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ABSTRACT
Global distribution of the wave climate and energy using a re-analysis
dataset provides the opportunity to study spatio-temporal variation of
different parameters, and offers inputs for future sustainability plans. The
study assesses two global scale products ERA5 and ERA-Interim,
evaluating differentiation in wave climate and energy parameters.
Results compare the performance globally and analyse the rate of
change for wave power and its persistence characteristics. Based on
results for the spatial distribution and rate of change for wave
characteristics, wave power and joint distributions are expected to
increase. The study provides novel information with a wave energy
development index and rate of change globally, suggesting the most
appropriate areas for further assessment based on the discussed criteria.
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1. Introduction

In 2018, the Intergovernmental Panel of Climate Change (IPCC) published its report concerning the
contribution of anthropogenic emissions and the differentiation of climate patterns (IPCC 2018). To
mitigate the hazardous effects associated with Climate Change, several actions have been proposed
with most prominent the decarbonisation of energy systems and transition into energy systems with
higher renewable sources (United Nations 2015). However, in order to achieve the ambitious targets
of decarbonisation and obtain long-term sustainability, all indigenous resources have to be utilised.

Jacobson et al. (2017) assessed the feasibility of a 100% carbon-free energy system powered by
available renewable resources. The work underlined the necessity of offshore energies and the inte-
gral part they have to play for the energy transition. Spearheading the change is offshore wind; how-
ever, the study indicated that higher expected development for offshore wind will not be realised
without multi-renewable generation. Therefore, it was also suggested that ocean energies are also
expected to play a significant role, with wave energy having the largest share in installed nameplate
capacity globally, with expected 307 GW by 2050.

Among offshore renewable energies, wave energy has the highest energy density waves that can be
highly predictable (Zheng, Wang, and Li 2017) and has several positive environmental benefits (Sou-
kissian et al. 2017). Leeney et al. (2014) gave a thorough description of marine energy development
based on existing activities, it recorded numerous potential ‘spill-over’ benefits, such as lower visual
impacts, development of local ecosystems, for example, artificial reef generation by marine energy
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converters infrastructure. Moreover, local communities do not oppose the development of marine
renewable energy, since they do not find them as intrusive (Alexander, Wilding, and Jacomina Hey-
mans 2013). Voke et al. (2013) assessed the value of the marine environment at the United Kingdom
and found that the visual impact of marine renewables was enhanced due to their reduced visual
impacts. In addition, it was concluded by the interviews of visitors and population that the economic
activities at the area were not endangered (i.e. such as tourism), hence reducing the social impacts
such as Not In My Back Yard (NIMBY). However, the wave resource is expected to experience
changes, what may have a domino effect on many industries, and management of disasters such
as storms and flooding (IPCC 2018).

Without the use of multi-renewable generation, energy systems are more vulnerable to Climate
Change and weather variations, with expected production affected (Ravestein et al. 2018) requiring
massive back-up capacity and affecting energy costs (Schlachtberger et al. 2018). However, temporal
production benefits by multi-generation have been identified, and combination of offshore wind and
wave farms can actively reduce the variable energy production (Soukissian et al. 2017; Lavidas and
Venugopal 2018c; Astariz and Iglesias 2016).

Extracting power from waves requires a multi-dimensional approach, is highly dependent on
the available resource and is sensitive to change (Mackay, Bahaj, and Challenor 2010). Waves
are dependent on three major characteristics (i) significant wave height (Hm0), (ii) energy period
(Te), (iii) wave direction. Another layer of complexity is the different operating principles of Wave
Energy Converters (WECs) and their depth applicability considerations. Currently, there are ≥50
devices (Rusu and Onea 2018). There is no “silver” bullet or universal solution for WECs as they
depend on depth and resource characteristics (Babarit et al. 2012). All use a power matrix, the
equivalent to a power curve, to estimate the production of carbon-free electricity per seastate.
However, the selection of a WEC is far from a trivial process, and there is the need to properly
assess the long-term wave resource changes that directly will affect energy production (Fairley
et al. 2020). Wave resource potential and hence potential power production can vary even at
sites with close geographic proximity, therefore multiple marine energy sites can reduced times
of non-generation (Fairley et al. 2017).

