computations are summarized in Fig. 6 for the points 
exhibiting different characteristics, while those whose results are re-
petitive and similar to each other are collected in Appendix A3 in 
Figures A1-A3. to facilitate the reading of the manuscript. 

Each figure shows the energy of actual storm event (grey dot), the 
energy of the associated EES (black dot); the average energy associated 
to actual storm in each class (red square) of storm intensity 1 m wide, the 
average energy associated to EES in each class (empty red square) of 
storm intensity 1 m wide. The left panel pertains to the total energy, 
while the right panel to the useable one. A general consideration is that 

Table 4 
Average wind and wave power.  

Point Pwave [kw/m] Pwind[kw/m2] 

1 3.3 0.20 
2 2.3 0.25 
3 3.7 0.24 
4 4.1 0.22 
5 4.2 0.22 
6 3.2 0.22 
7 2.6 0.20 
8 4.0 0.20 
9 4.1 0.28 
10 4.8 0.31 
11 3.0 0.19 
12 5.3 0.29 
13 4.7 0.24 
14 9.7 0.28 
15 10.0 0.29 
16 3.7 0.20  

Fig. 5. Operation time (left), available energy and useable energy (right) in a year for wave (top) and wind (bottom) resources.  
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although there is a statistical equivalence between actual storm and 
associated EES, the representation of the energy content of the single 
storm provided by EES model is not good enough neither for total nor for 
useable energy. However, the average values of these quantities for each 
class of storm intensity are quite quell represented and in most of the 

cases they show the same trend by varying the storm intensity. In this 
regard, it is possible to say that total storm wave energy varies with a 
power law of the storm intensity Hsmax for both actual storm and EES. 
This power law has a form of the type: 

Fig. 6. Total storm energy for AS and EES for all the storms, average for classes of storm intensity of 1 m (left), useable storm energy for AS and EES for all the storms, 
average for classes of storm intensity of 1 m wide (right) for the points 1, 8, 10, 12. 
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Estorm(Hs max)=C1HC2
s max (24)  

where coefficients C1 and exponents C2 are different from one location 
to another and for actual storm and EES. However, C2 is about 2.5 in 
average while C1 varies and presents a strong positive correlation with 
the scale parameter wwave of the location, with a correlation coefficient 
of 0.75. For the useable energy it is not possible to identify a general law 

for all the locations. For most of the examined points a logarithmic law is 
appropriate for both actual storm and EES, but there are some locations 
e. g. 10 where the behavior of actual storm and EES must be described 
with different laws. The same analysis has been carried out for wind 
storm as well and results are represented in Fig. 7 for four representative 
points. Results for the rest of the points are given in appendix section A3 
in Figures A4-A6. For the wind analysis we can draw some different 

Fig. 7. Total storm energy for AS and EES for all the storms, average for classes of storm intensity of 1 m (left), useable storm energy for AS and EES for all the storms, 
average for classes of storm intensity of 1 m/s wide (right) from point 1 to point 4. 

V. Laface and F. Arena                                                                                                                                                                                                                        



Energy 278 (2023) 127954

11

conclusions. A common aspect is that the EES model does not represent 
adequately the total and useable energy of the single storm event, but 
the average of total and useable energy of actual storm and EES are in 
very good agreement. The average of total energy of both actual storm 
and EES can be fitted by a power law as that of equation (24) for wave 

case with a power coefficient of about 3 in average. In this case there is 
no correlation between C1 factor and scale parameter wwind of wind 
speed Weibull distribution. The average useable energy of both actual 
storm and EES can be fitted by a polynomial law. 

A further analysis is carried out considering only actual storm data. It 

Fig. 8. Wave storm: available and useable wave energy per year for given class of storm intensity Hsmax (left), stormy time and operation time (right), together with 
average number of storm events for points 1, 4, 12, 16. 
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consists on the calculation of cumulated total and useable storm energy 
in a year for given classes of storm intensity, related average number of 
storm event per year and total cumulated operation time. Results are 
summarized in Fig. 8 for the wave storm and in Fig. 9 for the wind storm, 
for the most representative points (see Appendix A3 for the rest of the 
points at Figures A7-A9 and Figures A10-A12 for wave and wind 

analysis, respectively). This kind of investigation allows to identify 
which are the storm events providing the greatest energetic contribution 
over the year, how many storms of those one could expect, and which is 
the related operation time. Further from a comparison between total and 
useable energy curves it is possible to have a visual evaluation of what is 
the amount of unusable energy with respect to the available one (area 

