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A B S T R A C T

The design of the different offshore renewable energy (ORE) technologies depends on the characteristics of
wind/wave resources. However, these characteristics are not stationary under climate change. In this study
the evolution of European offshore wave/wind resources is assessed under mid- and high-emissions scenarios
based on the Shared Socioeconomic Pathways (SSP2-4.5 and SSP5-8.5) and three forecasting horizons including
the near (2023–2032), mid (2041–2050) and long term (2091–2100). The novelties lie in: (i) the concurrent
analysis of wind and wave resources, (ii) the use of data with a 3-hour temporal resolution, and (iii) the
local-scale statistical analysis. Results show significant variations along the 21st century, with an overall
decline in average wind and wave conditions. Importantly, and somewhat counter-intuitively, much of the
Atlantic coast of continental Europe experiences increasing extremes in the high-emissions scenario. For the
local-scale statistical analysis, the focus is on five wind farm sites, commissioned or in planning. In the high-
emissions scenario, the 99th and 99.99th percentiles decrease in three of them and increase in the other two.
The combination of decreasing averages and increasing extremes presents the worst-case scenario for ORE
technology developers.
1. Introduction

Climate change is the greatest challenge of the 21st century. Far
from being a future problem, climate change is already affecting life in
every region on Earth: from the rise in global temperatures (including
both atmosphere and ocean temperature) to shifting weather patterns,
rising sea levels and intensifying natural disasters like heatwaves,
floods and draughts, the potential impacts of climate change are ‘‘global
in scope and unprecedented in scale’’ [1]. The energy sector is respon-
sible for 75% of the total CO2 emissions in the world and is therefore
one of the main drivers of climate change [2]. It follows that renewable
energy is a key element for the mitigation of climate change [3].

Besides the dramatic consequences of climate change (i.e., higher
temperatures, more severe storms, increased droughts, warmer and
rising oceans, loss of species, higher health risks, threats to food pro-
duction, poverty and displacement, etc.), modifications to weather
patterns may be expected to affect renewable energy resources, in-
cluding wind [4–7], wave [8,9] and solar [10,11]. As a consequence,
the relationship between climate change and renewable energy is,
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paradoxically, bi-directional: Renewable energy sources are necessary
to mitigate the impact of climate change but, in turn, variations due
to climate change may be expected to directly affect the performance
and survivability of renewable energy systems [4,12]. This may pose
a significant problem not only for the new designs, but also for the
renewable energy projects already installed or deployed.

For the reduction of greenhouse gas (GHG) emissions, the imple-
mentation of renewable energies is considered to be one of the most
efficient actions [13]. While mature and reliable renewable energy
technologies like wind and solar power are already prevalent in the
market, the scale and rapidity of the required transition suggest a
substantial role for emerging renewable technologies. According to
the International Renewable Energy Agency (IRENA), an increase of
14 TW in global renewable energy capacity will be necessary by
2050, necessitating a five-fold expansion of the current capacity. This
clearly underscores the enormity of the challenge [14]. In fact, the
International Energy Agency anticipates that approximately 45% of the
reduction in CO2 emissions by 2050 will originate from technologies
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still in development [15]. Offshore renewable energy (ORE) systems are
promising options to facilitate this transition. Offshore wind energy is
expected to increase global installed capacity thirty-fold over the next
three decades [14]. Similarly, wave and tidal energy, while currently
in the early stages of development, are also anticipated to make sub-
stantial contributions to the future energy landscape. Estimates suggest
that they have the potential to fulfil approximately 10% of the future
electricity demand [16,17]. Hence, onshore and offshore wind and
other marine renewable energy technologies are and will be crucial to
ensure the necessary GHG emissions reduction.

In terms of renewable energy implementation, western Europe is
expected to lead the global renewable energy growth together with
China, representing over 50% of the worldwide installed capacity by
2030 [18]. Europe is committed to leading the development of wind
and ORE, with ambitious objectives, such as 400 GW of wind capacity
by 2030 (of which over 25% offshore) [19]. Therefore, the accurate
understanding of the European wave and wind energy resources under
climate change, both onshore and offshore, is crucial in order to ensure
the efficient performance and survivability of the technologies installed
now and in the next decades.

In order to assess the impact of climate change on the different de-
sign and operational aspects related to the different renewable energy
technologies, the variation of the resource needs to be analysed under
different climate change scenarios. To that end the Intergovernmental
Panel on Climate Change (IPCC) provides cutting edge tools, data and
recommendations to support the actions against climate change. Global
climate models (GCMs) are one of these tools, combining the effort of
different professional climate centres all over the globe, which enable
researchers and organisations to assess simulations of the possible
future of the global climate.

The first scenarios utilised to evaluate future changes in wind
resources were the SRES scenarios of cumulative GHG emissions [20],
introduced by the International Panel on Climate Change within its
third assessment report [21]. These scenarios were applied to antic-
ipate long-term changes in wind speeds using different GCMs and
downscaling methods in specific areas of Europe [22–29].

In more recent studies, the evolution of wind resources has been
examined within the context of the Representative Concentration Path-
ways (RCPs) [30], which indicate concentration levels of GHG leading
to a specific radiative forcing. Different GCMs and downscaling ini-
tiatives in the framework of the fifth Coupled Model Intercomparison
Project (CMIP5) were employed to evaluate changes in future wind
resources [31–36].

