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a b s t r a c t

A state-of-the-art, in terms of spatio-temporal resolution (about 10 km and on a hourly basis) and
temporal span (35 years), wave hindcast is exploited to update existing assessments of wave energy
potential in the Mediterranean Sea. The hindcast, covering the period 1979e2013, has been obtained
using WavewatchIII with calibrated source-term parameters recently proposed by L. Mentaschi et al.
(2015) [1]. The main advantage of such a calibration is that it takes into account the peculiarity of the
Mediterranean basin with respect to other calibrations carried out in the oceans. The high resolution
allowed to perform a detailed analysis of wave energy potential characteristics providing information on
seasonal and longer term variability necessary for reliable and optimal design of wave energy conversion
devices. As a result, the identification of areas where the mean wave power reaches values of the order of
10 kW/m clearly emerge. However, these regions are not necessarily optimal in relation to the efficiency
of energy extraction, due to possible relevant time variation of the energy availability. The high temporal
resolution allows to address issues related to the time variability of the available resource and thus to
provide a complete set of statistical information to carry out optimal design of WEC (wave energy
converter).
1. Introduction

In the last decades the exploitation of renewable natural re-
sources, such as wind, solar and geothermal, has significantly
increased for the sake of energy production. Major attention has
been payed to the ocean resources, focusing on the energy har-
vesting from tidal currents and ocean surface waves.

The conversion of wave energy to common grid has been
analyzed in the scientific community following two basic ap-
proaches. The first one is dedicated to the development, design and
experimentation of devices capable of converting wave energy into
electrical power [e.g. [2]]. The second line of research is focused on
wave energy assessment along the coast of the different continents,
in order to provide detailed figures of the available energy potential
and its characteristics to the developers of WEC devices for an
optimal design.
.

Even if the idea of energy conversion fromwind waves arises at
the beginning of the nineteenth century, a boosting of the research
and technology development started in the early seventies due to a
dramatic increase of the price of oil products [2]. Wave energy
potential has hence been assessed both from field measurement
through buoy stations [3] and from numerical model.

A first attempt to assess the wave energy potential along Eu-
ropean coasts has been carried out by Ref. [4] on the basis of coarse
numerical simulations employed to compile an European Wave
Energy Atlas. Hence the employment of wave hindcast has been
widely used to assess oceans wave energy potential on global scales
[i.e [5e8]].

The availability of extended wave data obtained through nu-
merical simulations opened the possibility to develop a detailed
wave energy assessment giving an insight about waver power
availability on regional and local scales in order to provide refined
and accurate estimates of wave energy flux characteristics forWECs
(wave energy converter) design. Different authors developed
analysis on the European Atlantic coasts, for example for France
[9,10] or over different regions of continental Spain and its islands
[11e16], and for Portuguese coasts and islands [17,18]. Assessments
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have been developed for the Northern Atlantic Sea, where even
some full scale devices have been tested [19e22]. The analysis has
been performed also in different worldwide spread locations
[3,23e31].

Generally a major attention has always been payed to higher
energy areas such as Pacific, Atlantic and Indian oceans. Despite this
tendency, different authors in the last years begun to performwave
energy assessment in less energetic basins which nevertheless
could provide interesting information for the harvesting of wave
energy. In particular, only recently [32e34], carried out evaluations
of Black Sea wave energy potential on the basis of different wave
hindcast while [35] gave some insights about wave energy distri-
bution in the Baltic Sea.

The Mediterranean Sea represents, in terms of wave energy
power availability, an intermediate level between the open oceans
and the enclosed small-fetch basins such as the Black Sea or the
Baltic Sea. Hence, wave energy exploitation seems to be promising
even if the net quantities are not as significant as in the open ocean.
Different authors performed wave potential evaluations on the
basis of medium-short term wave datasets obtained through nu-
merical simulations or field observations for restricted areas
[36e40] and for the whole basin [41].

