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a b s t r a c t

Nowadays, renewable energy resources are one of the top priority issues for the environmental and
political community. In particular, wind and wave energy are two of the most promising solutions, with
great potential from research and technological point of view. In this work, an integrated high resolution
platform, consisting of state-of-the-art wind-wave numerical models, has been utilized and produced a
10-year database containing all the relevant environmental parameters for a detailed resource assess-
ment over the Greek seas. The results of the atmospheric and sea wave numerical models concerning the
environmental parameters that directly affect the wave energy potential were evaluated. High resolution
maps for the coastal and offshore areas of Greece present sea wave and wind climatological character-
istics, as well as the relevant distribution of the wave energy potential. A number of statistical indices
have been employed for analyzing the output of the models, including the potential impact of extreme
values and the corresponding distribution of the above parameters, which optimally describe the spatial
and temporal analysis of the wave power potential over the area of interest. It is shown that the regions
with increased wave energy potential are mainly the western and southern seas of Greece, which are
usually exposed to swell from central and south Mediterranean Sea.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Avery important issue concerning the scientific and the political
community is global warming. A major factor that contributed to
these problems is the use of oil-dependent energy resources, which
are not environmental friendly. On the other hand, the danger from
the nuclear power infrastructures due to natural disasters (earth-
quakes, extreme weather events) is increased. Both these issues
make the necessity of exploring new energy resources more
important than ever.

Solar and wind energy are the first of this kind of solution,
mostly used until today. Taking into account that 2/3 of the earth is
covered by water, sea surfaces may be also used towards this scope.
The last years, wave energy combined with wind is investigated by
ection of Mathematics, Hat-

mmanouil).
European countries and the US. The energy produced by sea waves
has some specific advantages; the most crucial one is the low
variability in time compared to the one of wind energy. On the
other hand, the technology for exploiting this kind of energy is not
at a satisfactory level of progress.

The sea waves energy has been a subject of discussion raised
even from the 19th century, as referred to [35]. However, the sys-
tematic research in this domain has begun the last twenty years,
when the cost of other sources of energy has been raised up and the
consequences of the maximization of gas emissions contributed to
the global warming effect. Then, several projects involving green
energy sources have been supported globally and especially by the
European Commission. These projects have been focused in
different regions, with different models and statistical tools. Reik-
ard et al. [49] used the ECMWF wave model and some time series
methods for forecasting Ocean Wave Energy. Denfe et al. [13] tried
to focus their study in the southeast Atlantic coast of the United
States based on the measurements of buoy stations. Pontes [45];
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presented a European Wave Energy Atlas based on annual and
seasonal wave statistics derived from a coarse grid wave modeling
simulations and Iglesias et al. [21e23] used hindcast simulated data
and buoy measurements for studying the wave energy distribution
over different areas of Spain (Death Coast, Galicia and Bares). The
area of Azores is discussed in Ref. [50]; when the Black Sea was
studied over a 13-year period in Ref. [2] and a 15-year study in Ref.
[10]. In the Mediterranean Sea, [54]; studied the area of Sardinia,
Italy, based on the Italian buoy network and corresponding hind-
cast data by ECMWF. More relevant work for the European Atlantic
coast has been done by Joana et al. [30] and Gonçalves et al. [19].
Stopa et al. [51] performed a hindcast analysis along the Hawaiian
coastline. Chiu et al. [11] focused on wave energy resources in
Taiwan and Hughes and Heap [20] presented a study for Australia's
shelf waters based on numerical models Finally, Mazarakis et al.
[39] focused on validation of WAM (WAve Model) over Ionian and
Aegean Seas with buoy and altimeter Jason-2 data, while Ayat [5]
studied Mediterranean and Aegean Seas wave power by using
MIKE 21 SW and validated the model with 3 buoy stations. Further
hindcast studies can be also found in Refs. [42,48].

