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Abstract: There is an increasing necessity in reducing CO, emissions and implementing clean energy
technologies, and over the years the marine environment has shown a huge potential in terms of
renewable energy. From this perspective, extracting marine renewable energy represents one of
the most important technological challenges of the 21st century. In this context, the objective of the
present work is to provide a new and comprehensive understanding concerning the global wave
energy resources based on the most recent results coming from two different databases, ERA5 and
the European Space Agency Climate Change Initiative for Sea State. In this study, an analysis was
first made based only on the ERA5 data and concerns the 30-year period of 1989-2018. The mean
wave power, defined as the energy flux per unit of wave-crest length, was evaluated at this step.
Besides the spatial distribution of this parameter, its seasonal, inter, and mean annual variability
was also assessed on a global scale. As a second step, the mean wave energy density per unit
horizontal area was analyzed for a 27-year period (1992-2018) with both ERA5 and the satellite data
from the European Space Agency being considered. The comparison indicates a relatively good
concordance between the results provided by the two databases in terms of mean wave energy
density, although the satellite data indicate slightly higher energy values.

Keywords: wave energy; ERA5 data; multi-mission altimeter products; CCI-SS data

1. Introduction

At present, there is an increased interest to add more renewable energy resources to the
energy systems in order to maintain the target that was established in 2015 by the United
Nations Framework Convention for Climate Change, the Paris Climate Agreement [1],
to limit global warming below 2 °C. A recent study made by the International Renewable
Energy Agency (IRENA), based on data provided by previous reports, indicates that
the CO, emissions have increased by 1% per year in the last decade [2]. On the other
hand, the analysis made by the International Energy Agency (IEA) regarding the effect
of the Covid-19 pandemic on the energy sector shows that the disruptions caused by this
pandemic are greater than anything encountered in the recent history [3]. The data analysis
regarding the energy demand in the first quarter of 2020 indicates a decrease of about 3.9%
compared to the same period of the last year. This is caused especially by the reduced
economic activity and mobility.

An updated assessment of the IEA shows also a reduction of energy-related CO,
emissions by 7%. Not all the fuels are equally affected, and surprisingly, compared to
the general trend, a slight rise in the contribution of renewables is estimated. Today,
two scenarios are modeled by the IEA. The first one is based on the assumption to control
the pandemic situation in 2021 and the economy to return quickly to the pre-crisis levels.
Under these conditions, the global energy demand is expected to return in early 2023.
The pessimistic scenario estimates a two-year delay compared with the first scenario.
However, the pandemic aftermath in the economic sector will not produce a decisive break
of the CO, emissions to change the trend of emissions, and for this reason, the deployment
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of clean energy technologies must continue. Various studies suggest also that the price
performance of clean energy compared with conventional fossil fuel in this pandemic crisis
can accelerate the sustainable transition [4,5].

There are several renewable sources of energy in different stages of maturity [6],
and some of them are in the marine environment [7,8]. Wave energy has remarkable
potential, but unfortunately, progress in the development of commercial prototypes has
moved quite slowly [9-11]. The hydrodynamic power performances of various wave
energy converters (WECs) have been reviewed [12,13]. It is obvious that WEC performance
also depends on the wave energy potential in the areas where the wave farms are located,
and therefore wave energy estimations are required before any deployment.

In this context, the global assessment of the wave power has been the topic of several
studies based on the sea state conditions provided either by numerical models [14-18]
or satellite measurements [19]. Such a global assessment of the wave power can indicate
regional areas with high potential, but they may not provide an exact local picture of where
the places with energy concentrations, the so-called “hot spots”, are encountered [20-22].
These local energy concentrations are determined especially by the local bathymetry char-
acteristics; to find them, simulations with wave models implemented at various levels
(from regional to local levels) using high-resolution bathymetry are necessary.

Several studies at regional and local levels to find the most promising places to catch
the wave energy were performed. For each continent, some relevant studies can be men-
tioned; in the Asian continent, the wave energy resources in Northeast Asia [23] and
Indonesia [24] were evaluated for extended periods. The western coasts of Europe are
promising locations [25], and various studies have been performed considering various
relevant areas as France [26], Portugal [27,28], and Ireland [29]. Furthermore, the poten-
tial of the wave energy in the European semi-enclosed seas, the Black Sea [30], and the
Mediterranean Sea [31] was also evaluated. Several other studies showed that signifi-
cant wave energy resources can be found in Australia [32,33] as well as North [34] and
South Americas [35,36].