The present study follows the line opened by Ref. [41] con-
cerning the use of hindcast for the assessment of wave power
distribution in the Mediterranean Sea and it is an extension in
greater detail of the previous work. Indeed resolution of the at-
mospheric forcing has been increased from 1/4� used by Ref. [41] to
1/10� in the present work. Furthermore the range of the numerical
simulation has been extended from 10 to 35 years (from 01/01/1979
to 31/12/2013) and the time step for the recording of wave char-
acteristics is equal to 1 h instead of three. Spatial resolution of the
wave model is the same of the atmospheric model and is about
10 km in both longitude and latitude. The spatial resolution is
important in order to resolve and properly describe the wave
characteristics on a local scale, but it is not the most important
aspect for an assessment on the basin scale, on the contrary a high
temporal resolution is strictly necessary to provide detailed infor-
mation on the variability of the wave energy resource in different
parts of the Mediterranean basin. The feasibility of wave energy
harvesting projects resides in the correct design of the devices
which should be planned towork at the maximum efficiency tuned
on the local wave climate. This condition is reached if the temporal
variability of the available wave energy potential and its distribu-
tion over wave height, peak period and mean direction is known:
the optimum design should indeed take into account variations of
the resources and not be based on the sole mean value. Variability
of the energy resource is indeed expected to be significant thus
appreciably reducing the efficiency of a device designed to work
under average conditions [22,42e44].

The present manuscript is organized as follows: in section 2 the
basic methods of wave energy resource assessment are presented
together with the description of the numerical models employed
for the wave hindcast. Section 3 presents the results on both the
basin scale and on some locations which are promising for energy
harvesting projects. Finally, some remarks and conclusions are
drawn in section 4.
2. Methods

The assessment of wave energy potential in the Mediterranean
basin has been carried out on the basis of a hindcast of sea wave
conditions for 35 years, from 01/01/1979 till 31/12/2013. The
analysis thus presents a long temporal span, giving insights on long
trend variations and reliable seasonal behavior.
2.1. Atmospheric model

Thewavemodel is forced by the 10-mwind fields obtained from
the non-hydrostatic model WRF-ARW (weather research and
forecasting e advanced research WRF) version 3.3.1 [45]. In the
present study a Lambert conformal grid covering the whole Med-
iterranean Sea with a resolution of about 10 km has been used
(Fig. 1).

Topography, land use and land-water mask dataset have been
interpolated from the 20-resolution USGS (U.S. geological survey)
data sets. Initial and boundary conditions for atmospheric sim-
ulations were provided from the CFSR (climate forecast system
reanalysis) database [46]. Use of CFSR reanalysis data for wave
modeling provides reliable results, even if sometimes the simu-
lation of extreme wave conditions is not properly performed
[47e51]. For the whole extent of the hindcast, series of 24-hr-
long simulations were performed. The analysis (i.e. atmospheric
initial conditions) have been updated every 24 h, while condi-
tions on the boundaries of the computational grid were imposed
every 3 h. Even if the imposition of boundary and initial condi-
tions can lead to some discontinuities in the numerical simula-
tions, these unbalances are however absorbed quite quickly
(because they affect the sole small scales) with characteristic
times of the order of the smallest resolved time-scale which is of
the order of few time-steps (few minutes). For further details of
the set-up and validation of the meteorological model readers
can refer to [52].
2.2. Wave model

The generation and propagation of sea waves have been
modeled using the wave model WavewatchIII®, version 3.14 [53]. A
336 � 180 regular grid (finite differences) covers the whole Medi-
terranean Sea with a resolution of 0:1273 � 0:09 degrees, cor-
responding to about 10 km at the latitude of 45+N (cfr. Fig. 2).