In this paper, the main meteorological parameters affecting the
sea waves' energy potential are studied in detail for the major
Greek area, including Aegean and Ionian Seas, for a time period of
ten years (2001e2010). A high resolution atmospheric and wave
modeling system has been employed in order to simulate wind
speed and direction, significant wave height and energy wave
period. With these tools, we studied the way that the previous
parameters affect the wave energy potential distribution. This
system has been operated in a hindcast mode, exploiting the ad-
vantages of data assimilation procedure, using the available
observations-measurements in this area (satellite records, meteo-
rological observations, buoys). By this way, an optimum represen-
tation of the environmental parameters and a detailed wave
climatology map of the area have been produced.

The results from these simulations have been elaborated
through a detailed statistical analysis, for the meteorological, the
sea and the wave energy potential parameters. The statistics refer
Fig. 1. The simu

Table 1
Summary of the wave model characteristics.

Wave model WA

Area covered 29N
Horizontal resolution 0.05
Frequencies 25 (
Directions 24 (
Time step 45 s
Wind forcing SKIR
Wind forcing time step 3 h
not only to the usual indices (mean values, standard deviation), but
also to asymmetry measures of the results and the impact of
possible extreme values. This information could be useful for the
site assessment of wave energy devices. On the other hand, prob-
ability distribution functions are examined for better description of
the main parameters affecting the wave energy potential.

The paper has been organized as follows: In Section 2, the nu-
merical wind andwavemodels, as well as theway of estimating the
wave power potential are presented. In Section 3, the statistical
measures used for analyzing themodel results and thewave energy
related parameters are described. Section 4 contains the discussion
of the results, while the conclusions are summarized in Section 5.
2. Models

In this study, the oceanwave model WAM [7,34,53] was used for
the simulation of sea wave conditions of the Greek seas for a period
of ten years (2001e2010). WAM is a third generation wave model,
where the wave transport equation is solved explicitly without any
presumptions on the shape of the spectrum. In particular, the
ECMWF (European Centre for Medium RangeWeather Forecasting)
version CY33R1 [6,28] has been employed. A number of improve-
ments have been implemented, like the extension of the advection
scheme in the wave energy balance equation for the corner points,
using the Corner Transport Upstream scheme, which provides
uniform propagation in all directions. Moreover, a new parame-
terization of shallow water effect, affecting the time evolution of
the wave spectrum and the determination of the kurtosis of the
wave field [29] has been used. In addition, two extreme wave pa-
rameters have been introduced: the averagemaximumwave height
and the corresponding wave energy period [41].

The wave model is calculating the 2-d wave spectrum
Fðf ;w;4; lÞ, where f stands for frequencies, w for directions, overall
latitudes and longitudes ð4; lÞ of the domain used. The necessary
parameters for this study are obtained as integrated byproducts,
based on the moments of the spectrum:
lation area.

M, ECMWF version CY33R1

e47N, 6We42E
� 0.05�

range 0.0417e0.54764 Hz logarithmically spaced)
equally spaced)

ON atmospheric model



Table 2
Statistical evaluation for the Cretan, Lesvos, Pylos and Mykonos buoy locations.

1. Creta, 2007
e2010,
latitude
35.8N,
longitude
24.9E SWH
(m)

2. Lesvos,
2006e2010,
latitude
39.15N,
longitude
25.81E SWH
(m)

3. Pylos, 2007
e2010,
latitude
36.8N,
longitude
21.6E SWH
(m)

4. Mykonos,
2004e2010,
latitude
37.5N,
longitude
25.45E SWH
(m)

Buoy WAM Buoy WAM Buoy WAM Buoy WAM

Mean 0.92 0.78 0.79 0.73 1.02 0.89 0.99 1.01
St. Dev. 0.62 0.58 0.56 0.58 0.75 0.64 0.73 0.84
Var. Coeff. 0.67 0.74 0.71 0.79 0.74 0.72 0.74 0.83
St. Error 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Skewness 1.69 2.06 1.51 1.60 1.79 2.01 1.25 1.40
Kurtosis 7.63 9.30 5.94 6.56 7.44 9.49 5.36 5.93
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mn ¼
Z2p

