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Abstract. The growing energy demand has intensified interest in marine renew-
able sources. This study assesses wave energy potential in the Mediterranean and
Black Seas using a 15-year (2010-2024) wave hindcast with the WaveWatch Il
model. It examines the spatial and temporal distribution of significant wave
height, wave energy period, and overall wave energy resources at a basin-wide
scale. The findings identify the western Mediterranean—particularly the area
west of Sardinia and from the Gulf of Lion to the Algerian coast— as having
considerable wave energy potential, primarily due to the Mistral winds during
winter. Other regions, such as the Alboran Sea, central-south Aegean Sea, and
western Black Sea, show lower wave energy levels but remain promising for the
deployment of wave energy converters (WECs) due to moderate wave power
variability over time. To assess the impact of wave-current interactions on wave
power estimation, additional simulations were performed over a 5-year sub-pe-
riod without current forcing. Results indicate that currents can reduce extreme
wave power values in the most energetic areas by up to 5 kW m-. This study
establishes a baseline wave-only simulation to aid future research using a re-
gional coupled ocean-atmosphere-wave system for more precise wave power as-
sessments.

Keywords: renewable energy sources, offshore wave energy, numerical model-
ling, WaveWatch 111, wave-current interactions, Mediterranean Sea, Black Sea.

1 Introduction

The escalating concerns about climate change and the environmental impact of fossil
fuels have intensified the search for renewable energy sources capable of generating
electricity with negligible carbon dioxide emissions [1]. Among these sources, ocean
energy, particularly from ocean waves, has gained attention as a promising and abun-
dant alternative [2,3]. However, wave energy converters (WECS) are still in the early
stages of development and face significant challenges, including limited lifespans and
high construction and maintenance costs due to the harsh marine environment [4]. De-
spite these obstacles, refined wave resource assessment and characterization of sea
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states are crucial for identifying suitable locations for energy extraction and optimizing
WECs design to match environmental conditions and available power [5].

The Mediterranean and Black Seas are interconnected semi-enclosed basins where
complex morphology and shallow coastal regions constrain fetch length, thereby shap-
ing wave dynamics and affecting wave power potential. The waves in these environ-
ments are short-crested and highly influenced by local wind dynamics and seasonal
variability. Despite these constraints, certain areas exhibit promising wave energy po-
tential, making them valuable for renewable energy exploration (e.g., [6,7]). Various
studies have investigated wave energy resources, primarily in the Mediterranean, at
both the basin scale (e.g., [8-14]) and in specific regions (e.g., [15-21]). Additionally,
other studies have explored the potential for the joint exploitation of wind and wave
energy resources (e.g., [22-25]). In the context of climate change impacts on sea state
conditions, recent studies have focused on wave energy patterns under different climate
scenarios (e.g., [26-29]).

Numerical simulation is a key tool in energy resource assessment, offering critical
insights into the selection of wind and wave farm locations and their operational man-
agement. Several studies (e.g., [30-32]) highlight the importance of including ocean
currents in wave models, as they have an impact on the wave spectrum and, conse-
quently, the estimated wave power. Wu [33] emphasized the importance of atmosphere-
ocean-wave interactions in improving wind and wave energy potential estimates. In the
domain of interest, research on current-induced effects on wave power estimation re-
mains limited (e.g., [34,35]), making this study a valuable contribution.

Within the broader context of assessing marine renewable resources and their effi-
cient exploitation, this study explores the variability of offshore wave energy potential
in the Mediterranean and Black Seas through a wave hindcast simulation for the recent
past (2010-2024). It also presents a quantitative evaluation of how the ocean current
forcing affects wave spectral parameters and, in turn, the wave energy potential estima-
tion on a basin-wide scale. This paper is organized as follows: Section 2 provides a
description and evaluation of the numerical model used, followed by the methodology
for assessing wave energy potential. Section 3 presents the main results for the two sub-
basins, including a discussion on the spatio-temporal distributions of wave power and
the effect of currents. Section 4 provides a summary of this work and future directions.