Source terms of growth-dissipation introduced by Ref. [54] have
been expoited. These source term are based on [55] for the growth
part, and improve the representation of wave dissipation merging
the results of recent studies [e.g. [56, 57]] and introducing a new
term for the dissipation of long swell, deduced on the basis of the
observations of satellite altimeters [58]. During the elaboration of
the hindcast the reference parameterizationwas calibrated in order
to reduce a slight tendency to overestimation of moderate seas [1].
Spectral resolution is characterized by 24 bins in direction and 25
frequencies ranging from 0.06 to 0.7 Hz with a step factor of 1.1.
Wave model has been forced with the wind fields provided by the
atmospheric model described in section 2.1 with an hourly time
step. The time step chosen for spatial propagation in the wave
model is of 100s for the fastest spectral component, which gua-
rantees a Courant number close to zero for spatial propagation. The
spectral propagation time step was chosen in 900s, which is
satisfactory for simulations where slopes are averaged over 10 km
wide cells. The main time step, i.e. the time step relative to the
application of the source terms, has been set to half an hour, which
is in the order of magnitude of the crossing time of the cell by the
fastest spectral components. This is a satisfactory time step,
considering that the wind data have a time step of 1 h, and that
WWIII has a limiter which automatically reduces the main time
step for strong variations. The output has been recorded hourly in
all points of the computation grid for integrated quantities (i.e.
significant wave height Hs, mean period Tm andmean direction qm).
The validation of the 35-years wave hindcast has been carried out
through extensive comparison of simulated quantities and wave
buoy data [cfr. [1,59]].



Fig. 1. Integration domain for the meteorological model WRF.
2.3. Wave energy resource

The availablewave power per unit length (energy flux per unit of
the wave crest length, P), measured in kilowatt (kW) per meter, can
be evaluated using the spectral output of the wave model through

P ¼ rg
Z2p

0

Z∞

0

Sðf ; qÞcgðf ;hÞdf dq ½kW=m� (1)
Fig. 2. Integration domain for the
where Sðf ; qÞ is the directional wave energy spectrum, f is the fre-
quency, q is the direction of propagation of the spectral component,
r is the water density, g the gravitational acceleration, cg is the
group velocity and h is the water depth. Taking into account the
integrated parameters evaluated from the calculated spectrum (the
integral is performed numerically over the spectral bins for fre-
quencies, 25, and directions, 24), an approximation of eq. (1) can be
easily derived in the form
wave model WavewatchIII®.



P ¼ 1
16

rgH2
m0cg ½kW=m� (2)

where Hm0 is the spectral wave height evaluated from the wave
energy spectrum Hm0 ¼ 4

ffiffiffiffiffiffiffi
m0

p� �
, the spectral period

Tm�1;0 ¼ m�1=m0 has been used to calculate the wave length which
is needed to evaluate the group velocity cg. In Hm0 and Tm�1;0 m�1
and m0 represent respectively the spectral moments of order �1
and 0 of the wave spectrum computed using the relationship

mi ¼
Z2p

0

Z∞

0

Sðf ; qÞf idf dq: (3)

In the literature concerning wave energy resource assessment
and wave energy harvesting the spectral period Tm�1;0 is known as
the energy period Te [e.g. [4, 5]].

Because the analysis has been carried out mainly in deep water
conditions (h=L>0:5, where L is the wavelength) the following
approximate relationship holds

P ¼ rg2

64p
H2
m0Te ½kW=m� : (4)

The total annual energy flux per unit width, measured in kWh=m
or MWh=m, potentially produced during a defined temporal inter-
val DT ¼ P

i
dti, can be expressed as

Etot ¼
X
i

Pidti ½kWh=m�: (5)

where dti is the temporal sampling interval (1 h in the present
study). Relationships (4) and (5) are commonly used in literature
for wave energy resource assessment even if the deep water con-
dition is not strictly complied (for the four locations analyzed the
maximum period could be taken equal to 14 s corresponding to
deep water limit equal to almost 150 m).
Fig. 3. Mean energy flux per unit crest
3. Results

Wave energy resource assessment has been carried out in the
wholeMediterranean basin and a detailed analysis has been carried
out for four selected sites, where the amount of available wave
energy is interesting for possible exploitation. We considered two
sites along the Italian coast (Alghero and Mazara del Vallo) whose
location coincide with those of the RON (Rete Ondametrica
Nazionale) and represent the most promising location for energy
conversion along the Italian coast, and two locations on the coast of
Northern Africa where the average value of wave energy flux is
significant: one in front of the Algerian coast (Annaba) and a second
one in front of the Libyan coast (Bengazi, cfr. Fig. 3, Table 2).
3.1. Assessment on the basin scale

As already shown by Refs. [41], themeanwave energy flux in the
Mediterranean Sea takes values in between few kW=m in the less
energetic areas (Alboran Sea, Adriatic Sea, Aegean Sea) and above
10 kW=m in the Central Mediterranean, on the West of Sardinia.
Some areas, such as the Eastern Mediterranean, can be classified as
“intermediately energetic” presenting values of the available en-
ergy flux between 6 and 9 kW=m (Fig. 3).