The islands received special attention because these isolated areas need to have energy
independence and sustainable development [37,38]. Thus, among many assessments
conducted in the island environment, the studies for Menorca (the easternmost part of
Spain’s Balearic Islands) in [39], Cape Verde in [40], and Hawaii’s archipelagos in [41]
can be mentioned as more significant. In addition to the evaluation of wave energy
resources, the inter- and intra-annual variability of the potential power production was
estimated, this being an essential element for evaluating the economic viability of the future
wave farm projects [42,43]. In the recent years, when the effects of climate change have
become increasingly evident and projections of the future sea state conditions indicate
significant changes [44], some studies have also been conducted on the evolution of the
wave power [45-47].

In this context, the present study aims to assess the global wave power and its char-
acteristics using the latest re-analysis data that are available from the European Center
for Medium-Range Weather Forecasts (ECMWF). As regards the novelty and the added
value of the present work, it has to be first highlighted that any new assessment of wave
power resources on a global scale, based on the most up-to-date information, should be
considered important.

Moreover, besides an in-depth analysis of wave power characteristics, the novelty and
the added value of the present work are seen in the comparison of wave energy densities
by considering two different databases, i.e., ERA5 (abbreviation of ECMWEF RE-analysis,
fifth generation) and CCI-SS (Climate Change Initiative for Sea State), new products of the
multi-mission altimeter measurements provided by the European Space Agency (ESA) [48].
This gives a better perspective of the wave energy resources not only on a global scale but
also on the convergence between the two datasets compared.
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2. Materials and Methods
2.1. Datasets

In order to achieve the proposed objectives, one of them being to assess the distribution
of wave power worldwide, it is important to use the most up-to-date data that covers all the
important water bodies and provides information about the wave parameters. The ERA5
database, the fifth generation ECMWEF re-analysis for the global climate and weather, is the
product that meets the above requirements [49]. The ocean wave database included in
ERADJ contains information concerning various wave parameters at a global level, from 1979
to the present, with a standard spatial resolution of 0.5° x 0.5°. These wave parameters are
estimated from the two-dimensional wave spectra and have an hourly temporal resolution.

In this study, the time series for the two wave parameters with 3 h temporal resolution,
corresponding to each grid point, were retrieved from the ERA5 database. The two
parameters are the significant wave height estimated from the wave spectra (significant
height of combined wind waves and swell) denoted as Hg (m) and the wave energy period
defined as the ratio of the first negative moment of the wave spectrum to the zeroth
moment of the wave spectrum denoted as T, (s). The quality of the significant wave heights
was evaluated by comparisons with buoy observations. The scatter index computed as
normalized standard deviation shows a lower value for ERA5 data compared with the
previous ECMWE re-analysis, indicating the better quality of the new dataset [49].

Another dataset considered in this work is represented by the most recent sea state
climate data records based on the multi-mission satellite altimeter measurements of the
significant wave height (Hs) processed in the framework of the European Space Agency
Climate Change Initiative for Sea State (CCI-SS) project [50]. The CCI-SS dataset (version
1.1) contains three types of products, but in this study, we used only the Level 4 product that
contains global remote sensing merged with the multi-mission monthly gridded significant
wave height (1° x 1° spatial resolution) for the time interval of 1992-2018. The altimeter
data used in the CCI-SS dataset v1.1 come from multiple satellite missions as presented in
Table 1, all processed in a consistent manner [50,51]. More precisely, from this database,
we retrieved the variable defined as the sum of the significant wave height squared values
over a fixed resolution grid 1° x 1° and for a specific month, together with the number of
significant wave height values.

Table 1. Altimeter missions used for the Sea State CCI dataset for the time interval 1992-2018
(information processed from [50]).

Mission Covered Period Repeat Period (Days)
ERS-1 1992—-2000 35
TOPEX 1992—-2006 10
ERS-2 1995—-2011 35

GFO 1998—2008 17

JASON-1 2001-2013 10

ENVISAT 2002—-2012 35

JASON-2 2008—-2018 10

CRYOSAT-2 2010—-2018 369

SARAL 2013-2018 35

JASON-3 2016—2018 10

The altimeter Hs measurements included in the CCI-SS dataset were carefully cali-
brated, and a quality evaluation was performed by looking at comparisons with in situ
measurements. The statistical parameters show a good agreement between altimeter and in
situ measurements, with low values for bias (£0.1 m) and root mean square errors (around
0.22 m), and high correlation coefficients (around 0.97). An analysis of these data was
recently made [52,53].