The sixth Coupled Model Intercomparison Project (CMIP6) [37] is
the latest phase of their work, which has produced state-of-the-art cli-
mate models that simulate past, present and future climate conditions
under the new prism of Shared Socioeconomic Pathways (SSPs). These
models incorporate a comprehensive range of physical, chemical, and
biological processes to project the response of the Earth system to
anthropogenic greenhouse gas emissions.

The CMIP6 models have recently been used for forecasting future
wind and wave conditions under climate change in different areas of
the world. For example, the CMIP6 GCMs are employed to forecast
future scenarios of the European wind resource [38–43]. Martinez
et al. [38] evaluate the evolution of the resource over Europe using an
ensemble model based on the CMIP6 GCMs. Among all the GCMs, the
EC-Earth model is demonstrated to be the most accurate compared to
the historical ERA5 database. This study is one of the pioneering studies
evaluating the evolution of the wind resource using SSP scenarios.
In this case, two SSPs are considered, i.e. the intermediate SSP2-4.5
nd the extreme SSP5-8.5 scenarios, analysing the variability of the
esource along the different months. However, the dataset considers
relatively large temporal resolution, i.e. daily data, which can sig-

ificantly mask the variability of the resource and the analysis of
he conditions beyond the operational region. In fact, the analysis is
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estricted to average values ignoring broader statistical analyses and
neglecting, for example, the evolution of the extreme events. Similar
analyses are conducted by other authors restricting the area of study to
smaller regions, such as the North Sea [42], the UK [41], Portugal [44],
and even other regions in Asia [45–47,7] and North America [6].
Among all similar studies in the literature, to the best knowledge of the
authors, only [41] considers a statistical analysis studying the evolution
of the frequency of the different wind conditions. However, this study
only includes one forecasting horizon (2015–2050) and the temporal
resolution is not specified.

In addition to wind conditions, a few studies consider the evolution
of the wave energy resource. Initially, studies focused on the identi-
fication of long-term trends based on historical data, demonstrating a
relevant increase in wave power worldwide [8]. Other studies analysed
local trends in the Gulf of Biscay [48], west Irish coast [49] or South
America [50]. Climate change induced ocean warming is suggested
to provoke such increases, which is especially demonstrated in [8].
However, it is only more recent studies that focus on the evolution
of the future wave resource under different emission scenarios and
SSP. Rusu et al. [51] employ a wave modelling system forced with
wind fields provided by a regional climate model (RCM), focusing
on the mid-term future wave power resource (2021–2050) under two
emission scenarios in the Black Sea. Goharnejad et al. [52] study the
wave energy potential in the Persian Gulf region, along the southern
coasts of Iran. First, historical data is analysed over a timeframe of
30 years, identifying an increasing trend. In contrast, the forecasts for
both scenarios contemplated in the paper, i.e. high- (RCP8.5) and mid-
emission (RCP4.5), reveal descending trends, being slightly milder for
RCP4.5. Similarly, [53] investigates the long-term variation of the wave
energy resource in the northern part of the Gulf of Oman, analysing
the impact of climate change under high-emissions scenario SSP5-8.5
where no mitigation action is considered. A most recent study [54]
analyses the future wave energy potential in the Iberian Peninsula,
also under the high-emissions SSP5-8.5 scenario, for two forecasting
horizons: mid-term (2026–2045) and long-term (2081–2100). Also in
this study, a decrease in the wave power resource is observed, with
a strong decrease in the mid-term horizon until 2045 that weakens in
the long-term horizon until 2100. It should be noted that, to the best
knowledge of the authors, all the wave energy forecasting analyses in
the previously mentioned studies and other studies in the literature use
wind forcing from the CMIP5 as input. It is only in [55] where forcings
based on CMIP6 models are used for wave energy forecasting under
the effects of climate change. Ibarra-Barasategui et al. [55] presents the
most recent forecasting analysis, evaluating wind and wave projections
and their impact on energy generation across the whole globe using a
single horizon until 2100 and two SSP scenarios. However, monthly
means are used, meaning that no statistical analysis, e.g. a resource
variability study, is considered.

The present study provides simultaneous forecasts of both wind and
wave resources analysed independently. In total, two SSP scenarios
and three forecasting horizons are evaluated with a 3-hour temporal
resolution. Due to the limitations with the data, all SSP scenarios are
applied to the wind resource, while only the high-emission SSP5-8.5 is
considered for the wave resource. Notably, none of the previous studies
in the literature analyses both wind and wave resources and, thus, the
present study introduces a novel contribution that is critical for the
offshore energy sector, particularly, but not exclusively, for the floating
offshore wind sector. In addition, most of the studies only consider one
or two forecasting horizons and use a daily temporal resolution. In this
sense, the present study represents another novel contribution. The use
of three forecasting horizons with a 3-hour temporal resolution enables
a deeper statistical analysis of the wave and wind resources than what is
available in the literature so far. Furthermore, the global-scale analysis
covering the whole of northwestern Europe is complemented by a local-
scale analysis for a set of relevant locations with different resource
characteristics. Such a local analysis is also an innovation of the present

study and allows for extending the statistical investigation that provides
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a deeper insight into the potential evolution of the resource, including
average and extreme conditions. This insight will be particularly rele-
vant for the design of ORE technologies, since occurrence variations of
the different conditions may have a relevant impact on critical design
aspects like fatigue mechanisms, energy generation or operation and
maintenance decisions. Similarly, variations of the extreme conditions
can also have a significant impact on the design points that determine
the final dimensioning of the platform [56,57]. However, the analysis
of the impact of resource variations due to climate change on the most
relevant design parameters is out of the scope of the present study.