0

Z∞

0

f nEðf ; qÞdfdq; n ¼ �1;0;1;2 (1)

More precisely, the significant wave height Hs and the energy
period Te are given by

Hs ¼ 4
ffiffiffiffiffiffiffi
m0

p
; Te ¼ m�1

m0
(2)

The simulation area is Mediterranean Sea: 29Ne47N, 6We42E
(Fig. 1). This was necessary for reproducing swell that affects the
west and south parts of the Greek area, which is part of the area of
interest. The horizontal resolution is 0.05 � 0.05�, one of the
highest used for such studies. In this way, the local characteristics
are taken into account in a more detailed way, in contrast to pre-
vious wave energy studies, in which much coarser grids were used.
For example Pontes [45]; used a 0.5 � 0.5� resolution for the
Mediterranean Sea. Arinaga and Cheung [3] employed the Wave-
Watch3 model with a 1.25 � 1� resolution. In this study, the wave
spectrum was discretized to 25 frequencies (range
0.0417e0.54764 Hz logarithmically spaced) and 24 directions
(equally spaced), while the propagation time step has been set to
45 s. The main characteristics of the wave model employed are
summarized in Table 1.

The necessary atmospheric forcing has been offered in 3-h time
intervals from the SKIRON atmospheric model [31,43]. This model
has been developed at the National and Kapodestrian University of
Athens and it is based on the ETA/National Center for Environ-
mental Prediction (NCEP) model, developed by Refs. [26,40]. The
vertical turbulence mixing is performed by mixing coefficients of
the modified Mellor-Yamada 2.5 level turbulence. In the surface
layer, the MonineObukhov similarity theory is used. In order to
control the small scale noises, the nonlinear lateral diffusion
scheme, with the diffusion coefficient, depending on the defor-
mation and the turbulent kinetic energy was introduced.

The horizontal resolution of the SKIRON model was the same
with the wave model. Moreover, 45 vertical levels stretching from
surface to 20 Km altitude were employed. The atmospheric system
used, for initial and boundary conditions, the NCEP/GFS 0.5 � 0.5�

resolution fields. The necessary sea surface boundary conditions
were interpolated from the 0.5 � 0.5� SST (Sea Surface Tempera-
ture) field analysis retrieved from NCEP on a daily basis. Vegetation
and topography data were applied at a resolution of 30 s and soil
Fig. 2. The four buoy locations used for evaluation.
texture data with resolution of 120 s.
The quality of the atmospheric forcing is very important for the

credible simulation by wave models. Several different studies and
authors have pointed out this importance (for example
Refs. [1,9,16,25,44]). With this aim, any available observations in the
study area, obtained by meteorological stations and satellite re-
cords for atmospheric and wave parameters have been assimilated
into the atmospheric and wave models respectively, based on the
standard assimilation schemes of SKIRON and WAM models (see
Refs. [12,14,16,27,33,36,47].

More precisely, the data assimilation scheme employed for
incorporating into the wave model's integration available buoy and
satellite observations is based on an Optimal Interpolation method,
as outlined in Ref. [37]. Based on this an analyzed field of significant
wave heights is created. In a second step, the two-dimensional
wave spectrum is estimated and the information of single wave
height measurement is transformed into different corrections for
the wind sea and swell parts of the spectrum. More precisely, the.

two-dimensional spectrum is corrected by the introduction of
appropriate rescaling factors, derived from duration limited growth
relations for the wind sea and swell while it is assumed that the
wave steepness is conserved to the energy and frequency scales. On
the other hand, the local wind speed forcing is updated. A detailed
description of the method can be found in Refs. [14,16,34].

Concerning the atmospheric model, LAPS, a data assimilation
systemwhich blends gridded data with existing observations from
various sources (ground and remote sensing), has been utilized
over a 25 years (1985e2010) reanalysis at a horizontal resolution of
0.150 [32].