Fig. 9. Wind storm: available and useable wave energy per year for given class of storm intensity Vm max (left), stormy time and operation time (right), together with 
average number of storm events for points 3, 10, 12, 16. 
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between total and useable energy curves) and in analogy with curves of 
stormy cumulative time and operation time a measure of downtime can 
be extrapolated. Fig. 10 gives a more comprehensive information about 
this aspect. Specifically, from top to bottom it shows the surface between 
total and useable energy curves versus average wave power at each 
point (Fig. 10 a), the surface between total stormy and operation time 
curves versus average wave power at each point (Fig. 10 b), surface 

between total and useable energy versus surface between total stormy 
and operation time curves (Fig. 10 c). From the figure it is seen that the 
amount of unusable power grows with a power law of average wave 
power at site while the downtime increases exponentially with the 
average wave power at site. Finally, the amount of unusable energy 
increases linearly with the downtime. 

Results of wave analysis show that in most of the examined points (7 
over 16, that are 4, 5, 6, 9, 10, 12, 13) the greatest content of total energy 
comes from the storms with peaks between 3 and 4 m, then there are 
four locations (1, 2, 7, 11) for which it is between 2 and 3 m and three 
locations (3, 8, 16) where the contribution of these two classes are 
comparable. Further, for the most energetic points (14 and 15) pertains 
to the storms with peak between 4 and 5 m. For what concerns the cu-
mulative operation time, it is seen that its greatest contribution comes 
from the storms with peak between 2 and 3 m for all the points except for 
the two most energetic ones (14 and 15) where it is for storm between 3 
and 4 m. The above results are summarized in Table 5. 

Focusing on the analysis of wind storm energy, the values of storm 
peaks associated to the maximum cumulative storm energy are more 
variable from one location to another than for the wave storm case. In 
particular, for point 7 it is between 11 and 12 m/s, for point 11 between 
12 and 13 m/s, for points 3 and 9 between 13 and 14 m/s, for points 1, 2, 
8, 14, between 14 and 15 m/s, for point 4 and 13 between 15 and 16 m/s 
and for points 5, 6 between 16 and 17 m/s. Then there are four points 
where a wider range can be considered. Specifically, for points 10, 12 it 
is between 12 and 14 m/s, for point 15 between 13 and 15 m/s and for 
point 16 between 12 and 17 m/s. For what concerns the cumulative 
operation time, there are six points (3, 4, 6, 8, 11, 12) where it is 
maximum for wind storms with peak between 12 and 13 m/s, four 
points (9, 10, 14, 15) with peak between 13 and 14 m/s, two points (7, 
16) with peak between 11 and 12 m/s. In the remaining points it is 
comparable in a wider range of storm peaks. Specifically, for points (2, 
5) it is for storms with peaks between 12 and 14 m/s, for point 1 in 
12–16 m/s and for point 13 in 11–15 m/s. In general, one can say that 
among the analyzed location, the wind storms providing the most en-
ergetic cumulative contribution have peaks between 11 and 17 m/s and 
the greatest cumulative operation time is due to wind storms with peak 
between 11 and 16 m/s. An important aspect is that with the thresholds 
selected for the wind operational range the aliquot of energy that cannot 

Fig. 10. a) surface between cumulated total and useable energy curves versus 
average wave power, b) surface between cumulated total and operation time 
curves versus average wave power, c) surface between total and useable energy 
curves versus surface between total and operation time curves. 

Table 5 
From left to right: average storm peak am to which correspond the maximum 
cumulated storm energy Etot cumulated and related average number Nstorm of storm 
per year, average storm peak am to which correspond the maximum cumulated 
operation time Top cumulated and related average number Nstorm of storm per year.  

Point am[m] Etot cumulated 

[kwh/m] 
Nstorm am[m] Top cumulated 

[hours] 
Nstorm 

1 2.4 5812.7 20 2.4 687.5 20 
2 2.4 5108.7 18 2.4 690.1 18 
3 3.4 6830.0 9 2.4 721.6 22 
4 3.4 6919.5 8 2.4 611.6 17 
5 3.4 6730.4 7 2.4 665.5 19 
6 3.4 5546.5 7 2.4 632.3 18 
7 2.4 4459.0 13 2.4 555.0 13 
8 2.5 6359.4 19 2.5 660.5 19 
9 3.4 6884.7 8 2.4 621.5 19 
10 3.4 8672.4 10 2.4 633.8 22 
11 2.4 4893.1 15 2.4 583.5 15 
12 3.5 8997.8 10 2.4 617.5 21 
13 3.4 8359.2 9 2.4 621.7 18 
14 4.4 12211.9 7 3.5 516.9 13 
15 4.5 12534.9 6 3.4 479.6 12 
16 3.4 5765.0 7 2.4 632.2 19  
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be used is negligible all over the points and the same is observed for the 
downtimes, obviously. A common feature between wind and wave re-
sults, is that the peaks of cumulative total and useable storm energy 
occurs at the same storm peak values almost at all the points. The same 
result is achieved by comparing the cumulative total time covered by 
storm event during the year and cumulative operation time. 