The remainder of the paper is as follows: Section 2 describes the
methodology and presents the case study, including the area of study
and the employed GCM, Section 3 shows the main results and a brief
discussion on them, and, finally, the main conclusions are drawn in
Section 4.

2. Methodology

In the present study, the evolution of the wave and wind energy
resources is assessed across the northwestern Europe, with the follow-
ing specific geographic limits: (25◦N, 60◦N) for latitude and (25◦W,
12◦E) longitude. First, the historical wind and wave characteristics
across the area of study are assessed using the widely accepted ERA5
re-analysis dataset [59] for the commonly used reference period 2005–
2014. In contrast, two different datasets, both framed within the CMIP6
activities, are used for the future projections under the impact of
climate change. In the case of the wind energy resource, wind speed
data are provided by the EC-EARTH3 GCM [60,61]. The EC-EARTH3
model is demonstrated to provide the best results for the selected area,
with over 65% of the gridpoints being statistically similar to the ERA5
reanalysis [38]. This statistical similarity is evaluated by performing a
two-sample Kolmogorov–Smirnov test with a significant level of 5%. A
similar conclusion is reached in [39] for the same region, where the
EC-Earth shows the highest overall performance (over 80%) and the
lowest average median difference across all Europe (0.3 m/s).

In the case of the wave resource, the wave climate datasets are
provided by researchers at University of Melbourne using the WAVE-
WATCH III wave model based upon CMIP6 data [62]. The authors
present two wave climate datasets derived from two CMIP6 GCMs:
The Australian ACCESS-CM2 [63] and the European EC-Earth3 [61]
GCMs. In addition, the models are run with the latest observation-based
Source Term parametrisation (ST6), using two different values of the
wind-drag coefficient parameter (CDFAC): 1 and 1.08. For the present
3

study, the dataset derived from the EC-Earth3 GCM via a CD-FAC
parameter of 1.0 is used, as suggested in [62]. Although the evolution
of the wind and wave resources is assessed, including the potential
similarities between the two, combined effects are not considered, since
each resource is analysed independently.

For comprehensively evaluating the evolution of the resource, both
for wind and wave resource, the study incorporates three different
elements analysed by means of four factors related to the wind speed
(𝑈𝑤) and significant wave height (𝐻𝑠), respectively. First, the evolution
of the mean 𝑈𝑤 and 𝐻𝑠 is analysed across the area of study. The mean
wind speed and wave height are directly related to the power density
and, thus, the power production estimation of a potential ORE farm
in the same area. The second element considered in the analysis is
the variability of the resource, including the variation of 𝑈𝑤 and 𝐻𝑠
over the whole period illustrated by the coefficient of variance (CoV),
and the intra-annual (seasonal) variability illustrated by comparing
the mean 𝑈𝑤 and 𝐻𝑠 values in different seasons. The most common
partition for the studies focused on the Northern hemisphere is the fol-
lowing [38,51]: December–January–February (DJF), March–April–May
(MAM), June–July–August (JJA) and September–October–November
(SON). The last element incorporated into the analysis is related to the
extreme conditions, which, in this case, are expressed by the 𝑈𝑤 and
𝐻𝑠 limit for the 99th percentile.

2.1. Global- and local-scale analysis

Moreover, the study encompasses two distinct geographic perspec-
tives. The first is a global-scale examination, focusing on northwestern
Europe as a whole. The second involves a local-scale analysis, focusing
on five specific locations within this region, as illustrated in Table 1.
The selection of these five locations for detailed scrutiny at the local-
scale is based on offshore wind farms that are currently operational
or anticipated to be in operation soon [58]. Additionally, these chosen
locations are representative of key areas of interest in European waters:
the lower North Atlantic Ocean (Portuguese coast), upper north Atlantic
Ocean (west coast of Ireland), North Sea (north-east coast of Scotland),
the Mediterranean Sea (Tyrrhenian Sea in Italy), and the Gulf of Biscay
(the Basque coast). Detailed information about the wind farms’ resource
characteristics and current status is also compiled in Table 1. It should
be noted that, due to the lack of more reliable data (e.g. observation
data) of the selected locations, no downscaling technique is considered
for the local analysis, meaning that raw CMIP6 data is used.
Table 1
Main information of the selected wind farms.
Source: Modified from [58].

Wind farm name Country Project phase Latitude Longitude 𝐻𝑠 [m] 𝑈𝑤 [m/s]

Hywind Scotland Fully commissioned 57.6◦N 1.6◦W 1.38 9.24
Tramuntana Spain Early planning 39.9◦N 1.3◦E 1.3 6.1
GEROA Spain Early planning 43.9◦N 3.2◦W 1.47 6.01
WindFloat Portugal Fully commissioned 42.3◦N 10.4◦W 2.11 7.89
Clarus Ireland Early planning 53◦N 9.7◦W 2.6 10.1
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2.2. Analysed scenarios