In order to estimate the wave power potential that can be pro-
duced by the local waves, the following formula has been used [55]:

P ¼ rwg2

64p
TeH2

1=3 (3)

where rw is the water density, g the gravity acceleration, H1/3 is the
significant wave height and Te is the energy period of the wave. The
assumptions used in this formula are based on the linear wave
theory, since we are dealing with deep water and, in such cases
energy in sea waves propagates with the group velocity of the
wave. This final assumption is correct mainly for narrow-banded
wave fields.
3. Statistical analysis

A detailed statistical analysis has been performed, concerning
the main parameters affecting the wave energy potential, by



Fig. 3. Scatter plots for the 4 buoy locations and the WAM output.

Fig. 4. Wave roses for the Lesvos buoy location: model and measurement.
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utilizing statistical measures that provide qualitative information
for energy applications. More precisely, the following statistical
indices and measures have been used:
� The mean value
� The standard deviation
� Skewness:



Table 3
Hs/Tp frequency distribution for the wave model at Lesvos location.
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g1 ¼
1
N$

PN
i¼1 ðxðiÞ � mÞ3

s3
; (4)
a measure of the asymmetry of the probability distribution,
Table 4
Hs/Tp frequency distribution for the buoy at Lesvos location.
� Kurtosis:

g2 ¼
1
N$

PN
i¼1 ðxðiÞ � mÞ4

s4
� 3; (5)
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which measures the “peakness” of the probability distribution
and the impact of possible extreme values.

It should be noted that the results provided are the overall
statistics, i.e., the statistics obtained by taking into account the 3-
hourly values of the examined variables. This approach reveals
better the detailed behavior of the examined parameters but, it may
introduce noise in the statistical estimates of the variability mea-
sures. For the areas of increased interest and, in order to provide
variability measures of practical value for the industry, we have
included the interannual variability in Section 4.3, as it is defined in
Ref. [52]: The standard deviation of the annual means normalized
by the overall mean.

4. Discussion of the results

The study focused on the years 2001e2010. For this period, the
results of the atmospheric model SKIRON and the sea waves model
WAMwere utilized. More specifically, the discussionwill introduce
comments concerningwind speed at 10m and direction, significant
wave height and direction, energy period and wave energy po-
tential. In this section, the evaluation of the simulation system is
Fig. 5. 10 m Wind speed: Mean of 10 years (a) and of th
included (Subsection 4.1), the analysis of the results on a 10-year,
yearly and seasonal base (Subsection 4.2) and the on-site analysis
for the areas with increased interest (Subsection 4.3).

4.1. Evaluation

The new version of the wave model used in the present study
has been evaluated by the developing Center's (ECMWF) wave
group in Refs. [7,8,38], providing detailed analysis of the perfor-
mance of the model. Moreover, an application and evaluation in the
North Atlantic Ocean can be found in Ref. [15], an evaluation study
against remote sensing data for the Mediterranean Sea is presented
in Ref. [18], while similar evaluation and analysis for the west
coastline of the US (Pacific Ocean) is presented in Ref. [17].

For this work, further evaluation of the model has been per-
formed and is presented here. The evaluation concerned the sig-
nificant wave height and direction in four buoy locations, in the
north and south part of Aegean Sea as well as in the south Ionian
Sea (Fig. 2). The three southern buoys provide only altimetric data
(i.e. significant wave height), when the northern one includes
directional information as well. For this evaluation the closest grid
e year 2003 (b). Mean wind power of 10 years (c).



Fig. 6. Seasonal 10 m wind speed, winter and summer time.

Fig. 7. Standard deviation of wind speed, 10 years and summer time.

Fig. 8. Kurtosis of wind speed, 10 years and the year 2006.
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point of the wave system has been used. The available period of
observations for each location is included in Table 2. A light un-
derestimation of the SWH by the model is obvious in all cases
except Mykonos (Table 2 and Fig. 3). On the other hand, the di-
rection in Lesvos is simulated efficiently, with the majority of the
cases showing a north-northwestern direction of the swh, both by



Fig. 9. Skewness of wind speed, 10 years and autumn.

Fig. 10. Significant wave height, 10 years and the year 2003.