Introducing wave energy into electricity systems can result in reducing needs for back-up gener-
ation and energy storage, leading to large reductions in electricity costs and emissions, of up to 40
and 60%, respectively (Friedrich and Lavidas 2017). Underlying the need to properly select the wave
energy converter in line with other studies (Luppa et al. 2015; Guillou and Chapalain 2018; Lavidas
and Venugopal 2018b), as the benefit seems to be diminished for Levelized Cost of Energy (LCOE) of
≥0.35 £/kWh. Guillou and Chapalain (2018) examined that between seasons and months, the vari-
ations on potential energy output can vary ≈50%, and the selection of a wave energy converter
should be considered in depth as well as its performance over long-term seasonal patters.

With increases at available computational power, assessment and in particular wave energy
resource quantifications have been increasing ; however, differences in wave energy resource esti-
mations still can exist (Reguero, Losada, and Méndez 2015) not only because of different models
(Lavidas and Venugopal 2018a) but also due to estimation methodologies with, resulting in varied
energy estimates for resources ≈32,000 TWh/year (Mørk et al. 2010), 18,500 TWh/year (Gunn and
Stock-Williams 2012), and recently ≈16,025 TWh/year (Reguero, Losada, and Méndez 2015).

This study aims to examine two resource characteristics in global scale that is the most prevalent
inWECs power production, theHm0 and Te. Focus is given on these two parameters, as they are most
vital for resource estimation and indicates the expected power production. Through, directionality is
also highly important, such information is not often disclosed in power matrices. In addition, due to
the coarseness of the global dataset, directionality changes for wave energy application will be more
useful with downscaled spatial high-resolution modelling that also captures better local bathymetric
and topographic effects.

Our analysis uses the prism of climate persistence to assess the quantitative statistical metocean
characteristics, which allow us to assess the long-term rate of change that is expected to affect power
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production. Two global re-analysis datasets are used to estimate the statistics and wave resource
characteristics. These can be vital for proper selection of WECs, which benefit immensely by know-
ing the areas where metocean conditions will see the minimum changes and potentially match their
power matrix better.

The analysis compares metocean hindcast conditions, examining differences and similarities for
statistical metocean attributes, quantifying and comparing the wave energy resource. Furthermore,
a Wave Energy Development Index (WEDI) is used to note regions that may prove interesting for
wave energy farms, by considering the relationship between maximum resource and average con-
ditions. Finally, the rate of change is estimated, indicating regional differences, and discussing the dis-
tribution of metocean conditions necessary for power production. Incorporating the rate of change
allows us to classify wave power regions that have good potential while having higher stability, sub-
sequently, these can benefit from future and more detailed high-resolution spatio-temporal studies.

2. Materials and methods

Two datasets are analysed the ERA5 (Hersbach et al. 2019) and ERA-Interim (Dee et al. 2011), both
provided by European Centre for Medium-Range Weather Forecasts (ECMWF) (ECMWF 2020).
The datasets are based on in-house methods by ECMWF (Hersbach et al. 2019), common premise
is the use of the same wave model to produce the wave data (WAM) which are then re-analysed,
minimising result discrepancies. However, there are differences between the two datasets, predomi-
nately in the spatial and temporal resolutions.

In spatial terms, there is a significant magnitude reduction in spatial resolution, from ≈0.7◦ at
ERA-Interim to 0.36◦ in ERA5. Although the hindcast products are available in several resolutions,
we used a similar range of 0.5◦ over longitude and latitude for both datasets through the Meteoro-
logical Archival and Retrieval System (MARS). The time output frequency for ERA5 is 1-h, while for
ERA-Interim is 6 h. Finally, ER5 uses a different Integrated Forecasting System (IFS), and slowly
(after 2020) ERA5 will replace ERA-Interim (Hersbach et al. 2019).

Climate analysis for any type of renewable resource requires a minimum duration of 10 years
(World Bank 2010; Ingram et al. 2011; Smith and Maisondieu 2014; Lavidas, Venugopal, and Frie-
drich 2017). However, to obtain a good understanding of climate conditions and their persistence
Climatological Standard Normals (CSN) are necessary, with a suggested duration ≥30 years
(World Meteorological Organization 2017). This analysis includes 30 years of data from 1989 to
2018, therefore ensuring that this first layer classification adheres to international standards.