Whereas CCI-SS provides information only about the significant wave height parame-
ter, and the mean wave energy density per unit horizontal area (Ey) is directly related to
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the square of Hg, the monthly mean wave energy density per unit horizontal area will be
evaluated as a second step of the present work. This is computed based on the total of the
median significant wave height squared values divided by the number of available data
retrieved from CCI-SS database.

2.2. Wave Power and Wave Energy Density Evaluation

The wave energy flux per unit of wave-crest length in deep water, also known as the
wave power Py, (W/m), can be computed in a deep water location using the following rela-
tionship [54]:

2
PE
Py = @Hé T, (1)
where Hs (m) is the significant wave height, T, (s) is the wave energy period, p = 1025 kg/m?
is the density of the seawater, while g (m/s) is the gravitational acceleration.
The wave energy flux in the wave propagation direction can also be written as [55]:

Py = Eycg 2

where E;, (J/m?) is the mean wave energy density per unit horizontal area (the sum of
kinetic and potential energy density per unit horizontal area), and ¢, is the group velocity
(m/s). The mean wave energy density per unit horizontal area is calculated as:

Ew = %Hg 3)

It can be noticed from the above relationships that two wave parameters (Hg and T)
are necessary for computing Py, and they are available in the ERA5 database. These two pa-
rameters are retrieved from the ERA5 database with a temporal resolution of 3 h over the
30-year time interval (1989-2018). On the other hand, for the evaluation of E,, we need
only Hg, which is available in both databases (ERA5 and CCI-SS). By considering the
two databases and then compare the results, the mean wave energy density per unit
horizontal area can be evaluated in parallel.

3. Results

In this section, the results regarding the wave power computed at the global level
based on ERA5 data are first analyzed. Additionally, some other issues regarding the
variability of these resources are also discussed. As a next step, an evaluation of the wave
energy based on both datasets and a comparison between them is made. Various maps
are included in this section as a result of the analysis of several data; in all the maps,
the maximum values corresponding to each respective field are marked with a white circle.

3.1. Global Wave Power According to ERA5 Database

The time series of the wave parameters (Hs and T,) with 3 h temporal resolution
retrieved from the ERAS5 database were used to compute the wave power time series in
each grid point. Then, they were averaged, and the global mean wave power map was
designed (Figure 1) for the entire 30-year time interval 1989-2018. The areas from the
Northern and Southern Hemispheres covered by ice are represented with white color.
The maximum value of the entire mean wave power field is around 119 kW/m and is
located in the Southern Hemisphere. The higher wave power potential presents a fairly
large spatial variability, with the highest values between the latitudes 40° and 60° of both
Northern and Southern Hemispheres.
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Figure 1. Mean wave power over the 30-year time interval considered (1989-2018) based on date from ERAS5 (i.e,,
ECMWF RE-analysis, fifth generation).

It can be also noticed from Figure 1 that in the South Pacific and Atlantic Oceans and
in the southern part of the Indian Ocean over extended areas, the highest values of the
mean wave power (higher than 80 kW /m) can be found. This is due to the influence of the
Southern Ocean (an extended water body without any land that encircles Antarctica) with
extended fetches for wave developments and an upward trend of the Hg associated with
the global warming [56,57]. The most energetic coastal regions are in the southwestern
parts of South America, South Africa, and also in the southern coast of Australia. The North
Atlantic is the most energetic zone of the Northern Hemisphere where the highest values
are found (around 80 kW /m). Near the coasts, the highest values of the wave power are
noticed on the western sides of Europe and North America.

An overview of the global wave power statistical distribution is provided through
the computation of the percentiles and their representation as maps. The 50th, 75th, 90th,
and 95th percentiles of the wave power based on ERA5 data over the 30-year interval
considered are illustrated in Figure 2. As it is known, a percentile is a kind of quantile
that divides the given probability distribution into 100 equal intervals. This allows for
the analysis of the data in terms of percentages. For example, the 95th percentile is a
value below which 95% of the observations are found, and above which are 5%. The 50th
percentile represents the median of the distribution (or second quartile Q,), and the 75th
percentile is the third quartile (Q3). It can be noticed from Figure 2 that the maximum value
for all percentiles is located in the Southern Hemisphere (more or less the same position as
the maximum value of the mean wave power).