Fig. 11. Seasonal significant wave height, winter and summer time.
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model and observations (Fig. 4). The most frequent SWH range is
between 0 and 2 m, as shown in the Hs/Tp distribution diagrams
(Tables 3 and 4). These results show the good distribution
agreement between model and observations and are of increased
importance because of the role of such tables in the choice of the
proper location for the wave power generators. In this area, the



Fig. 12. Standard deviation of significant wave height, 10 years and the year 2004.

Fig. 13. Standard deviation of significant wave height, winter time.
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scatter plots (Fig. 3) show also good agreement between WAM and
buoy measurements.

4.2. Temporal analysis

The above described study focused in the main meteorological
and wave parameters affecting the wave energy potential. An
Fig. 14. Kurtosis of significant wave he
analysis on a 10-years, year-by-year and seasonal base has been
performed, concerning all the statistical indices utilized (Mean,
standard deviation, skewness and kurtosis) for the wave energy
potential and the main atmospheric (wind) and sea wave param-
eters (significant wave height, direction and mean wave period)
affecting it. We have to note here that the basic maps are presented,
as well as a choice of the most characteristic ones for each
parameter, from the annual and seasonal study.

The study of wind speed shows maximum intensities over the
areas west and east of Crete and in a tunnel crossing the eastern
side of Aegean Sea, with intensity up to 8 m/sec (Fig. 5a). We should
note that the color scale bars are the same for the maps of each
parameter in order to be comparable with each other. The same
pattern is valid for the wind power, since it is depended on wind
speed only (Fig. 5c). Wind speed is more intense during the winter,
as expected (Fig. 6). This is due to the general atmospheric circu-
lation at this period of the year, with several low pressure systems
crossing over Balkans. This pressure gradient results to high wind
speeds. The next season with increased values is summer, because
of the etesian winds prevailing over Aegean Sea, mainly in August.
As far as the yearly stats concerned, wind speed increased its in-
tensity over the same areas depicted by the 10 year study. We
should remark that Cyclades islands are playing the role of an
obstacle to the wind (and the waves) propagation.

The northern parts of Greek seas (northeastern Aegean Sea)
show high values of standard deviation (4 m/sec), which means
ight, 10 years and the year 2006.



Fig. 15. Skewness of significant wave height, 10 years and the year 2006.

Fig. 16. Energy wave period, 10 years and winter time.

Fig. 17. Standard deviation of the energy wave period, 10 years.
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that the wind speed in these parts is of high variability. Standard
deviation is higher during winter, but is quite small during summer
time (Fig. 7). The mean and the standard deviation of wind speed
are having an almost constant yearly behavior.

Coastal areas reveal high kurtosis values, meaning that the
distribution of wind speed is more affected, in these areas, by high
values (Fig. 8). Skewness, as kurtosis, is also considerable near
coastal areas, with higher values during summer (Fig. 9), when the
weather is mild and any extreme event may play an important role.
This result leads to the conclusion that there is a move of the dis-
tribution towards higher wind intensities.

No long term variations are existing in the yearly study of wind
speed in this decade. Yearly skewness is being also maximized in
the central Ionian Sea and in the south parts of Thermaikos Gulf
(not shown here). This is a fact that may be attributed to the at-
mospheric and wave models: in those closed gulfs (like Thermai-
kos), the resolution used cannot simulate accurately the local
phenomena because of the small number of grid points in these sea
areas. The same conclusions for the coastal areas and Thermaikos
Gulf stand for the Kurtosis values (Fig. 8). Moreover, it should be
noted that in areas with low mean values, any significant weather
eventmay play an important role in the general situation described.
Finally, there is a rather symmetric and low risk wind speed dis-
tribution (and significant wave height, as will be shown in Fig. 14)
over the areas with increased mean values.

Significant Wave Height (SWH), which is a main factor in the
calculation of wave energy potential, is having its higher mean
values (1.2e1.4 m) in the south seas (South Ionian Sea, South Cretan
Sea) and this fact may be attributed to swell coming from south and
central parts of Mediterranean (Fig. 10). The higher values are
shown in the winter time (1.6 m) and then during spring (Fig. 11).