One of the main issues concerning the exploitation of wave
energy resource is the temporal variability of the resource. The
values of the mean energy flux (per unit crest) reported in Fig. 3
represent a rough indicator of the amount of energy which could
be exploited theoretically. Indeed the average does not provide
information on the distribution of energy over the temporal span
analyzed. In order to gather more insights on the temporal vari-
ability of the wave energy resource, in Fig. 4 the mean energy flux
per unit crest is reported for different seasons (Winter, Spring,
Summer and Autumn).

The main contribution to the annual mean energy is developed
mainly during the DecembereFebruary period, i.e. the Winter
season, when the average energy flux can reach up to 23 kW=m in
the Western Mediterranean, while during the other seasons the
amount of available energy is significantly smaller. During Spring
[kW=m] for the 1979e2013 period.



Table 1
Meanwave power characteristics (Mean yearly energy flux P, Mean yearly energy Ey,
temporal variability COV, Seasonality variability index SV , Monthly variability index
MV , for the four analyzed locations.

Site P [kW/m] Ey [MW h/m] COV SV MV

AL 9.49 83.19 0.18 1.20 1.38
MV 5.58 48.87 0.16 1.35 1.46
AN 9.10 79.73 0.16 1.50 1.68
BE 5.97 52.37 0.19 1.79 1.81

Table 2
Selected site location for the energy assessment analysis. Lon. stands for Longitude,
Lat. for Latitude and Dep. for Depth.

Location Lon. Lat. Dep. [M]

Alghero (AL) 7.950 40.450 ~350
Mazara del Vallo (MV) 12.660 37.380 ~195
Annaba (AN) 7.675 37.250 ~2435
Bengazi (BE) 19.830 32.390 ~500
(MarcheMay) and Autumn (SeptembereNovember) the pattern of
the energy flux is similar to the winter one, with maxima located
west of Sardinia (about 15 kW=m) and less energetic zones in the
eastern Mediterranean (about 7 kW=m). Wave energy availability
thus has a clear seasonal dependence that can be reasonably traced
back to the well known seasonality of wind climatology in the Gulf
of Lion [60].

Seasonal and temporal variability of the wave energy resource is
an important matter which should be taken into account in the
planning of future exploitation of this resource: it would be much
more convenient to develop a project in an area with lower yearly
average value of energy flux but with aweak variation overmonths,
rather than in a location with a very high mean value but with
strong fluctuation around it. This in order to maximize the effi-
ciency and the performances of the harvesting devices. Different
variability indicators have been introduced by Ref. [5] to capture
Fig. 4. Seasonal mean energy flux per unit crest [kW=m] for the 1979e2013 period. Winter:
the amount of variations of the resource on different time refer-
ences. A straightforward measure is represented by the coefficient
of variation COV which is calculated dividing the standard devia-
tion of the energy flux series by its average value

COV ¼ sP

mP
(6)

where sP denotes the standard deviation, and mP is the mean value
of the time series. Absence of variability is found if COV ¼ 0 while
variability grows if COV increases: for COV ¼ 1, indeed, the stan-
dard deviation equals the average. Fig. 5 shows the COV evaluated
for the whole time series on a yearly basis (i.e. sP has been evalu-
ated employing the single year average value and the mean over
the whole period, i.e. Fig. 3 values), identifying the southern coasts
of Italy, the eastern coast of Libya and the northern area of the
Eastern Mediterranean as the areas most affected by inter-annual
variability. The latter area (i.e. the Aegean Sea and the southern
Turkish coast) presents a significant value of the inter-annual
variability coefficient COV mainly due to the very low mean
values rather than because of actual strong fluctuations of P.