5. Conclusions 

This paper has proposed a combined wind and wave data analysis 
focused on extreme value and energy resource assessments in central 
Mediterranean Sea. Both these two aspects have been investigated 
mainly from a storm concept perspective. Input data are time series of 
significant wave height and average wind speed from DICCA MeteOcean 
database. The extreme value analysis has been focused on the calcula-
tion of return values of significant wave height and average wind speed 
via Equivalent Exponential Storm Model, while resource assessment has 
involved both simple calculations from data and storm based calcula-
tions as well. Results have revealed some interesting information useful 
for site and technology selection when developing a wind, wave or 
hybrid farm project over any studied area. In this regard, the correct 
knowledge of extremes is a key factor of reliability and survivability of 
the structural part of the involved system, while a correct estimation of 
available and useable energy, operation time and their variability with 
storms characteristics help the optimization of the energy converter. The 
main results have shown that return values of significant wave height 
are more variable along the considered locations in comparison with 
those of wind speed, and the location where the severest wave storm 
occurs differs from that where the severest wind storm occur. In analogy, 
an analysis of available power has elucidated that the wind power is 
distributed more homogeneously with respect to the wave power along 
the considered points, with a relatively lower variability from one 
location to another. The EES model is not able to describe adequately the 
energy content of the single storm event but provides a quite good 
representation of the averages for given classes of intensity giving a 
correct description on how the total and useable energy of a storm varies 
with the storm peak. In the case of wind storm the above description 
tend to coincide with that provided by the actual wind storm sequence. 

The wave storms providing the greatest cumulated energy contribution 
among the analyzed points have peaks between 2 and 5 m maximum, 
while for wind storms peaks are between 11 and 17 m/s. Finally, with 
the operational range assumed in this for wind and wave devices it is 
seen that in the wave case there are some locations where a significant 
amount of available energy cannot be used and this amount grows as the 
total energy increases. For the wind storm the amount of unusable en-
ergy is relatively low everywhere. 
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Appendix A1 

As mentioned in exponential storm section, the key point in the development of analytical solutions of the return period of storms with assigned 
characteristics is related with the derivation of analytical form of probability density function of storm peaks pA(a), which varies from one model to 
another (e.g. from triangular to exponential storm model) because is strongly related to the storm shape. Let us consider the wave storm case. For EES 
model it is determined by imposing that the total time during which the significant wave height is above a given threshold h in a given time interval τ, 
is the same in actual storm sequence and EES sequence. For actual storm sequence it can be calculated as 

τP(Hs > h) (A1) 

For the sequence of EES it is calculated as 

TEES(h) =
∫∞

a=0

∫∞

b=0

N(τ)pA(a)pB(b|a)δt(h, hcrit, a, b)dbda (A2)  

where N(τ) is the total number of storms occurring during τ, pB(b|a) is the probability density function of storm duration b for assigned storm intensity 
a and δt(h, hcrit , a, b) is the time interval above the threshold h in an EES with intensity a, duration b, for a location with critical threshold equal to hcrit. 
The time interval δt(h, hcrit , a, b) is determined by using equation (3), considering the contribution for t > 0 multiplied by two (due to storm simmetry 
with respect to t = 0). This time interval is different from zero only for the storms with peak a>h and is given by: 
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δt(h, hcrit, a, b)= b
ln
(

h
a

)

ln
( hcrit

a

) (A3) 

Then equating relations (A.1) and (A2) and taking into account that δt(h, hcrit, a, b) = 0 for a<h 

τP(Hs > h) = N(τ)
∫∞

a=h

pA(a)b(a)
ln
(

h
a

)

ln
( hcrit

a

) da (A4)  

where b(a) =
∫∞

b=0

bpB(b|a)db is the intensity-duration regression function. 