Fig. 18. Kurtosis of the energy wave period, 10 years and summer time.

Fig. 19. Kurtosis of the energy wave period, the year 2006.

Fig. 20. Skewness of the energy wave period, 10 years and summer time.

Fig. 21. Mean wave power potential, 10 years.

G. Emmanouil et al. / Renewable Energy 90 (2016) 399e419 409
Similar results were accumulated by Ref. [24]; who studied the
wave power potential in Aegean Sea with input by the ERA Interim
data. This seasonal pattern agrees with the wind pattern during
winter, when the increased wind speeds play an important role to
the waves as well. The areas of interest during winter remain to be
the tunnel in the east Aegean, the south sea parts (as also described
for the wind speed) and Ionian Sea. In summer, the wind waves are
not capable of keeping high SWH for long periods. This time of the
year, we have increased wind waves with low mean wave period.
This results, as we will see in Fig. 23, to decreased values of wave
power potential. In the Ionian Sea, there are increased mean values
and decreased uncertainty.



Fig. 22. Mean wave power potential, the years 2003 and 2009.

Fig. 23. Seasonal mean wave power potential, winter, spring and summer.
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In a yearly basis, the area with the higher SWH (1.4 m) is
constantly the one west of Crete, with the eastern part following
(Fig. 10). The open Ionian Sea as well as the tunnel in the
eastern parts of Aegean are also the areas with high interest. On
the other hand, there are no significant differences from year to
year.

The terrain of the Cyclades islands which is reducing the wind
speed, is not allowing to the swell to cross the area of central
Aegean, neither from south to north nor the opposite. This creates
the shadow effect on the back side of the islands. The same
conclusion also stands for Crete.

The standard deviation increases in similar to the wind speed
max areas (Fig. 12). This is due to the fact that the wind waves vary
according to the weather conditions of the relevant time period.
The northern part of the eastern Aegean tunnel is the area with
high deviation values (up to 0.9 m) (Fig. 13).



Fig. 24. Standard deviation of the wave power potential, 10 years and the year 2004.

Fig. 25. Standard deviation of the wave power potential, winter time.

Fig. 26. Kurtosis of the wave power potential, 10 years.
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Kurtosis is growing near the coasts and in the Ionian Sea, mainly
its central parts (Fig. 14). This shows that in these areas the distri-
bution of swh tends to depend more on high values of SWH. The
variability from year to year is considerable. So, one may expect
different non-frequent value distribution and impact.
Skewness is maximizing near the coasts, in the central Ionian
Sea and in the south parts of Thermaikos Gulf (Fig. 15). The vari-
ability from year to year is smaller than the one in kurtosis.

The energy wave period is mainly depended on the swell part of
the waves, though taking bigger values (6 s) at the southern parts
(Fig. 16). The standard deviation of the wave period is almost
constant within the decade (as shown representatively in Fig. 17).
The skewness and the kurtosis are showing considerable values in
the closed gulfs (Figs. 18e20), where the period is having low
values with the problem of the wave model simulation (as
described earlier) in those closed areas adding in those variations.

TheWave Power Potential gives increased values (6e7 kW/m) in
the same areas with SWH, but also in a major area of Ionian Sea
(Fig. 21). This fact may be attributed to the significant values of
SWH, as well as of the wave period prevailing in these areas. At the
same time, the wind power is increased over these areas (Fig. 5c),
leading to the conclusion that a combined exploitation of these two
different atmospheric phenomena could give better and more
stable results in the renewable energy exploitation.

The favor year for the mean wave power potential was 2003
with values, east of Crete, reaching 9 kW/m and interesting areas,
those of southwest parts and the tunnel of eastern Aegean (Fig. 22).
Compared to the results of Jadidoleslam et al. [24]; slightly greater
values are presented here due to better model domain setup and
resolution, which allows swell waves reach parts of the study area.