The 50th percentile (median value) does not exceed 50 kW /m in the Northern Hemi-
sphere while in the Southern Hemisphere between the latitudes 40° and 60°, the values
are in general higher than 50 kW/m with a maximum of 93 kW /m (except a small area
in the southeastern side of South America where the lowest values of the southern region
are always encountered). For the 75th percentile, the same distribution pattern of the
greatest values is maintained as in the case of the 50th percentile. However, the maximum
value now reaches about 151 kW/m. As regards the 90th and 95th percentiles, the mag-
nitudes encountered in both hemispheres are more similar, and in extended areas their
values are higher than 160 kW /m, while the maximum values reached 229 kW /m and
294 kW /m, respectively.
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Figure 2. Wave power percentiles based on ERA5 data over the 30-year time interval (1989-2018): (a) 50th percentile,
(b) 75th percentile, (c) 90th percentile, (d) 95th percentile.

3.2. Wave Power Variability

First, the seasonal variability was analyzed using the quarterly partition for the
months of the year that corresponds to the seasons from the Northern Hemisphere. Thus,
winter covers the months December, January, and February (DJF); spring corresponds
to March, April, and May (MAM); summer to June, July, and August (JJA); and autumn
to September, October, and November (SON). Figure 3 shows the wave power means
corresponding to each season and computed using the 30 years of ERA5 data considered.

Figure 3. Seasonal variability of the mean wave power over the 30-year time interval (from 1989 to 2018) based on ERA5
data (the seasons correspond to the Northern Hemisphere): winter (DJF: December, January, February), spring (MAM;
March, April, May), summer (JJA: June, July, August), autumn (SON: September, October, November).

From the analysis of the maps presented in Figure 3, it can be observed that in the
Northern Hemisphere, the wave power is more affected by the seasonality; the greatest
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differences are between DJF and JJA. At the global level, there are two peaks in terms
of the maximum values of the mean wave power. Thus, for DJF, a value of 146 kW/m
was noted, this being the only season when the maximum value is found at the northern
latitudes; the value is located around the latitude of 60° N, while in JJA (i.e., the austral
winter), the maximum is located around the latitude 50° S and has a value of 154 kW /m.
Between the mean wave power values encountered in the transitional seasons as MAM
and SON, no significant differences exist, and the maximum values are around 120 kW /m.

To further evaluate the wave power variability, two more indexes that usually are
considered in the climate evaluations were computed. These indexes are the inter-annual
variability (IAV) and the mean annual variability (MAV). The first one provides a measure
of the year-to-year variability over a period (in this case the 30-year time interval from 1989
to 2018) while the second one indicates the variability within each year. The relationships
used to compute these indexes are found in [58]:

.

1AV = 7 100 @)

MAV = (‘”‘) ®)
Xk

where x denotes the time series of the wave power over a period of years, ¢ is the standard
deviation, indexes k refer to the year, and the overbar denotes an average.

The inter-annual variability of the wave power is illustrated in Figure 4; it shows that
a strong variability is present in the regions with intermittent ice coverage and also in
the enclosed or semi-enclosed basins, where the waves are highly influenced by the wind
while swell is rarely present (see for example Black Sea, Mediterranean Sea, Caribbean
Sea, Gulf of Mexico, northern side of Australia, and the seas surrounding Indonesia, etc.).
The regions with low values of IAV (below 10%) are the South Pacific and the Atlantic
Ocean and also the Indian Ocean. In the North Atlantic Ocean, the year-to-year variability
may be associated with the influence of Arctic Oscillation (AO).

Figure 4. Inter-annual variability (IAV) for ERA5 wave power over the 30-year time interval (1989-2018).

Figure 5 presents the values resulted for the global MAV index that shows the vari-
ability within each year. As expected, the greatest variability within each year is found in
the Northern Hemisphere. Thus, the MAV index in the northern part of the Atlantic and
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Pacific Oceans is highly influenced by the seasonal differences in terms of wave power, es-
pecially those existing between summer and winter wave power values (in JJA, the lowest
wave powers are encountered, while in DJF, the highest wave power values are found).