In this study, various scenarios are assessed, encompassing SSP
scenarios and different forecasting horizons. Specifically, the study
focuses on two SSP scenarios, which are the ones that are mostly used
in the literature [38–43]: SSP2-4.5 and SSP5-8.5. In addition, the SSP2-
4.5 and SSP5-8.5 are the most relevant scenarios for policymakers and
practitioners. The first digit in these scenarios represents one of the
five narrative pathways, ranging from 1 (sustainable development) to
5 (fossil fuel development). In this context, ‘‘2’’ signifies the ‘‘Middle of
the road’’ scenario, characterised by moderate social and economic de-
velopment aligned with current trends that prioritise economic growth
over sustainability. On the other hand, the digit ‘‘5’’ indicates a scenario
of fossil fuel development, emphasising economic growth and involving
heavy fossil fuel consumption, a peak in global population, and limited
efforts to mitigate environmental impact. The second digit in these
scenarios represents the radiative forcing levels within a specific SSP
storyline, measured in watts per square meter (W/m2) projected for
the year 2100. More specifically, the SSP2-4.5 scenario considers a
moderate radiative forcing level around 3.4 W/m2 by the end of the
century, while the SSP5-8.5 scenario refers to a very high radiative
forcing level with up to 8.5 W/m2.

Regarding the prediction periods, horizons have been defined so
that each horizon considers a minimum period of 10 years, as indicated
in [38], with short (up to 2030), mid (up to 2050) and long term (up to
2100). This distribution is defined so that mid- and long-term horizons
refer to the mid- and late-21st century, as is common in the literature
when more than one forecasting horizon is considered [38,45,54]:
the near future (2023–2032), the middle term (2041–2050), and the
distant future (2091–2100). The projections derived from these periods
are then contrasted with the baseline, which encapsulates historical
data from the reference period 2005–2014 across the same region.
Consequently, the evolution of the wind energy resource is illustrated
as a percentage deviation from the baseline values for each of the four
factors described in the introduction of Section 2.
4

2.3. Methodology limitations

The limitations of the present study are intrinsic to the limitations
of the GCMs considered in the CMIP6 [39]: a coarse spatial resolution
hindering the capture of small-scale climate features accurately, and
difficulties to reproduce the regional climate variability and extreme
events. In addition, inherent uncertainties associated with future pro-
jections are also relevant, which may arise from various sources, such
as model structure, parameterisations, and future emission scenarios.
However, the datasets of the CMIP6 models are widely accepted in
the community and it is considered the state-of-the-art in climate
modelling, improving the previous version CMIP5 [39].

3. Results & discussion

The results are divided into two main parts, i.e. Sections 3.1 and
3.2, dedicated to the analysis of the isolated wind and wave resource,
respectively. However, the similarities between the two resources are
evident and highly relevant for the deployment of floating wind farms.

3.1. Wind forecasting

Figs. 1–6 illustrate all the evolution of the four factors for the wind
resource, which are thoroughly discussed in the following subsections.
Hence the evolution of the wind resource is studied by means of the
mean 𝑈𝑤, wind variability in terms of the CoV and the inter-annual
variability, and the extreme conditions. Finally, the local-scale analysis
is explored, including a statistical analysis of the different locations
described in Table 1.

3.1.1. Mean wind speed
The historical baseline shown in Fig. 1(a) illustrates the most ener-

getic offshore areas, where the northwest corner region is demonstrated
to be the most attractive area with mean 𝑈 values of about 9–10 m/s
𝑤
Fig. 1. Evolution of the mean 𝑈𝑤 in northwest Europe: (a) Historical baseline, and (b) near-, (c) mid- and (d) long-term forecasts for the SSP2-4.5 (left) and SSP5-8.5 (right)
scenarios.
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Fig. 2. Evolution of the CoV of the 𝑈𝑤 in northwest Europe: (a) Historical baseline, and (b) near-, (c) mid- and (d) long-term forecasts for the SSP2-4.5 (left) and SSP5-8.5 (right)
scenarios.
far-offshore in the north Atlantic Ocean, i.e. off the west coast of Ireland
and northwest coast of Spain, and the North sea. In addition, coastal
areas like the north and south of the Iberian Peninsula also show
relatively high wind energy potential with mean 𝑈𝑤 values of about
7 m/s, and slightly lower in the Mediterranean Sea with approximately
6 m/s.

Paradoxically, Figs. 1(b)–(d) show that the wind resource in regions
with the greatest conditions (i.e. norther areas in Europe) is expected
to gradually decrease along this century under the effect of climate
change, reaching reduction rates of up to 20% in Ireland and the UK
coasts. In fact, this decrease seems to be more intense in the milder
SSP2-4.5 scenario, although very similar patterns can be recognised. In
contrast, the wind resource in the southern areas, such as the west coast
of Portugal, the south of the Iberian Peninsula and parts of the Mediter-
ranean Sea, seems to increase significantly. However, this increase is
particularly intense in the near-future projections (about 5% increase),
while a milder increase is observed in the mid- and, particularly, long-
term horizons. These results indicate that the wind resource will follow
the increasing trend of the last decades until, approximately, the end
of this decade and will start decreasing afterwards until the end of the
century. This is consistent with the results shown in the literature [64].
Overall, other regions in the area of study show a relatively regular
pattern with mild 𝑈𝑤 reductions in the north of the Iberian Peninsula,
reaching up to 10% decrease by the end of the century.