Those are the areas of increased interest for the whole decade
with the maximum from year to year varying from 7 to 9 kW/m.
The most interesting seasons are winter and spring (Fig. 23). Sig-
nificant yearly variation exists in mean wave power values as well
as in the corresponding deviation values, as shown in the two
representative maps of Fig. 22. However, the deviation is quite
important in the open Ionian Sea and especially the southwestern
parts (Figs. 24e25) with values in year 2004 up to 15 kW/m.

Significant high values are evident for the kurtosis, with lower in
the south part areas (Figs. 26e27). Kurtosis is growing near the
coasts and in the Ionian Sea, mainly its central parts. This shows the
increased impact of extremes for wave power over the Ionian Sea
and the wind-wave areas of Aegean Sea.

Skewness is having low values in the eastern Aegean tunnel and
shows variability in the other open sea areas (Fig. 28). Nevertheless,
it keeps high values in the coastal areas, showing divergence from a
normal-symmetric distribution of the wave power potential
around the mean value. Similar conclusions may be extracted for
the swell dominated areas of the western seas.



Fig. 27. Kurtosis of the wave power potential, the years 2003 and 2006.

Fig. 28. Skewness of the wave power potential, 10 years and the year 2006.
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4.3. Site analysis

In the next table (Table 5), we present the interannual variability
(as described in Section 3 and defined in Ref. [52]) of the parame-
ters examined in four points of increased interest, which are shown
in Fig. 29. We note that in these areas, there is a slight variation
from year to year. The wave energy potential is relevantly stable
because of the long wave periods prevailing there.

A study for the main wind and wave directions, as well as the
distribution of wind speed at 10 m, SWH and mean wave period,
prevailing in two points (point 1 and 2 in Fig. 29) of increased in-
terest for energy applications is also presented.

The prevailing wind directions over the northern Aegean Sea
(point 1 in the map) is the north and northeast with the south-
southeast following (Fig. 30). The same time, sea waves are hav-
ing the same pattern, but the straight south direction is existing
Table 5
Interannual variability for the 4 points presented in Fig. 29 (below).

Interannual variability Point 1 Point 2 Point 3 Point 4

Wind speed 0.04 0.01 0.04 0.07
Significant wave height 0.10 0.06 0.06 0.10
Energy period 0.04 0.05 0.02 0.01
Wave energy potential 0.20 0.12 0.14 0.16
without the southeast one. This difference shows that the south
waves in this area are having a swell component.

For the same point, the values of 10 mwind speed show a wide
distribution, with the Weibull fitting better and the majority of the
values being between 3 and 10 m/sec (Fig. 31). The 95% of the
distribution (which is an extreme value indicator) is included with
Fig. 29. Wind and wave roses: areas of study.



Fig. 30. Wind and wave roses for area 1 (Northern Aegean Sea, west of Mytilini island).

Fig. 31. Wind speed (10 m) distribution for area 1 (Northern Aegean Sea, west of Mytilini island).
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wind speeds less than 15 m/sec.
Different distribution is valid for the SWH (Fig. 32), with the

Weibull describing best this parameter again, but with different
shape and scale parameters. The SWH values are included in a 95
percentile less than 2.5 m and the distribution is skewed to low
values.

The energywave period at the same time is mainly concentrated
between 3 and 5 s, with the lognormal profile fitting better to the
description of this parameter (Fig. 33). The 95 percentile of the
relevant values is approximately 6 s. The relevant significant wave
height (Hs) and energy period (Te) distribution, which is important
information that comes out from the wave energy assessment is
presented in Table 6.

The study of the areawest of Crete (point 2 in themap), which is
of great interest because of the increased availability of wave power
potential, shows winds blowing from all the northwest directions
(270e360�), when the waves are focused in the main northwest
direction (300�) as well as the north one (360�) (Fig. 34). Here, a



Fig. 32. SWH distribution for area 1 (Northern Aegean Sea, west of Mytilini island).
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combination of the wind and the swell components is contributing
to the existence of these two main wave directions.