Figure 5. Mean annual variability (MAV) for wave power over the 30-year time interval (1989-2018).

The enclosed and semi-enclosed basins are also drastically affected by the seasonal
variability of the wave power as well as the zone in which the ice coverage is variable
throughout the year. Contrary to the above-mentioned oceans, in the Indian Ocean and the
South China Sea, only two seasonal patterns are present, and they are related to monsoons.
The lower mean annual variability of the wave power is in general at the tropics (from
25° Sto0 20° N), and this is caused by the relatively constant waves throughout the year that
can be found in this region. The region from 35° S to 45° S presents a moderate fluctuation
influenced by the presence of swell [59].

At this point, it has to be noted that the patterns of the IAV and MAV indexes are in
line with those computed by Stopa et al. [58] for the significant wave height, but the values
for wave power are higher. They may be influenced by the power low relationship existing
between Py, and Hg (where Py, varies as a power of Hg).

3.3. Comparisons of the Wave Energy Density between CCI-SS and ERAS

Given that until now, in general, the wave energy resources at a global level are
assessed based on the wave model results implemented at a global scale, the new CCI-SS
database represents an opportunity to use altimeter measurements for wave energy evalu-
ation. At present, the altimeter measurements are considered better in covering the world
water basins, and also the accuracy of the measurements is increased. An important objec-
tive of the CCI-SS project is to improve the measurements near the coastal areas, and from
this perspective, improved new data versions are expected to come soon. Furthermore,
the computation of the relative differences between the wave energy density evaluated
based on CCI-SS and ERA5 data shows us the robustness of the new altimeter data for the
wave energy assessment.

Based on the CCI-SS data described in the previous section, the mean wave energy
density (E,.ccr) was computed over a 27-year time interval (1992-2018) with Equation (3).
Thus, the mean E,, ccj over each month was computed, as well as the average for the whole
period. This was made using the values retrieved from the CCI-SS database, namely the
total of the median significant wave height squared values over a specific month and the
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number of the median significant wave height. As mentioned, the CCI-SS gridded data
(Level 4 product) have a 1° x 1° spatial resolution.

The E,.ccr worldwide distribution is illustrated in Figure 6; the white pixels repre-
sent the grid points where no data are available due to the presence of ice or where the
percentage of the available data is below 50% of the time series (i.e., the minimum criterion
to compute a mean was not met). The E,.ccy maxima (around 17 kJ/ m?) is also located in
the Southern Hemisphere where the higher values of the wave energy density are found.
Practically, in both hemispheres the higher values are in the same latitude band; this shows
that a similar ratio is maintained between the northern and southern values as in the case
of the parameter Py,.

Figure 6. Mean wave energy density (E,.ccr) over the 27-year time interval (1992-2018) based on data from CCI-SS (Climate

Change Initiative for Sea State).

Furthermore, in order to have the same basis for comparison, the mean wave energy
density was calculated using both data (CCI-SS and ERADS). It should be highlighted that
the information regarding Hg was extracted from the ERAS5 files in the points matching
the CCI-SS grid for the same period covered by the CCI-SS data (1992-2018). The monthly
average values of E,,. rras5 are computed, and later on the average over the entire period
and the results are presented in Figure 7. For the ERA5 data, the maximum value of E;,_gra
is around 15 kJ/m? and has approximately the same location as in the case of CCI-SS data.

Similar patterns for the global distribution of the mean wave energy density computed
that was based on the altimeter measurements (CCI-SS L4 product) and was estimated
from the ERAS data are presented in Figures 6 and 7, respectively. As in the case of the
distribution of the wave power computed based only on the ERAS5 data (Figure 1), E;, shows
higher values in the mid-latitudes of both hemispheres. In the enclosed or semi-enclosed
seas (as in the Black Sea, Red Sea, or the Caspian Sea), the E;, values are lower for these
areas, as well as in the sheltered regions (as in the Gulf of Mexico or Indonesia).



Energies 2021, 14, 394 10 of 16

Figure 7. Mean wave energy density (E,.-gras) over the 27-year time interval (1992-2018) based on ERA5.