3.1.2. Variability
Besides the mean, the variability of the resource is a factor that

considerably affects the extraction of the wind resource by means of
wind turbines. The variability is crucial for the design of the turbines
and the farms, and the analysis of the grid integration, among other
aspects. In this sense, the temporal variability of the resource and its
evolution along the century are evaluated via the CoV. In addition, the
inter-annual variability is also dissected, which provides further insight
on the evolution of the wind resource, since seasonal patterns of the
wind resource are highly relevant.
5

Wind data variability. Fig. 2(a) illustrates the variability of the histori-
cal wind resource, where a relatively homogeneous CoV of about 0.45 is
shown across the whole northwest Atlantic Ocean and North Sea, while
this variability is increased to over 0.6 in the Bay of Biscay and the
Mediterranean Sea. Connecting with the mean 𝑈𝑤 shown in Fig. 1(a),
high mean resource regions show lower CoV values and vice versa,
showing that higher fluctuations are expected as the average resource
decreases.

Once future projections are considered, the CoV seems to increase
all over the area of study, except for the west Portuguese coast. In
fact, the CoV is shown to gradually intensify the evolution along this
century, with the southwestern region exhibiting a decrease of the CoV
of up to 10% and the rest of the regions displaying an increase of up to
20%. In contrast to the mean 𝑈𝑤 evolution, where both SSP scenarios
show a similar distribution, the rate of change of the CoV is shown to
intensify under the high-emissions scenario SSP5-8.5.

Intra-annual variability. Seasonal or inter-annual variability of the wind
resource is illustrated in Figs. 3 and 4 for the SSP2-4.5 and the SSP5-8.5
scenarios, respectively. The historical baselines shown in Figs. 3(a) and
4(a) are identical and illustrate the mean 𝑈𝑤 in each season. Hence,
the well-known patterns where Summer months (JJA) are significantly
milder, and Spring (MAM) and Autumn (SON) are the most energetic
seasons can be observed.

The projections of the seasonal resource seem to be consistent
between the two SSP scenarios, although the high-emissions scenario
SSP5-8.5 shows more intense variations upon the baseline resource.
While there is little overall trending and the variability appears to
be non-linear, some relatively clear trends can be observed at both
the global (European) and regional scales, with similarities between
the two scenarios. Throughout the 21st century, there is a consistent
increasing trend of the wind resource in southern areas, while the
resource in northern areas decreases. This trend is evident in all seasons
and is particularly pronounced in Summer (JJA), where increasing pat-
terns are progressively displaced towards southern areas, and Autumn
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Fig. 3. Evolution of the Inter-annual mean 𝑈𝑤 in northwest Europe under the SSP2-4.5 scenario: (a) Historical baseline, and (b) near-, (c) mid- and (d) long-term forecasts.
(SON), where the reduction of the resource dominates across all the
European waters with the exception of the very southern areas. The
intensity of the increasing trends is greater under the SSP5-8.5 scenario,
while decreasing trends are more intense under the SSP2-4.5 scenario,
where the highest decreasing rates (up to 25%) are observed.

In Winter (DJF), the trends are less recognisable, with discontinuous
patterns. The increasing trend seems to expand over northern regions
in the mid-term horizon under the SSP2-4.5 scenario, while under the
SSP5-8.5 scenario, the decreasing trend dominates most of the region
6

in the mid-term horizon, with an expansion of the increasing trend in
the longer-term horizon, significantly extending to northern regions.

In the regional context, certain areas show consistent trends across
different scenarios, horizons and seasons. For example, the southwest-
ern area of the European waters, particularly off the western coast
of the Iberian Peninsula, exhibits a consistent increasing pattern that
intensifies towards the end of the century. Conversely, the resource
over the northern areas, especially Ireland and the British islands, con-
sistently shows reductions, with the most intense reductions occurring
at the end of the century.
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Fig. 4. Evolution of the Inter-annual mean 𝑈𝑤 in northwest Europe under the SSP5-8.5 scenario: (a) Historical baseline, and (b) near-, (c) mid- and (d) long-term forecasts.
3.1.3. Extreme conditions
Although the CoV of the resource somewhat accounts for the ex-

treme values by quantifying the deviation of the dataset, this deviation
is normalised against the mean, which may results in masking the
evolution of the extreme conditions. For example, if the mean of the
𝑈𝑤 increases in the same proportion as its deviation, the CoV remains
the same and the increase of the extreme conditions results overlooked.
In fact, the correlation between the reduction of the mean 𝑈𝑤 and
the increase of the CoV indicates that assuming a direct relationship
between the CoV and the extreme conditions may not be judicious.
7

In fact, this is demonstrated by the considerable differences shown
between Figs. 2 and 5.

Therefore, the evolution of the extreme events is characterised by
assessing the 𝑈𝑤 data belonging to the 99th percentile, as illustrated
in Fig. 5. The historical baseline of the extreme conditions depicted in
Fig. 5(a) shows an almost identical pattern of the mean 𝑈𝑤 baseline
illustrated in Fig. 1(a). The only exceptions are the region in the
south of France and the Canary Islands for opposite reasons. While the
Canary Islands show a relatively high mean 𝑈𝑤 and average extreme
conditions, the south of France shows a rather mild mean 𝑈 and
𝑤
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Fig. 5. Evolution of extreme 𝑈𝑤 in northwest Europe: (a) Historical baseline, and (b) near-, (c) mid- and (d) long-term forecasts for the SSP2-4.5 (left) and SSP5-8.5 (right)
scenarios.
considerably harsh extreme conditions. Note that the later is the worst
case scenario, since energy extracting capabilities are reduced, while a
further reinforcement of the system is necessary to survive the extreme
events.