Key metocean parameters from respective databases are used to assess climate statistics as mean
values, wave energy, 99th percentile andRate of Change (RC). Subsequently, the slope of themain vari-
ables is used to discuss the effects onwave energy and expected variations.Wave energy is expressed as
energy density contained per unit crest of a wave, with units in W/m or kW/m. Starting from a sim-
plistic approach wave energy flux estimations considers depth as having little or no effects, with wave
energy the summation of kinetic (Ekin) and potential energy (Epot) per unit surface area of a wave.

Ewave = Ekin + Epot = 1
8
· r · g · H2 · Cg (1)

Cg = 1
2
·
[
1+ 2k · h

sinh (2k · h)
]
·
T ·

����������������
g
k
· tanh (k · h)

√

T
(2)

ρwater density, g gravitational acceleration,H = 2awave height (α = amplitude),Twaveperiod. Poten-
tial energy per unit of wave crest (height) depends on the wave group and its celerity (see Equations (1)
and (2)). The relationbetweenwave crest length (lwave ), depth (h) andperiod arebasedon thedispersion
relationship.Waves are a summation of different wave numbers and frequencies interacting in the area,
depending on the energy density travellingwith varied frequency ( f ) and directions (θ), expressed by the
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2D spectrum over E(f , u). For wave energy, the preferred representative wave height notation is the sig-
nificant wave height (Hm0) (see Equation (3)), and the preferred period is the energy period Te (see (4)),
derived from the zeroth and first moments of the spectrum, see (5).

Hm0 = 4 · ����
mo

√
(3)

Te = m−1

mn
(4)

mn =
∫2p
0

∫1
0
f nE(f , u) df · du (5)

Te is a quantity that is connected with themeasured period, specifically, it is assumed that Te = 1.14Tz ,
and Te = awave · Tpeak, with awave dependent on the wave spectrum and with values close to unity.
Finally, the Hm0 that is introduced to the calculation, includes the overall wave height of combined
seas from wind-generated and swell waves. Therefore, considering that waves are not linear, and their
energy content is affected by the spectral moments for Hm0 and Te, the wave energy flux of per width
metre crest (kW/m) is expressed by Equation (6).

Pwave = r · g2 · H2
m0 · Te

64 · p (6)

However, the energy content itself requires more information in order to make useful decisions, the
Wave Energy Development Index (WEDI) expresses the ratio of annual average wave power (Pwave)
to the maximum storm wave power (Jwave) that every offshore device or structure will have to absorb,
WEDI measures the severity and penalises areas with a high extreme/storm conditions, see Equation
(7) (Hagerman 2001; Akpinar et al. 2012; Lavidas, Venugopal, and Friedrich 2017).

WEDI = Pwave
Jwave

(7)

The Rate of Change (RC), takes into account the statistical parameters of wave energy (e.g. mean wave
energy (DPwave )), and estimate the resource persistence over their time difference (DT) (see Equation (8)).

RC = DPwave
DT

(8)

3. Results

3.1. Metocean conditions

Global mean value of Hm0 based on ERA5, ERA-Interim have similar spatial distribution, with the
highest waves encountered near Southern latitudes (30–60◦ S), off the coast of Antarctica with 4.5–5
m, and at Northern latitudes (40–60◦ N) at the Atlantic and Pacific Oceans (see Figure 1). Both exhi-
bit similar evolution with ERA5 having slightly higher values near Antarctica. ERA-Interim exhibits
increased Hm0 at North Atlantic with mean values closer to the 4.5 m.