In order to have a better image of the maximum values of the mean wave energy (E;)
registered in each hemisphere according to the two datasets, these maximum values are
illustrated in Figure 8 (SH: Southern Hemisphere; NH: Northern Hemisphere). The evalu-
ation was made both for all data and each season separately. As previously mentioned,
the partition for the months of the year corresponds to the seasons from NH. It can be
noticed that the maximum values computed in SH are in general about one and a half times
larger than in NH, for both datasets. The results also show that in each hemisphere, the Ey,
maximum values computed from CCI-SS dataset are higher by about 11% in comparison
with those resulted from ERA5. Only in DJF, the E;, maximum values computed from
CCI-SS are higher by about 50% and 21% in SH and NH, respectively.

Figure 8. Maximum values of the mean E;, cc; and E;, gra5 in the Southern and Northern Hemi-
spheres, 27-year time interval (1992-2018), for total data and each season considered.

The comparison shows that higher E,, values were estimated based on CCI-SS data;
to find the magnitude of these differences, the normalized differences (%) between the



Energies 2021, 14, 394 11 of 16

climatological means of E;,.cc; and Eygras (Ew-ccr minus Ey.pras normalized by E,.ccy)
are evaluated and presented in Figure 9. The values outside the color scale are represented
in gray for those above 25% and in magenta for those below —25%. The relative differences
for each season were also computed, and Figure 10 presents their global spatial distribution.

Figure 9. Normalized differences (%) between climatological means of E;,ccr and E;gras over the 27-year time interval
(1992-2018).

Figure 10. Normalized differences (%) between climatological means of E;,.cc; and E,. gras over the 27-year time in-
terval (1992-2018); the seasons correspond to the Northern Hemisphere: winter (DJF), spring (MAM), summer (JJA),
autumn (SON).
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In general, in all figures, the minimum relative differences are around —40% (with the
highest values corresponding to the locations around Bahamas Islands), while the maxi-
mum relative differences are around +35%, located in general in the areas where the ice
coverage is variable. Over most of the water bodies, relative differences are positive, in gen-
eral until 5%, indicating that E,, ¢y is higher than E;,.rras. In the eastern side of the Pacific
Ocean and South Atlantic, from the equator to 25° latitude in both hemispheres, there are
extended regions with negative relative differences (lower than —5%). The enclosed basins
and sheltered regions (generally the same areas previously mentioned) exhibit the highest
positive relative differences.

In the intermediate seasons (MAM and SON), the same relative differences are main-
tained over the globe, with some exceptions in the Arabian Sea and in the northwestern
part of the Indian Ocean (see Figure 10). Not surprisingly, between the relative differences
computed for DJF and JJA, the highest discrepancies appear. These can be eventually con-
nected to the extreme events generated by the extratropical storms acting in the Northern
Hemisphere, the eastern tropical Pacific events, and the influence of the swell coming
in the South Atlantic and Pacific Oceans and from the Southern Ocean in the Southern
Hemisphere in winter (corresponding to JJA) [60,61].

Thus, the clearest example regarding the modification of the relative differences occurs
in the Arabian Sea and the northwestern part of the Indian Ocean. In such places, it can
be seen that in over extended areas, the relative differences pass from negative values in
winter to positive values in summer. The Arabian Sea is generally a calm region (see [58]),
but in summer (JJA) it is affected by a southwesterly jet that develops close to the African
coast and is associated with the Northern Indian Ocean summer monsoon [61,62]. For this
reason, a greater mean annual variability of the wave climate (MAV) is encountered in this
region [63]. In addition, a recent study [64] shows that in the Arabian Sea, Hg from ERA5
presents some discrepancies in the function of the sea state conditions, related especially to
the pre- and post-monsoon seasons. Thus, an overestimation in the swell conditions was
observed. In DJF and MAM, an area with more pronounced positive relative differences
(compared with Figure 9) is found along the equator. On the other hand, on the eastern
side of the Pacific Ocean and the South Atlantic, the highest negative relative differences
are in these seasons, while in the next two seasons (JJA and SON), both the positive and
negative relative differences attenuate, approaching zero percentage.