2 Methodology

2.1  Wave hindcast

The sea wave conditions analyzed in this paper are based on a 15-year hindcast
(2010-2024) using the WaveWatch 111 (WW3 v6.07; [36]) wave model for the inter-
connected Mediterranean-Black Sea system (Fig. 1). WWa3 is a third-generation spec-
tral wave model that solves the two-dimensional (frequency—direction) wave energy
spectrum over time and space. Its application in wave climatology assessments within
the study region (e.g., [37,38]) underscores its robustness and reliability. The WW3
configuration utilized here was adapted from the wave component of the coupled mod-
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elling system described by Karagiorgos [39]. The model was run on a structured curvi-
linear grid with a horizontal resolution of 1/12° (~8 km), and we used a maximum
global integration time step of 720 s, CFL time step of 240 s, refraction time step of
360 s, and minimum source term time step of 10 s. The spectral space was discretized
using 24 directions (A@=15°) and 32 frequencies ranging from 0.04118 Hz to 0.79042
Hz (corresponding to wave periods of approximately 1 s to 24 s). The frequency bins
were incremented using a step factor of 1.1, such that fn+1=1.1fn, where fn is the n-th
frequency. Further details about the model setup and key parameterizations are detailed
by Karagiorgos [39] (see their Appendix A).

The WW3 was forced with 10-m wind field components obtained from the hourly
ERAS reanalysis dataset [40] on a 0.25° spatial grid (Fig. 1a). Additionally, daily-av-
eraged sea surface currents from the GLORYS12 ocean reanalysis [41], with a hori-
zontal resolution of 1/12°, were used to account for wave-current interactions (Fig. 1b).
The currents affect the wave field in two ways: first, the wind input is modified by the
current vector, and second, the current field modifies the wave action balance equation
through advection, refraction, and Doppler shifting. It is worth noting that the GLO-
RYS12 product is also produced using ERA5 wind forcing at hourly frequency. To
assess the impact of ocean currents on wave modeling and wave power potential esti-
mation, an additional WW3 simulation was conducted without current forcing for a 5-
year period (2020-2024).
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Fig. 1. Integration domain and external forcing for the WW3 wave model: (a) Annual mean
wind speed (m s%) from ERAS5 and (b) sea surface currents (cm s) from the GLORYS12 rea-
nalysis over the reference period 2010-2024
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2.2 Model evaluation

The WW3 hindcast was evaluated using multi-platform satellite altimeter data
distributed by Copernicus Marine Environment and Monitoring Service [42]. Data from
ten satellite missions (Jason-3, Sentinel-3A/3B/6A, Cryosat-2, SARAL/AItiKa,
CFOSAT, Hai Yang-2B/2C, and SWOT nadir) spanning 2021-2024 were used to
assess the ERA5 10-m wind speed (U1o), which served as the forcing for WW3, as well
as the simulated significant wave height (Hs). The evaluation considered approximately
3.46 x 10° collocations in the Mediterranean and around 6.5 % 10° in the Black Sea.
The assessment relied on statistical indicators, including model-minus-observation
bias, root mean square error (RMSE), correlation coefficient (R), and the slope of the
best-fit line from linear regression.

As shown in Fig. 2a-b, ERAS wind speeds are slightly underestimated in both basins
compared to altimeter measurements, with mean biases of -0.27 m s in the Mediterra-
nean and -0.14 m st in the Black Sea. The RMSE values are slightly above 1.5 m stin
both basins, while the correlation coefficients are 0.84 for the Mediterranean and 0.81
for the Black Sea. As a consequence, the simulated Hs is underestimated (Fig. 2c-d),
with bias (RMSE) values of -0.3 m (0.41 m) in the Mediterranean and -0.26 m (0.38 m)
in the Black Sea. These biases (up to 18%) are primarily due to high Hs values (above
2.5 m), which also reduce the best-fit slope from linear regression (blue line in Fig. 2c-
d). However, the correlation coefficient remains high, with a value above 0.9 in both
basins. In summary, the simulated significant wave height closely matches satellite ob-
servations, strengthening confidence in the model as a reliable tool for conducting wave
power assessment in the target regions.
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Fig. 2. Scatter plots comparing ERAS5 forcing wind speed (U1o) and WW3 significant wave
height (Hs) with multi-mission altimeter data (L3) over (a, c) the Mediterranean Sea and (b, d)
the Black Sea for a 4-year period (2021-2024). The black dashed line represents the best-fit
line, while the blue solid line indicates the slope of the least-squares fit