However, the projections of the extreme conditions show that ex-
treme conditions will vary independently from the evolution of the
mean 𝑈𝑤 and the CoV. In this case, each SSP scenario shows different
patterns. Under the mid-emissions scenario SSP2-4.5, extreme condi-
tions seem to reduce significantly (reaching up to 15% reduction) in the
northwestern area of Europe, especially off the Irish and British coasts,
which is consistent with the evolution of the mean 𝑈𝑤. In contrast, a
mild increase (up to 5%) is observed in some areas of the Mediterranean
Sea. Besides, the Gulf of Biscay displays an increase of over 5% in the
near-term horizon, but gradually reduces in longer horizons. In the case
of the high-emissions scenario SSP5-8.5, an intense increasing pattern
is observed around the Iberian Peninsula and the North Sea, with an
increase of up to a very significant 10% by the end of the century.
These cases are particularly interesting due to the decreasing trends of
the mean 𝑈𝑤 shown in Fig. 1, which results in the catastrophic situation
mentioned earlier.

3.1.4. Local-scale evolution
The global-scale analysis is relevant for the recognition of geospa-

tial patterns and the understanding of the overall trends. However,
a statistical analysis of the resource is unfeasible due to the large
amount of data to be considered. Therefore, such a statistical analysis
of the resource is carried out in the local scale, more specifically, in
the 5 locations presented in Table 1. The evolution of the resource is
analysed in terms of mean and extreme (99th percentile) conditions, as
illustrated in Table 2. The same values are also depicted in Fig. 6, where
the lower and upper lines in each violin plot indicate, respectively, the
mean and extreme conditions. Fig. 6 illustrates the probability density
function (PDF) of the resource, providing further insight for two of the
most interesting locations, i.e. the GEROA and Clarus wind farms.
8

Hence, Figs. 6(a) and (b) represent the evolution of the resource
in the area where the GEROA farm is planned, showing that the
mean 𝑈𝑤 is expected to decrease under the emissions scenarios and
forecasting horizons considered, while the extreme conditions are likely
to increase, particularly in the high-emissions SSP5-8.5 scenario. In
general, the distributions corresponding to the longer horizons show
that the tails of the distributions become thinner while a higher number
of points accumulate close to the peak of the distribution. This effect
can be observed in both scenarios, although it is more relevant in the
high-emissions SSP5-8.5 scenario. In the case of the extreme conditions,
represented by the 99.99th percentile, opposite trends are observed
in the mid- and the high-emissions scenarios. While the distribution
tails are shown to decrease in the SSP2-4.5 scenario, these tails are
shown to increase in the SSP5-8.5 scenario, demonstrating that global
warming has a direct impact on the evolution of the extreme conditions.
It should be noted that this conclusion can only be identified because
a local-scale analysis is carried out using a 3-hour resolution. In fact,
using a finer resolution, such as 1-hour intervals, would likely yield
statistically more significant results. Finer resolutions help to avoid
smoothing effects that can mask statistically important variations and
extreme events.

The case for the area where the Clarus farm is planned to be in-
stalled also shows reductions of the mean 𝑈𝑤 under both SSP scenarios,
gradually decreasing throughout the century. Moreover, the variations
in the PDF distributions along the century are dramatic under both SSP
scenarios. The PDF almost turns into a double peak distribution when
approaching to the end of the century, where the lower peak becomes
clearly dominant. This lower peaks appear at values well below the
mean 𝑈𝑤, resulting in lower fatigue damage and power generation
capabilities. In contrast to the evolution of the resource in the GEROA
wind farm, extreme conditions are shown to decrease in both scenarios,
both in terms of the 99th percentile and the tail of the PDF. However,
this reduction is significantly milder under the high-emission scenario
SSP5-8.5.
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Table 2
Summary of the local wind resource evolution.

Forecasting
horizon

Mean 𝑈𝑤 Extreme 𝑈𝑤 - 99th Extreme 𝑈𝑤 - 99.99th

SSP2-4.5 SSP5-8.5 SSP2-4.5 SSP5-8.5 SSP2-4.5 SSP5-8.5

Hywind

Near-term 8.4 (−1.2%) 8.4 (−1%) 18.9 (−1.5%) 19.3 (0.6%) 27.48 (−10.9%) 27.7 (−10.1%)
Mid-term 8.4 (−1.2%) 8.4 (−1.4%) 19.1 (−0.8%) 19 (−0.8%) 28.4 (−7.9%) 31.2 (1%)
Long-term 8.2 (−3.2%) 8.2 (−3.7%) 18.9 (−1.6%) 18.6 (−2.9%) 29.8 (−3.4%) 30.3 (−1.9%)

Tramuntana

Near-term 6.2 (1%) 6.2 (0%) 15.5 (−0.6%) 15.5 (−0.3%) 21.3 (1.7%) 21.9 (4.8%)
Mid-term 6.1 (−1.1%) 6.1 (−0.9%) 15.4 (−1.2%) 15.5(−0.3%) 20.2 (−3.5%) 21.5 (2.8%)
Long-term 6.1 (−1.5%) 5.8 (−5.7%) 15.1 (−3.7%) 15.2 (−2.6%) 22.6 (8.1%) 21.1 (−0.7%)