In order to have more detailed figures about variability of the
resources [5] introduced the monthly and the seasonal variability
indexes (MV and SV , respectively) defined as the differences of the
most energetic month/season and the less energetic month/season
divided by the yearly average value (evaluated over the whole
dataset, i.e. Fig. 3 values):

MV ¼ PMmax
� PMmin

Pyear
(7)

SV ¼ PSmax
� PSmin

Pyear
: (8)

Figs. 6 and 7 report the values of MV and SV , evaluated over the
whole hindcast. From the results it is possible to observe that, as
already stated above, the rate of variation on amonthly basis results
DeceJaneFeb; Spring: MareApreMay; Summer: Jun-Jul-Aug; Autumn: SepeOcteNov.



Fig. 5. Coefficient of variation COV on yearly basis for the 1979e2013 period.
to be more significant than the seasonal one, i.e. the variations from
onemonth to another one are stronger than those occurring among
seasons. In particular the Central Mediterranean results to be quite
variable on a monthly basis while on a seasonal basis the most
variable areas are located North of the Libyan coast and in the
NortheEast Mediterranean basin. Results suggest thus that the
amount of energy that could be exploited tends to float on an intra-
annual basis. Hence, the optimal design of WEC devices still re-
mains a challenging task. On the other hand, the results on seasonal
basis should be used carefully for project planning because they do
not show a significant variability and hence tend to give a picture of
a more stable and constant resource.

3.2. Assessment on location scale

Once the characterization of the wave power resources has been
addressed on the basin scale identifying which areas are the most
promising for a possible resource exploitation, attention has been
focused on a detailed analysis of wave power availability on four
sites located in the most energetic areas identified thanks to the
results presented in section 3.1. For all the four chosen locations the
Fig. 6. Monthly variability MV
mainwave energy flux characteristics are presented in similar plots
corresponding to:

a) the wave power rose;
b) distribution of wave power as a function of significant wave

height Hs and energy period Te;
c) persistence of the wave power in hours;
d) CDF (cumulative distribution function) of the wave energy

flux;
e) yearly meanwave power and its trend evaluated through a 5

years moving mean for the whole time window;
f) seasonal mean wave power;
g) seasonal mean level during the whole period;
h) wave power characteristics on a monthly basis;
i) overall monthly trends along the whole period.

These information should represent in detail the wave energy
resources characteristics and its fluctuations on an intra- and inter-
annual basis and should provide a significant insight for a reliable
resource assessment to be used for the planning and the design of
wave energy harvesting projects. A brief summary of the value of
for the 1979e2013 period.



Fig. 7. Seasonal variability SV for the 1979e2013 period.
the mean wave power P, the mean yearly energy Ey and the coef-
ficient of temporal variation (COV , MV and SV) is reported in
Table 1. Results are then illustrated in Figs. 8e11 for Alghero,
Mazara del Vallo, Annaba and Bengazi respectively.

The first two sites correspond to two measurement buoys
belonging to the Italian buoys network (RON e Rete Ondametrica
Nazionale) on the Western coast of Sardinia (Alghero) and on the
Western coast of Sicily (Mazara del Vallo). The other two sites are
located on the North-African coast, one in the Western Mediter-
ranean (Annaba) and the other in the Eastern Mediterranean
(Bengazi). Alghero and Annaba lay on themost energetic area of the
Mediterranean basin, i.e. the Western one, while Mazara is slightly
peripheral with respect to this zone and Bengazi falls in the Central
Mediterranean basin. While Alghero and Annaba should result in
higher values of available energy, Mazara and Bengazi should
represent a good example of intermediate wave energy potential
that could still be exploitable.

As stated before, Alghero and Mazara del Vallo represent the
two most promising sites for energy potential in Italian waters.
Basically the western part of Sardinia is the most promising area for
energy exploitation and values obtained for Alghero site confirm
these ideas. In particular, even if the average annual value is not
comparable with oceanic ones, it is one of the highest in the
Mediterranean Sea, being greater than 9 kW=m. Furthermore the
energy is concentrated on the NortheWest sector, coming mainly
from 300� N: the information about the spread of wave energy in
direction rose is critical for the choice and installation of the har-
vesting devices. The distribution of the energy as a function of the
significant wave height and the mean period (panel b, Fig. 8) it is
necessary in order to estimate the energy converter efficiency on
the basis of the power matrices provided by the WEC manufac-
turers. Maximum efficiency can be reached in the Mediterranean
Sea through a downscaling of the devices which have been devel-
oped for the Atlantic Ocean wave climate [43]. On the other hand,
the information onwave energy persistence (panel c and d, Fig. 8) is
needed in order to evaluate the most common conditions and
hence to plan the optimal functioning interval for which the de-
vices should be designed for. These information allow one to
identify the percentage of sea states (i.e. wave power) that happen
to be below a critical level, giving insights of the reliability of
operating limits [19,20].