2.3 Wave power computation and variability metrics

The available wave power potential (Pw) expressed in kilowatts per meter of wave
crest length (kW m) can be calculated using the spectral output of the wave model as:

2 o0
Po=p [ [ atrmEG s dra W]

where p is the seawater density (~1025 kg m™), g is the acceleration due to gravity
(~9.81 m s2), Cq is the group velocity depending on the local water depth (h) and fre-
quency (f), and E represents the wave energy density distributed across intrinsic fre-
quencies f and propagation directions 4.

For this study, which focuses on offshore regions, Eq. (1) can be simplified using
the deep-water approximation:

2
Py : L ’
P, = EHETP ~0491HT, [kWm™'] (2)
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where H; is the significant wave height (m), and T. is the wave energy period (s),
defined as the ratio of the -1st order moment to the Oth order moment of the wave
energy density spectrum. Our analysis is based on hourly WW3 outputs for Hs and Te.

To analyze the temporal variability of wave power (Pw), two metrics were used: the
coefficient of variation (CoV) and the monthly variability index (MVI) [43]. The CoV
measures the relative variability of wave power in relation to its average value. It is
calculated as:

a.
CoV = =P (3
? ‘PLE‘-_TFI(:'EI?L ( )

where oy iS the standard deviation of the mean wave power Py mean OVer the whole
study period. A CoV of 0 indicates no variability, while higher values signify greater
variability. The second metric, the monthly variability index (MV1), quantifies the fluc-
tuation of wave power on a monthly scale. It is given by:

R’U:mn.z - -P)'tf:m,m,

MVI =
Ptt-‘._'n!(i(lf!

(4)

where Pvmax and Pmmin represent the mean wave power during the most and least
energetic month, respectively.

3 Results

3.1  Annual and seasonal variability of wave conditions

The offshore mean wave power potential (Py) in the Mediterranean and Black Seas
is closely linked to the spatial variability of wave conditions, in terms of significant
wave height (Hs) and mean wave period (Te). Fig. 3 presents the annual mean distribu-
tions of Hs, T¢, and Py values averaged over the period 2010-2024. The highest wave
power levels (above 7 kW mt) are concentrated in the western Mediterranean (Fig. 3c),
particularly west of Sardinia, from the Gulf of Lion to the northern Algerian coasts,
where strong winds such as the Mistral generate elevated Hs (above 1 m) and long T.
(~5 s) (Fig. 3a-b). The southern lonian and western Levantine (south of Crete) basins
also exhibit intermediate wave energy potential, primarily due to the north-westerly
Etesian winds during summer. The Black Sea shows generally lower wave power po-
tential (up to 4 kW m), with the western basin (Hs: ~0.8 m, Te: ~4 s) experiencing
higher energy levels due to more frequent storms. These spatial patterns reflect the in-
fluence of regional atmospheric forcing in shaping sea state and wave energy availabil-
ity [37].
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Fig. 3. The average (a) significant wave height (m), (b) mean wave period (s), and (c) wave
power potential (kW m1) over the period 2010-2024