GEROA

Near-term 5.9 (0.1%) 5.9 (−0.7%) 16.2 (1.8%) 16 (0.7%) 25.2 (−0.9%) 26.4 (3.6%)
Mid-term 5.8 (−1.4%) 5.9 (−0.2%) 15.9 (0%) 16.7(5%) 26.1 (2.7%) 26.5 (4%)
Long-term 5.8 (−1.9%) 5.6 (−4.8%) 16 (0.5%) 16.1 (1%) 23.2 (−8.9%) 28.1 (10.5%)

WindFloat

Near-term 8.1 (3.3%) 7.9 (0.9%) 17.5 (1.2%) 17 (−2%) 27.2 (0.65%) 24.1 (−11.1%)
Mid-term 7.8 (0.5%) 8.1 (3.4%) 17.1 (−1.1%) 17.6(1.4%) 26.4 (−2.5%) 24.3 (−10.2%)
Long-term 7.8 (0.7%) 7.8 (−0.2%) 17.3 (−0.1%) 17.7 (2.2%) 26.6 (−1.8%) 27.9 (3%)

Clarus

Near-term 5.2 (−7.1%) 5.4 (−4.2%) 12.8 (−6.4%) 13.3 (−2.8%) 19.5 (−9.1%) 20.2 (−5.8%)
Mid-term 5.1 (−9.7%) 5.2 (−6.7%) 12.6 (−8.3%) 13.4 (−2.3%) 19.3 (−10%) 20.7 (−3.8%)
Long-term 4.9 (−12.5%) 5.2 (−7.9%) 12 (−12.8%) 13.3 (−3%) 17.2 (−20.1%) 20 (−6.9%)
ig. 6. Evolution of the local wind resource: (a) and (b) at GEROA wind farm for the SSP2-4.5 and SSP5-8.5 scenarios, respectively, and (c) and (d) at Clarus wind farm for the
SP2-4.5 and SSP5-8.5 scenarios, respectively.
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Overall, although the results in Table 2 do not show clear trends,
he impact of climate change is evident, particularly in the extreme
onditions. In general, the mean 𝑈𝑤 is shown to decrease up to 2100. In
ertain areas, however, trends change over time. For example, the mean
𝑤 under the SSP5-8.5 at the Windfloat site is shown to increase until
id-century and to decrease afterwards (see also Fig. 1). Such changes,
hich are rather common in climate projections, may be attributed

o the inherent complexity of the climate system, the uncertainties
urrounding climate modelling, emission scenarios and other external
orcings, and climate internal variability [39,65].

Extreme wind speeds (represented by the 99th and 99.99th per-
entiles) decrease in three of the study sites and increase in the other
wo in the high-emissions scenario.
9

d

Hence, two main impacts from global warming may be identified in
he projections. First, opposite tendencies are found for the mean and
xtreme 𝑈𝑤 values. Whereas an overall decreasing tendency is expected
or the mean 𝑈𝑤, the evolution of extreme conditions presents great
patial variability. Second, these trends are projected to strengthen as
lobal temperatures increase, with the SSP5-8.5 scenario showing lower
eans and more intense extremes than the SSP2-4.5 scenario.

.2. Wave forecasting

The evolution of the wave climate is evaluated only under the
igh-emissions SSP5-8.5 scenario due to the limitations of available
ata. Similarly to the wind resource assessment, Figs. 7–11 illustrate
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Fig. 7. Evolution of the mean 𝐻𝑠 in northwest Europe: (a) Historical baseline, and (b) near-, (c) mid- and (d) long-term forecasts for the SSP5-8.5 scenario.
all the evolution of the four factors for the wave resource, which are
thoroughly discussed in the following subsections. In this case, 𝐻𝑠 is the
main variable for studying the evolution in the wave climate, analysing
the evolution of the mean, the variability and extremes.

3.2.1. Mean wave height
Previous studies show that the worldwide wave climate has evolved

along the 20th century with increasing wave energy density [8], in-
cluding specific locations in Europe, particularly off the west coast of
Ireland [49] and the Bay of Biscay [48]. In the 21st century, beyond
2030 (the subject of this analysis), a clearly decreasing trend in signif-
icant wave height prevails over the entire area of study, reaching 15%
by 2100 in regions such as the west coast of Ireland and the Balearic Sea
(Fig. 7). A similar decline is observed for the wind resource in northern
European areas (Fig. 1), where the decreasing trend is well established
by the second half of the 21st century, particularly under the SSP5-8.5
scenario.

3.2.2. Variability
The variability of the wave resource is also evaluated by means of

the CoV and the inter-annual variations as in Section 3.1.2.

Wave data variability. Similarities on the evolution patterns of wind
and wave resources also exist in terms of variability. Fig. 8 illustrates
that the wave climate is expected to become more variable, especially
by the end of the century, where almost all the area of study shows an
increase of 10%. It should be observed that the areas with the highest
CoV in the baseline scenario, e.g. the Mediterranean Sea, are not the
areas where the highest increase is expected. In contrast, the Atlantic
10
Ocean off the west coast of Portugal and the Bay of Biscay, which are
characterised by a relatively low CoV, are the areas where the highest
increases are expected. Similarities with the wind resource evolution
presented in Fig. 2 are evident, especially in the near- and mid-term
horizons, where the Southern regions in the area of study illustrate a
clear decreasing trend in both wind and wave resources. In addition,
the northern areas, especially the Bay of Biscay and the mid western
regions of the Atlantic Ocean, show a gradually increasing pattern that
is repeated both in the wind and wave resource evolution.