The 99th percentile indicates that majority of the time both at higher Northern and lower
Southern latitudes Hm0 is ≤9 m (see Figure 2). Both datasets have a similar spatial distribution
for harsh events; however, ERA-Interim illustrates higher values when compared to ERA-5. The per-
centile value reveals that severe events occur with similar magnitudes near the Poles. At Equatorial
regions (30◦ S–30◦ N), mean values drop to ≤4 m, while at Oceans centres and near continental
coastlines magnitudes are reduced to 3 m. Lower values are found in the Mediterranean, North Aus-
tralia, the complex of islands New Guinea, Indonesia and the Philippines with ≤4 m, although the
99th of Hm0 is ≤6 m indicating harsh events can occur often.
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Figure 1. Mean Hm0 in m based on (a) ERA5, (b) ERA-Interim and their (c) difference (between ERA5 and ERA-Interim).
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Figure 2. 99th percentile of Hm0 in m based on (a) ERA5, (b) ERA-Interim and their (c) difference (between ERA5 and ERA-Interim).
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For Te, the spatial distribution is more evenly spread, at lower latitudes (30–60◦ S), low frequency
(high periods) have a magnitude ≥9 sec, indicating that the regions are swell dominated (Figure 3).
ERA5 experiences a decrease by≈1 sec at central parts of the Pacific Ocean, near the Southern Ocean
and Pole there is a consistent difference of 1 sec when compared with ERA-Interim. Closer at the
coasts of Australia, New Guinea and up to Japan, mean Te values are ≈7–8 sec, while off the
coast of both North and South America period value are ≥9–10 sec, indicating that higher swell
waves reach the coasts of Americas with primary origin Western coasts of the Pacific ocean. Similar
behaviour is encountered at the Atlantic Ocean, where higher frequency waves occur off Eastern
American coastlines, travelling towards the European and African coastlines, amplifying their
Hm0 and increasing their wave period (lower frequencies).

The Indian Ocean has similar values of Te and Hm0, as the ones at Eastern Japan, Australia, New
Guinea, and Northern parts of the Arabian Sea with magnitudes from 6–7.5 sec, indicating low swell
seas. When comparing mean values, it is evident that ERA-Interim is lower by ≈1 sec along most
coastal regions (near the coasts), when ERA5 is considered as a baseline. Majority of the domain
has a very good agreement, and both datasets present similar values at deep waters. Greater differ-
ences are found in areas with complex coastlines, such as the Gulf of California, where wave periods
at coastal inlets have a higher alterations with ERA5 hindcasting ≈5 sec less. Similar differences are
also present at the Indonesia, Jakarta and Singapore regions, indicating that closer to coastlines, there
are increased differences (see Figure 3).

In the Mediterranean, 99th percentile indicates that most sea states are Te ≤ 10 sec, describing
smaller swells that originate from the Western side of the Basin. Central parts of the Pacific,
coastal Atlantic European and African regions experience higher swells, as indicated by Te

description being usually ≤14 sec and with a mean value above 10 sec. However, the ERA-Interim
shows consistent higher percentiles values in open Seas and lower in enclosed Basins (i.e. Medi-
terranean and Black Sea), see Figure 4.

Regions at deeper ocean waters have very similar magnitudes; however, across both datasets, there
is a difference of 0.5 m, ERA-Interim has lower magnitudes and differences consistently higher at
nearshore coastal areas. Specifically, in the Mediterranean, regardless of depth, ERA-Interim
waves are consistently lower than ERA5. The only region that a higher difference occurs is off the
coast of Antarctica (see Figure 1). The difference in magnitudes is amplified when higher waves
are examined, the 99th percentiles value present a significant deviation between datasets. At very
deep Ocean depths, highest waves have little differences; near the coastlines, ERA5 is ≈0.51 m
lower when compared to ERA-Interim.

3.2. Wave energy

As the wave energy flux is dependent predominately on the square ofHm0 (see Figure 6), it should be
expected that regions with larger Hm0 magnitudes encompass higher density. In terms of Pwave, both
datasets are similar at the Antarctic Ocean between longitudes of 50◦–120◦ East, with fluxes from 105
to 120 kW/m. Mid-latitudes, at the Pacific, Indian and Atlantic ocean are characterised with ≈40
kW/m (see Figure 5). At higher latitudes (30–60◦ S), the content almost doubles in magnitude
with ≥65 kW/m, especially at Scotland which is exposed to some of the harshest environments in
the Northern Hemisphere.

ERA-Interim has higher values of spectral characteristics (Hm0, Te) presents higher Pwave for
extended spatial regions (see Figure 5). ERA-Interim has a larger area coverage with Pwave ≥ 90
kW/m. At enclosed Basins such as the Mediterranean, Hm0 value has lower magnitude differences,
while wave period is increased, although this does not lead to high deviations between wave energy
content, with magnitudes ≤20 kW/m, though ERA-Interim still is higher than ERA5 by ≈10–15%.