The Mediterranean and Black Seas exhibit pronounced seasonal variability in wave
spectral parameters and wave power potential, as illustrated in Figs. 4-6. Frequent
storms during winter (DJF) drive the highest Hs (Mediterranean: up to ~1.6 m, Black
Sea: ~1 m) and longest T. (Mediterranean: ~5-6 s, Black Sea: ~4-5 s), leading to peak
wave energy potential above 12 kW m (Figs. 4-6a). This is most pronounced in the
northwestern Mediterranean influenced by the persistent Mistral, the southern lonian
Sea, the western Levantine, and the western Black Sea. In contrast, summer (JJA) pre-
sents the calmest conditions, with the lowest Hs (~0.2-0.8 m) and shortest T, (~3-5 s),
minimizing wave energy potential (Figs. 4-6¢). However, localized wave activity per-
sists in the Aegean and Levantine basins, particularly southeast of Crete, where the
strong, jet-like Etesian winds sustain higher waves and moderate wave energy levels.
The transition seasons reflect intermediate conditions in both basins: in spring (MAM),
weakening winds lead to a gradual decrease in Hs (~0.6-1.2 m) and Te (~3-5 s), reduc-
ing wave energy (Figs. 4-6b), while in autumn (SON), increasing storm frequency pro-
gressively raises wave activity, particularly in the western and central Mediterranean
and the Black Sea, signaling the shift toward winter’s higher energy conditions (Figs.
4-6d). Overall, winter’s intense wave activity predominantly shapes the annual mean
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distribution, while summer and the transition seasons modulate the overall variability
across the basins.
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g. 4. Seasonal mean significant wave height (m) for 2010-2024: (a) winter (DJF), (b) spring
(MAM), (c) summer (JJA), and (d) autumn (SON)
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Fig. 5. As in Fig. 4, but for the mean wave period (s)
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Fig. 6. As in Fig. 4, but for the mean wave power potential (kW m'l)
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3.2 Wave energy variability metrics

Temporal variability in wave power is a crucial factor for WECs deployment. A
region with steady, moderate wave power may be more suitable for installing WECs
than an area with high mean wave power but significant temporal variability. To assess
both inter-annual and monthly variability, Fig. 7 presents the coefficient of variation
(CoV) of wave power potential, along with the monthly variability index (MVI) over
the entire hindcast period (2010-2024). In the Mediterranean, the highest CoV indexes
are presented at nearshore regions, particularly near the Italian and Greek coastlines
and east of Cyprus, where CoV exceeds 3 (Fig. 7a), indicating significant variability in
wave energy resources. In contrast, the southern and eastern Mediterranean experience
relatively lower variability, with CoV values around 2. The Alboran Sea, Gulf of Lion,
Gulf of Gabes, Aegean Sea, and eastern Libyan coasts display the lowest CoV values
(~1-1.5), suggesting more stable wave power conditions. In the Black Sea, lower CoV
values are observed in the northwestern basin, particularly near the Romanian coast and
Crimea Peninsula (CoV~2), while the southeastern Black Sea experiences greater vari-
ability.

The monthly variability of wave power is notably high in the central Mediterranean
and the eastern Levantine (MVI~2-2.5) (Fig. 7b). In contrast, more sheltered regions,
including the Alboran Sea, Gulf of Gabes, Adriatic Sea, and central-southern Aegean
Sea, experience relatively stable wave power potential (MV1~0.5-1). In the Black Sea,
wave resources exhibit relatively low variability on a basin-wide scale, particularly
along the southern coasts (MVI~1). Overall, areas with low values in both the CoV and
MVI indexes—such as the Alboran Sea, central-southern Aegean Sea, eastern Libyan
coasts, and western Black Sea—appear promising for WECs deployment, despite its
moderate mean wave power.
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Fig. 7. Spatial distribution of (a) the coefficient of variation (CoV) and (b) the monthly variabil-
ity index (MVI) of wave power for the reference period: 2010-2024

3.3  Effects of currents on wave power estimations

The inclusion of currents in the wave simulations has influenced wave spectral pa-
rameters in both coastal and open-sea regions in the Mediterranean and Black Seas (Fig.
8). On a basin-wide scale, wave energy potential generally decreases (locally by up to
~20% in the Mediterranean and ~27% in the Black Sea), particularly in regions with
strong currents (see Fig. 1b and Fig. 8c). However, in certain coastal areas of the west-
ern Mediterranean—such as near the Strait of Gibraltar, the northern Gulf of Lion, the
Tyrrhenian Sea, and the Adriatic Sea—currents contribute to an increase in wave power
potential. Similarly, in the eastern Mediterranean, wave power potential increases north
of Cyprus and on certain eastern coasts of the Levantine Sea, as well as along the south-
ern coast of Crete (by up to ~18%). In the Black Sea, currents slightly increase the wave
power potential in the eastern coasts of the basin. The main patterns in either the reduc-
tion or increase of wave power potential are strongly related to the influence of surface
currents on significant wave height and wave period (Fig. 8a-b). For instance, as noted
by Benetazzo [46], the opposite or following propagation between waves and currents
leads to decrease or increase in wave energy.
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Fig. 8. Percentage of difference in (a) significant wave height, (b) mean wave period, and (c)
wave power potential between simulations with and without ocean current forcing for the pe-
riod 2020-2024