Finally, the analytical solution of pA(a) is obtained from equality (A4) deriving twice with respect to h and setting h = a. 
Note that the same logic is adopted for determining the pA(a) of wind storm, with the only difference that in this case a represents the wind storm 

peak and is in m/s. 

Appendix A2 

For the calculation of T(u) the Kaimal spectrum [49] is considered for the wind turbulence 

S(f )=
4σ2

kLk
/

u
(1 + 6fLk/u)5/3 (A5)  

where f is the cyclic frequency, u is the mean wind speed, k indicates the direction (1 = longitudinal, 2 = lateral, 3 = vertical), Lk is the turbulence 
length defined by 

Lk =

⎧
⎨

⎩

8.10Λ k = 1
2.70Λ k = 2
0.66Λ k = 3

(A6)  

where Λ is the turbulence scale parameter given by 

Λ= 0.7 min(60, hub height) (A7) 

Further, in equation (A5) σk is the standard deviation of wind turbulence, related to the turbulence intensity Iref that, in turn, depends on the mean 
wind speed u. For the scope of the calculation of this paper only the longitudinal component is considered and its standard deviation is indicated with 
σ. Then, introducing the dimensionless frequency F=(Lk/u)f, and introducing the dimensionless moments of the spectrum M0 and M2: 

M0 =

∫ ∞

0

1
(1 + 6F)5/3 dF (A8)  

M2 =

∫ ∞

0

F2

(1 + 6F)5/3 dF (A9) 

the mean zero up crossing period T(u) following Rice approach [50] is expressed as: 

T(u) = 2π Lk

u

̅̅̅̅̅̅
M0

M2

√

(A10)  

Appendix A3 

In this appendix the Figures related to the results at points where results are repetitive are grouped. 
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Fig. A1. Total storm energy for AS and EES for all the storms, average for classes of storm intensity of 1 m (left), usable storm energy for AS and EES for all the 
storms, average for classes of storm intensity of 1 m wide (right) from point 2 to point 5.  
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Fig. A2. Total storm energy for AS and EES for all the storms, average for classes of storm intensity of 1 m (left), usable storm energy for AS and EES for all the 
storms, average for classes of storm intensity of 1 m wide (right) for points 6, 7, 9, 11.  
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Fig. A3. Total storm energy for AS and EES for all the storms, average for classes of storm intensity of 1 m (left), usable storm energy for AS and EES for all the 
storms, average for classes of storm intensity of 1 m wide (right) from point 13 to point 16.  
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Fig. A4. Total storm energy for AS and EES for all the storms, average for classes of storm intensity of 1 m (left), usable storm energy for AS and EES for all the 
storms, average for classes of storm intensity of 1 m/s wide (right) from point 5 to point 8.  

V. Laface and F. Arena                                                                                                                                                                                                                        



Energy 278 (2023) 127954

20

Fig. A5. Total storm energy for AS and EES for all the storms, average for classes of storm intensity of 1 m (left), usable storm energy for AS and EES for all the 
storms, average for classes of storm intensity of 1 m/s wide (right) from point 9 to point 12.  
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Fig. A6. Total storm energy for AS and EES for all the storms, average for classes of storm intensity of 1 m (left), usable storm energy for AS and EES for all the 
storms, average for classes of storm intensity of 1 m/s wide (right) from point 13 to point 16.  
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Fig. A7. Wave storm: available and usable wave energy per year for given class of storm intensity Hsmax (left), stormy time and operation time (right), together with 
average number of storm events for points 2, 3, 5, 6.  
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Fig. A8. Wave storm: available and usable wave energy per year for given class of storm intensity Hsmax (left), stormy time and operation time (right), together with 
average number of storm events from point 7 to point 10.  

V. Laface and F. Arena                                                                                                                                                                                                                        



Energy 278 (2023) 127954

24

Fig. A9. Wave storm: available and usable wave energy per year for given class of storm intensity Hsmax (left), stormy time and operation time (right), together with 
average number of storm events for points 11, 13, 14, 15.  
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Fig. A10. Wind storm: available and usable wave energy per year for given class of storm intensity Vm max (left), stormy time and operation time (right), together 
with average number of storm events for points 1, 2, 4, 5.  
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Fig. A11. Wind storm: available and usable wave energy per year for given class of storm intensity Vm max (left), stormy time and operation time (right), together 
with average number of storm events from point 6 to point 9.  
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Fig. A12. Wind storm: available and usable wave energy per year for given class of storm intensity Vm max (left), stormy time and operation time (right), together 
with average number of storm events for points 11, 13, 14, 15. 
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