The WEDI ratio can be helpful in the determination of energetic areas that also experience ‘less’
harsh events. Ideally, a region will have a high mean value and low maximum, showcasing the poten-
tial of high energy content without compromising survivability. ERA-Interim over-estimates Hm0 at
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Figure 3. Mean Te in s (m) based on (a) ERA5, (b) ERA-Interim and their (c) difference (between ERA5 and ERA-Interim).
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Figure 4. 99th percentile of Te in s (m) based on (a) ERA5, (b) ERA-Interim and their (c) difference (between ERA5 and ERA-Interim).
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nearshore areas, and it is evident that WEDI values penalise this dataset more often at the nearshore
(see Figure 6). As the wave climate in the mid-latitudes is dominated by ‘smaller’ swells, WEDI
shows greater values there which mean higher stability of wave energy in connection to their extreme
values. WEDI reaches its lowest at high latitudes in the Northern hemisphere, as higher swells and
storm conditions can prove catastrophic.

Figure 5. Spatial distribution of mean Pwave in kW/m based on (a) ERA5 (b) ERA-Interim.
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3.3. Rates of change

While metocean conditions and power content are vital to assess and categorise a region/site, the rate
of change (RC, see Figure 8) can indicate the ‘stability’ of the resource temporally. With the use of
long-term data, it reveals the stability and resource alterations. A positive trend indicates that the
Pwave is increasing with a specific rate, while a negative value indicates that it is decreasing. Based
on the hincast data duration, the regions that have a good resource with lower RC can be identified

Figure 6. Spatial distribution of WEDI (a) ERA5 (b) ERA-Interim.
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on a preliminary scale, and be the work of further downscaled studies. Allowing us to identify regions
which are stable enough support wave energy converters without the re-tuning for optimised
operation.

At the Northern Hemisphere RC indicates a mixture of changes in magnitude. At the Northern
Pacific (40–60◦ N) RC is nearly zero, in the central part of the region; however, there is a clear redu-
cing trend by 200–300W/m/year at the central region of the Northern Pacific, see Figure 7. Relative
reductions are recorded at Northern coasts of Scotland, the Norwegian and Barents Sea by ≈100W/
m/year. Close to the East coastlines of North America at the Atlantic, RC shows a highly positive
increase by ≥200W/m/year. Both datasets have the same magnitudes with ERA-Interim indicating
a larger spatial distribution at the Northern Hemisphere. At the Southern Hemisphere, ERA5 indi-
cates a larger spatial distribution of the RC (see Figure 8).

Equatorial areas, located at +20◦ from the Equator, have similar magnitudes of RC with a posi-
tive trend at both dataset of ≈100–150W/m/year. This similarity is also expressed at both datasets,
for the Mediterranean and Black Sea. In the Southern Hemisphere on the other hand, the trends
indicate that majority of locations from (30–60◦ S) have a high positive RC ≥ 150W/m/year. The
region that saw the highest increase in wave power resource per annum, is Chile, followed by
Southern coast of Australia, and South-western regions of the African continent. Therefore, a global
classification should not only consider the energy content of sea states, but also the RC which may
occur and affect the distributions. Ideally, the classification should consider the most energetic seas
with the minimum or no rate of change. The reason for that is to ensure that wave power converters
will not need re-adjustments in their characteristics and will deployed with higher confidence over
the long-term.

4. Discussion

In order to obtain a reliable assessment of the global wave resources, it is important to use validated
datasets and be aware of their limitation and differences (Lavidas and Venugopal 2018a). With a
wide array of datasets, available reproduction of the wave climate/energy content can differ in its
spatial distribution based on the model used and configuration. This was highlighted by the work
of Fairley et al. (2020), which used a k-clustering method to distinguish between wave energy regions.
Their analysis classified the global regions according to power content and determined that 55% of
most areas are exposed to moderate resources.

This study expands and furthers with a global assessment of the wave power resource to include
long-term stability and a wave energy development index considering the changing climate. With a
starting point the year 1989 RC examined the regions for which the variables have changed in a posi-
tive or negative manner. While this was not an extensive Climate Change analysis, it recorded the
trend for which the Pwave changes, predominately indicating increasing trends in the southern hemi-
sphere and some decreasing trends in the northern hemisphere. Regions located at mid-latitudes
experience little changes. This can be beneficial as it can emphasise higher stability over time. There-
fore, areas with such characteristics can be considered further for sustainable development, through
the deployment of wave energy farms, as they indicate a low rate of change and moderate persistent
resource.