The availability of 35 years wave data allows us to perform some
analysis on the inter- and intra-annual variation of the energy
resource. In particular panel e) of Fig. 8 gives an insight of the
fluctuations of the mean energy flux through the years, revealing
that from the 80's up to 2010 the mean wave power first slightly
decreased until the mid 90's, while it begun to increase again since
2006 (see red line in panel e) (in web version), Fig. 8). Even if 35
years do not represent a valid basis for a climatological study, it
allows to identify a weak trend of increase of the mean yearly en-
ergy potential [22]. The marked seasonal character depicted in
panel f) presents trends similar to those observed for the mean
annual values on an inter-annual basis. The stronger fluctuation
occur generally during the winter season, while summer presents a
much more constant level of mean energy. (cfr. Fig. 8, panel g).
Intra-annual variations are better appreciated if we analyze the
mean monthly estimates. Panel h) shows the variability on a
monthly basis over the whole time window (average value, 25%e
75% percentiles and ± 2.7s outliers; red points represent values
falling outside the outliers boundaries), revealing how there are
strong deviation from a month to another, especially if we consider
winter and summer seasons (as already depicted in panels f and g).
Moreover panel h) shows the distribution of the wave power
values, giving a clue of the excursion rate between the extremes
and the mean value, suggesting that in some periods it could be
possible to find different extreme events which can represent a
hazard for the structural integrity of the devices. Indeed safe
structural design of WECs and their mooring system has to be
performed on the basis of an extreme values analysis, bearing in
mind that during extreme events the devices should not be oper-
ational [5,19,20,39]. Finally, in panel i) the overall variability of the
mean wave energy flux over the months and over the years is
depicted, showing a stronger variability over the years for the
autumn and winter months (SeptembereFebruary); furthermore a
marked intra-annual variability with respect to the months is
revealed.

The same observations and behavior presented for the Alghero
location can be recast for the other three sites, where a strongly



Fig. 8. Wave energy assessment for Alghero (AL) location.



Fig. 9. Wave energy assessment for Mazara del Vallo (MV) location.



Fig. 10. Wave energy assessment for Annaba (AN) location.



Fig. 11. Wave energy assessment for Bengazi (BE) location.



marked seasonal and monthly behavior is found. The only dif-
ferences are in the values of the energy which are similar to the
Annaba site, while are significantly smaller in Mazara del Vallo
and Bengazi sites, in agreement with the results presented by
Ref. [41]. Concerning the directional distribution of the wave
power, it is interesting to note that while for Alghero the wave
energy is concentrated just in a narrow direction sector, for the
other three locations the energy is spread on a wider range. In
particular, Mazara del Vallo, due to its position halfway between
the Western and the Eastern Mediterranean basin, presents two
opposite primary direction (W-NW and SE), while for both
Annaba and Bengazi the energy power is spread on a 150� angle
oriented mainly in the northern direction. Long term trends and
seasonality present the same behavior depicted for Alghero
location, i.e. strong intra-annual variability and moderate inter-
annual variability.

3.3. The role of high/low resolution grid

The estimates provided in the present manuscript have been
implemented employing a high resolution either in space (0.1� in
longitude and latitude) and in time (wind forcing and output every
1 hr). In order to appreciate the effect of the resolution on the
a)

b)

c)

Fig. 12. Comparison among different resolution numerical sim
results for the wave numerical model we simulated a storm event
for Alghero buoywith a different time step for the wind forcing and
a looser grid resolution in space. For the sake of brevity and
clearness we will here present only one test case representative of
the results obtained for all the locations analyzed. In particular we
analyzed the storm occurred between 17th and 22nd of February
2010 employing a wind forcing with a spatial resolution of 0.5� and
a temporal resolution of 6 h. Results of the comparison among the
two different numerical simulations and the observed buoy data
are reported in Fig. 12 for significant wave height Hs, mean period
Tm and wave energy flux P.