It is important to notice at this point that the increased standard
deviation values lead to elevated index of variation values. This is,
however, mainly a result of the very low mean values of the pa-
rameters under study. So, the variability of the data is not, in fact,
that high in absolute values and the estimations provided are not
that high risky. Towards the better understanding of the analysis
proposed, the discussion based on asymmetry and kurtosis values
of the results is also helpful revealing possible increased impact of
extreme values to the data under study.

For this area, the values of 10 mwind speed show a less skewed
(compared to point 1) distribution (Fig. 35), with the Lognormal 3P
fitting better, and the majority of the values fluctuates between 4
and 10 m/sec. The 95% of the distribution (which is an extreme
value indicator) is included with wind speeds less than 12.5 m/sec.

The same distribution (the Lognormal 3P) with wind speed fits
better for the SWH as well, but with totally different shape and
scale parameters (Fig. 36). The SWH values are in a 95 percentile
less than 2.7 m and the distribution is skewed to low values.

The energywave period at the same time ismainly concentrated
within a range between 3 and 6 s, with the lognormal 3P profile
fitting better to the description of this parameter (Fig. 37). The 95
percentile of the relevant values is approximately 7.5 s. These stats
show that the shape and scale parameters are area sensitive, when
we compare to the previous point. The Hs/Te diagram (Table 7),
compared to the one of Lesvos island, is showing a move of the
values to higher energy periods and significant wave heights. This
reconfirms that in the south areas, swell is playing an important
role to the relevant parameters.
5. Conclusions

The mapping of the wave energy potential over Eastern Medi-
terranean Sea and especially the greater Greek area is the subject of
this study. We have explored the corresponding spatial and tem-
poral distribution of the atmospheric and sea wave parameters
affecting the wave energy. The numerical models used for the
simulation of the atmospheric and sea state parameters, have been
employed for a 10 year period (2001e2010) at a resolution of 0.05�.
The system was run in a hindcast mode, exploiting any available
observational data (by satellites and meteorological stations) by
data assimilation techniques, leading to improved analysis results.
The relevant outputs have been analyzed by the use of a variety of
statistical measures, monitoring the mean values, the variation, the
asymmetry and the potential impact of extreme/non-frequent
values.

The main conclusion is that the Greek sea area encloses inter-
esting points for exploitation of wind and wave energy potential.
More specifically:

❖ Atmospheric and wave models can simulate accurately the
weather conditions in these areaswith the proper configuration,
as revealed by the evaluation procedure.

❖ The primary areas of interest for wind are the Aegean Sea tunnel
and the areas west and east of Crete. There is no significant
variation from year to year. Seasonally speaking, winter is the
most interesting period, as expected. The dependence on high
values is important in some, mainly coastal, areas.



Fig. 33. Energy wave period distribution for area 1 (Northern Aegean Sea, west of Mytilini island).

Table 6
Hs/Te frequency distribution (model) for the Lesvos location.
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Fig. 34. Wind and wave roses for area 2 (West of Crete).

Fig. 35. Wind speed (10 m) distribution for area 2 (West of Crete).
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❖ For the waves, primary role is having the swell dominated areas,
so higher significant wave height values exist in the southwest
parts. Winter is the season with increased wave heights.

❖ Islands are playing a role of an “umbrella” in the propagation of
the waves (shadow effect).

❖ The most energetic offshore areas of the Greek basin, in a wave
energy potential point of view, are the southwestern parts
(Ionian and west part of Cretan Seas), with mean wave energy
potential of about 7 kW/m. The wave power potential in these
areas is more stable, because of the long wave periods prevailing
there.

❖ The dependence on extreme weather events, as well as the
distribution of each parameter affects the energy potential,
especially in the closed gulfs and the northern parts of the area
under study. This is proved by the elevated positive kurtosis
values.



Fig. 36. SWH distribution for area 2 (West of Crete).

Fig. 37. Energy wave period distribution for area 2 (West of Crete).



Table 7
Hs/Te frequency distribution (model) for the area west of Crete.
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❖ The spatial variability of kurtosis, which is an important indi-
cator of the impact of possible extreme values, is a basic char-
acteristic of the area revealing the importance of high resolution
studies for site selection.
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