WEC s are vulnerable to storm damage, making it vital to consider extreme wave
conditions in their placement. Fig. 9 shows the 99th percentile wave power distribution
without current forcing, along with the differences between simulations (i.e., with cur-
rents minus without currents) over a 5-year period (2020-2024). The highest wave
power values are observed in open sea areas (Fig. 9a), with spatial patterns closely
resembling those seen under average conditions (see Fig. 3c). Ocean currents generally
diminish extreme wave power in the western Mediterranean, reducing it by up to 5 kW
m-L, especially along the Algerian coast, west of Sardinia, the Sicily Strait, and the east-
ern Libyan coasts. However, their impact is limited in more sheltered areas, such as the
Adriatic, Aegean, and Black Seas.
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Fig. 9. (a) Yearly mean 99th percentile of wave power (kW m) from the simulation without
ocean current forcing. (b) The corresponding difference between simulations with and without
current forcing. Reference period: 2020-2024.

4 Summary and discussion

We examined the spatiotemporal distribution of wave energy resources in the Med-
iterranean and Black Seas using a new WW3-based hindcast over a 15-year period
(2010-2024), with 1-hour temporal and 1/12° spatial resolution. To evaluate the mod-
el's accuracy, we compared ERA5 wind forcing and simulated significant wave heights
with multi-mission altimeter observations. The validation results reveal a slight under-
estimation of significant wave heights, mainly attributed to the underestimated wind
speeds in the ERAS dataset. The biases of the selected wind forcing dataset is a well-
known source of error in wave modeling (e.g., [44,45]).

The analysis identified the most energetic regions in the Mediterranean as being pri-
marily in the western basin, particularly from the Gulf of Lion to the Algerian coast
(west of Sardinia), followed by the southern lonian Sea, and the western Levantine Sea
south of Crete. In the Black Sea, the western region has the highest wave energy poten-
tial, though it remains significantly lower than in the Mediterranean. The patterns of
wave power potential closely follow the seasonal cycle of significant wave height, with
winter being the dominant contributor to the annual mean wave power. Additionally,
regions with lower energy levels, such as the Alboran Sea, central-southern Aegean
Sea, and western Black Sea show potential for WECs development due to their moder-
ate wave power variability over time. Our findings align with previous studies [10,14],
though our estimated wave power resource is lower. This discrepancy is largely due to
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factors such as grid resolution, atmospheric forcing, and data assimilation techniques
(as included in Oikonomou [14]), all of which play a crucial role in wave modeling.

To evaluate the impact of wave-current interactions on wave power estimation, ad-
ditional simulations were conducted over a 5-year period (2020-2024) without current
forcing. The results show that ocean currents generally reduce wave power potential in
both basins, with extreme wave power values decreasing by up to 5 kW m-t in the most
energetic regions. However, in certain coastal areas, wave power increased due to cur-
rent forcing. This effect may be influenced by the alignment between waves and cur-
rents (e.g., [46,47]), although further research is needed to confirm this relationship. It
is important to note that the GLORYS12 reanalysis currents used to force the WW3
simulations does not include tidal effects. Future studies should address this aspect, as
tide-induced modulations can significantly affect shelf-scale dynamics (e.g., [48,49]).

Future extensions of this work will primarily follow three directions. First, we aim
to expand the current wave-only configuration by integrating additional model compo-
nents, and developing a regional coupled ocean-atmosphere-wave system for more ac-
curate wave power assessments, as suggested by Wu [33]. Second, we plan to enhance
the wave model’s horizontal resolution by implementing ultra-high-resolution nested
domains in nearshore regions. Lastly, a site-scale analysis will be conducted to identify
suitable deployment zones for WECSs based on multiple criteria including water depths,
distance from the shore, marine protected areas, socio-economic constraints, and po-
tential joint exploitation with wind power [4].
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