The differences between the E, values can be also explained by the various errors
existing in both databases. Thus, it should be noted that although both databases are built
based on previous experience in processing satellite measurements or simulating wave
conditions, they have been available for research only for a very short time, and therefore
there are few studies on data quality. Although the wave simulations for ERA5 were
performed with updated bathymetry and using an improved wave model, errors may still
be present due to the coarse resolution of the computational grid (especially in coastal
areas or enclosed basins); these can be also due to errors in the wind field that was used
to force the wave model or some model parameterizations considered [65]. Moreover,
some errors can be present in the altimeter measurements, especially in the coastal areas.
It is obvious that the values of the wave energy densities computed based on both datasets
are strongly influenced by the values of the significant wave height. The existing errors in
the Hg evaluation by means of numerical modelling or measurement are also propagated as
errors in Ey. A detailed analysis of the significant wave height provided by both databases
was performed by Dodet et al. [50].

4. Conclusions

The recent ERAS re-analysis data and also the new CCI-SS products of the multi-
mission altimeter measurements present a good opportunity for an up-to-date assessment
of the global wave energy resources. From this perspective, the wave power and the
wave energy density at a global scale were evaluated with these newly available data.
Since the altimeter measurements provide information only about the significant wave



Energies 2021, 14, 394

13 of 16

height, the wave energy density, which can be derived only from this parameter, is com-
puted using data from both databases followed by a comparison between the results. As the
wave power relationship indicates, the values of the two wave parameters are necessary
(Hs and T,) for computing the wave power, and they can be provided at this moment only
by the ERAS database.

The wave power at the global scale was evaluated over 30 years (1989-2018), and the
results show that the highest values are in a latitude band of 40-60° in both hemispheres.
The maximum mean wave power value reaches 119 kW /m, and it is located in the Southern
Hemisphere. On the other hand, the lowest wave power values are in the enclosed
or semi-enclosed water bodies (as in the Black Sea, the Mediterranean Sea, or the Red
Sea), or in sheltered coastal regions (as in the Gulf of Mexico or Indonesia). The wave
power fields have similar patterns with those from some previous assessments (see for
example, [14,66]) where other re-analysis databases were considered. In the first study,
15 years (2000-2014) of data from ERA-Interim [67] was used, while in the second, the above-
mentioned GOW (Global Ocean Waves [68]) re-analysis covering the period from 1948 to
2008 was analyzed. Small differences exist in the maximum values (around 127 kW/m and
140 kW /m), but their locations are more or less in the same place.

The global wave power statistical distribution shows that the 50th percentile in the
Northern Hemisphere is up until 50 kW /m, while in the Southern Hemisphere it reaches
a value of 93 kW/m. Concerning the 90th and 95th percentiles, both hemispheres have
similar values (being in extended areas higher than 160 kW/m), with the maximum
reaching 229 kW/m and 294 kW /m, respectively, and with small areas around them being
higher than 180-200 kW /m. The variability (seasonal, mean annual, and inter-annual) of
the wave resources was also evaluated. The Northern Hemisphere is more affected by the
seasonal variability, showing high differences between DJF and JJA, and also high values
of the indexes MAV and IAV.

In the next step, the wave energy density based on both databases (ERA5 and CCI-
SS) was assessed at a global scale. A good agreement between the results was found,
and similar patterns were noticed. However, some disagreements indicated by the relative
differences have also been observed. The high relative differences (positive or negative)
appear to be in the Arabian Sea and in the northwestern part of the Indian Ocean, areas that
are affected by the southwesterly jet associated with the Asian summer monsoon.

In the enclosed basins and sheltered coastal regions, the highest positive differences
were noticed (CCI-SS results being higher than those from ERA5). This suggests that in
these small areas characterized in general by low significant wave heights, the altimeter
measurements may overestimate the Hg parameter. Further investigations considering the
new version of the CCI-SS products will be carried out, taking into consideration the project
objectives, which will be focused on to improve the assessment of the wave parameters in
the coastal regions.

Finally, it should be highlighted that although the technology for the wave energy
extraction is not yet fully effective, the very high dynamics as regards the offshore wind
is expected to induce momentum to the wave energy industry as well [69,70]. From this
perspective, a first step would be to collocate wave farms in the vicinity of the already
operating wind farms; in this way, both the capital and operational costs would be sub-
stantially decreased [71,72]. Furthermore, another expected advantage of the future wave
energy farms is that by absorbing the incoming wave energy in the nearshore, they can
also provide coastal protection [73,74], bringing a beneficial role in the balance of the
nearshore processes.
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