This is a preliminary analysis to identify regions that have the ‘right’ mixture of wave power,
WEDI and show no major changes and can be further investigated by nested models of higher res-
olution to characterise the nearshore regions. Regions that can benefit are the Mediterranean, India
and the South East complex of island Nations between the East Indian Ocean and South China Sea.
However, it is important to keep in mind the differences between basic wave quantities across the
datasets, as they are often used as boundary conditions for higher fidelity models. The ERA5 due
to its temporal resolution has overall higher mean values at deeper locations, though with reduced
spatial scale. The ERA-Interim product has similar hindcast of high waves but they tend to cover
spatially a larger area, leading to over-estimations of extremes even as boundary conditions.
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Figure 7. Rate of Change (RC) for mean Pwave in kW/m/yr (a) ERA5 (b) ERA-Interim (c) difference (between ERA5 and ERA-Interim).
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5. Conclusions

To ensure proper analysis of long-term variability, 30 years of data were analysed, results indicated
that both datasets reproduce similar spatial distributions patterns. However, it can be a general
notice that ERA5 has higher values over ERA-Interim. For Hm0, higher differences are encountered
in the Mediterranean, North Atlantic regions with ERA5 having ≈0.5 m increased estimates. Near-
shore region throughout the globe showcase a positive difference of the same magnitude for ERA5;
however, it has to be kept in mind that such databases are not suitable for nearshore assessments.

In contrast, both datasets have near-zero differences at the Poles where highest waves, both in
mean and percentile values were found. Differences between energy period are less than that of
Hm0, with both datasets having very close distribution in magnitudes. The findings display similarity
with Reguero et al. (2012), with spatial distribution being more in-line with ERA-Interim. Our
results also support the proposal by Fairley et al. (2020) to focus more on specific class regions
for wave energy development that are most commonly found. Moderate resources have lower varia-
bility, enhanced stability and can be accessed by a large number of countries.

Asides the mean values and differences of spatial distribution for the parameters, we also exam-
ined the 99th percentile. Analysis by ERA-Interim shows a large difference with higher extreme
events in high latitudes at deeper locations when compared to ERA5. WEDI indicates the suitability
of wave energy extraction in an area; the analysis indicates that the mid-latitudes experience a higher
ratio of mean wave power to extreme values, indicating the suitability for development.

ERA-Interim has slightly higher magnitudes at Poles of wave energy following the 99th percentile
trend. At the Pacific Ocean, most energetic areas are the lower South Americas ≈90 kW/m, Western
Australia ≈85 kW/m, the North-East of US coastline and Canada ≈50–80 kW/m. At the Atlantic,
most energetic areas are Ireland, United Kingdom ≈70–80 kW/m, and the Western Spanish coasts
≈50 kW/m. At the Southern Hemisphere, South Africa has the highest fluxes ≈50–70 kW/m.
Throughout the Mediterranean wave energy has similar magnitudes ≈10–15 kW/m.

Higher conditions are met in the enclosed waters between the coastlines of Indonesia, Philippines
and Malaysia ≈20–30 kW/m, as the majority of Easterly incoming swells are transformed and dis-
sipated, analogous conditions are recorded for the Indian coastlines. Both datasets have greater simi-
larity in deep mid-latitude regions, majority of differences are located nearshore and at the Poles.
Rate of change for wave power is predominately positive, with reductions in the Norwegian Sea
and North Pacific. Wave periods have little change over the datasets analysis, with Pwave being mostly
influenced by the changes in Hm0. This is also pointed out by Reguero, Losada, and Mendez (2019),
our analysis shows similar trends in the same spatial domain.

With regard to wave energy potential areas, the power content is not enough to be used as an
indicator, the balance between mean high energy flux and the potential catastrophic effects by
harsh events was evaluated by the WEDI index. For both datasets, the WEDI distribution is similar
only having slightly higher values in the Mediterranean and Equatorial regions, indicating that ERA-
Interim over-estimates when compared with ERA5. The RC expresses that it should be expected that
wave power will be increased, altering the joint distributions. Selecting a site for WEC farm should
always consider not only the energy levels but also the hazardous conditions that can be disastrous
for the array, so moderate resources seem to be favourable.

Geolocation information

The analysis is global with latitude 180◦ to −180◦ and longitude 0◦ to 360◦.
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