As it could be observed from the results a looser resolution in
space and in time of the wind forcing and a low resolution for the
wave numerical model can lead to a significant underestimation of
the values of the significant wave height and of the mean period,
leading to an important error in the wave energy flux evaluation.
Furthermore an output of wave characteristics every 3 or even
every 6 h results in a rather coarse description of wave energy flux
fluctuation on a small time scale, which is crucial for the evaluation
of the persistency of the resource and for the estimate of extreme
events for the design of the wave energy converters. More details
about the effect of models resolution on the reliability of the results
can be found in Ref. [1].
ulations and observed buoy data. Alghero, February 2010.



Table 3
Energy flux per unit width [kWh=m] integrated over the storm occurred in February
2010 for buoy observations and different numerical simulations.

Location Buoy Coarse resolution Fine resolution

Energy [kWh=m] ~12 490 ~5280 ~10 490
In Table 3 the value of the available wave energy integrated over
the storm is presented for the buoy data and the numerical simu-
lation. Coarse grid can lead up to 50% underestimation of the wave
energy resource.
4. Conclusions

Wave energy resource distribution in the Mediterranean basin
has been assessed on the basis of numerical simulations for a period
of 35 years (1979e2013) with an hourly resolution in time and a
resolution in space of about 10 km in longitude and latitude. The
hindcast developed by Ref. [1] has been used to develop a detailed
assessment of the wave energy resource on the basin scale (the
whole Mediterranean Sea) and on a local scale. Significant infor-
mation on the variability and persistence of wave energy flux have
been analyzed thanks to the high temporal resolution. The principal
outcomes of the present work can be summarized as follows:

� Themost energetic area in theMediterranean Sea is theWestern
basin in between the Balearic Islands, Sardinia and Corsica and
the Northern coast of Algeria with a yearly available mean wave
power of about 10kW=m along the coast;

� central and Eastern Mediterranean present moderate wave en-
ergy potential with mean figures around 6� 7kW=m;

� as already observed in previous studies, the mean value of wave
power over the entire dataset (35 years) is a rough indicator of
wave energy potential not taking into account inter- and intra-
annual variability and directional distribution of the wave en-
ergy resource [42,44];

� in all Mediterranean basin there is a strong variability on
monthly base, which results in relevant fluctuations on a sea-
sonal base;

� long-term trends of wave power availability suggest that after a
period of general decrease of the mean yearly wave power be-
tween the 80's and the 90's, we are experiencing a slightly in-
crease in the last eight years of the temporal series
(2005e2013). It would be interesting to extend the temporal
series up to nowadays in order to verify if this tendency is
confirmed or if it represents a minor fluctuation;

� long term analysis for seasonal energy content shows the same
type of trends observed for the annual values. Generally the
stronger contributions, and indeed the main component of the
trends, are given by the winter values, while the summer ones
are much less significant. Different levels of available energy for
the four seasons are reported, with differences up to almost
15kW=m between the most energetic season and the less en-
ergetic one;

� wave power distribution over the hours and the relative Cu-
mulative Density Function should be employed in order to
identify good levels of available resource depending on their
persistence during the year;

� the choice of grid resolution for both the atmospheric model
and the wave model is crucial to obtain reliable estimate of the
wave energy resource.

Results presented in this study suggest that the temporal reso-
lution of the wave dataset employed for the assessment of the
available energy is crucial in order to have a detailed character-
ization of the resource trends and variations over different time
intervals. It is quite clear indeed that the primary discriminating
factor for the development of a wave energy project is basically the
intrinsic variability of the available resource: it could bemuchmore
problematic to develop a project in a highly energy environment
characterized by a strong temporal variability rather than in an
environment characterized by a medium energy content but
showing a moderate inter- and intra-annual variability. Further-
more the results of the present analysis could be used as boundary
conditions to perform detailed analysis for specific location along
any stretch of the Mediterranean coast in order to analyze the
variation and behavior of the wave energy flux due to the inter-
action of the sea waves with the bottom bathymetry and the
coastline morphology.
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