Intra-annual variability. Two main aspects can be highlighted from the
inter-annual analysis of the historical baseline wave climate illustrated
in Fig. 9(a). First, the conditions are shown to be significantly harsher
in Winter, Spring and Autumn in the Atlantic Ocean. In contrast,
the Mediterranean Sea appears very consistent along the year, with
relatively low wave heights in all seasons.

The future trends show an overall decreasing pattern across the
whole area of study and seasons, although some particularities should
be noted. Similarly to the pattern illustrated in Fig. 7, positive trends
are more relevant in the near-term horizon and mostly appear in
northern regions, leading to less energetic conditions across the whole
area of study as the forecasting horizon increases. Exceptions include
the southern regions in Summer and Autumn, following the pattern
recognised in the near-term horizon, the North Sea in Spring, and the
Mediterranean Sea in Winter. Similar patterns are also found in the
evolution of the wind resource, as illustrated in Fig. 4.

3.2.3. Extreme conditions
Extreme wave conditions are observed to decrease overall, as il-

lustrated in Fig. 10, following the pattern of the mean 𝐻 . However,
𝑠



Energy Conversion and Management 301 (2024) 118058E. Barkanov et al.
Fig. 8. Evolution of the CoV of the 𝐻𝑠 in northwest Europe: (a) Historical baseline, and (b) near-, (c) mid- and (d) long-term forecasts for the SSP5-8.5 scenario.
the Atlantic watershed of the Iberian Peninsula shows a significant
increasing trend that also appears in Fig. 5 for the wind resource.
However, in the near-term horizon, extreme wave conditions seem to
increase considerably in the northern Atlantic Ocean, which is not the
case in the predictions of the wind resource. In contrast, the mid-
term horizon for wave and wind shows the opposite patterns, with the
extreme wave conditions being milder and extreme wind conditions
expected to increase significantly. It is in the long-term horizon where
wind and wave predictions show the largest similarities.

3.2.4. Local-scale evolution
Finally, the local-scale analysis of the wave resource is presented

in Table 3 for all the locations analysed in this study. In addition,
Figs. 11(a) and (b) illustrate the same analysis for the GEROA and
Clarus wind farms projects, respectively, using violin plots. For the
GEROA project, the mean 𝐻𝑠 is shown to decrease along the 21st
century, while 𝐻𝑠 for the 99th percentile is shown to increase, which
is consistent with the results shown in Figs. 7 and 10, respectively.
However, the representation of the data in violin plots enables a further
understanding of the evolution that is masked in the global-scale anal-
ysis. On the one hand, one can observe that more and more data are
gathered around lower 𝐻𝑠 values, resulting in PDF distributions with
wider peaks that are placed lower and thinner tails. On the other hand,
it is remarkable that, besides the 99th percentile value, the highest
value of the PDF distribution reaches significantly higher values, mov-
ing from 9 m in the historical baseline case study to a remarkably high
value of 12 m (over 30% of increase). This is particularly catastrophic,
as in the case of the wind resource, since the different components,
11
Table 3
Summary of the local wave resource evolution.

Forecasting
horizon

Mean 𝐻𝑠 Extreme 𝐻𝑠
99th

Extreme 𝐻𝑠
99.99th

Hywind

Near-term 1.5 (−2.1%) 4.7 (−5.8%) 8.8 (4.5%)
Mid-term 1.4 (−6.2%) 4.5 (−8.6%) 8.5 (1.3%)
Long-term 1.4 (−9.9%) 4.4 (−10.1%) 7.7 (−8.4%)

Tramuntana

Near-term 0.74 (−2.8%) 2.9 (−4.6%) 6.1 (13.8%)
Mid-term 0.72 (−5.1%) 3 (−4.6%) 5.8 (9.1%)
Long-term 0.68 (−11.1%) 2.9 (−5.4%) 5.4 (1.5%)

GEROA

Near-term 2.1 (−1%) 6.8 (1.3%) 11.5 (−4.8%)
Mid-term 2 (−4%) 6.8 (2.3%) 12.2 (0.5%)
Long-term 1.8 (−9.6%) 6.9 (2.9%) 14.6 (20.5%)

WindFloat

Near-term 2.3 (−0.8%) 6.6 (0.5%) 10.1 (−5.3%)
Mid-term 2.2 (−3%) 6.5 (−0.7%) 10.4 (−1.6%)
Long-term 2.1 (−8.9%) 6.9 (5.9%) 14 (41%)

Clarus

Near-term 3.1 (−1%) 9.22 (−1.1%) 16.3 (−4.1%)
Mid-term 3 (−4.1%) 8.8 (−5.7%) 16.1 (−5%)
Long-term 2.8 (−12.1%) 8.6 (−7.9%) 14.8 (−12.8%)
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Fig. 9. Evolution of the inter-annual mean 𝐻𝑠 in northwest Europe under the SSP5-8.5 scenario: (a) Historical baseline, and (b) near-, (c) mid- and (d) long-term forecasts.
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Fig. 10. Evolution of extreme 𝐻𝑠 in northwest Europe: (a) Historical baseline, and (b) near-, (c) mid- and (d) long-term forecasts for the SSP5-8.5 scenario.
Fig. 11. Evolution of the local wave resource at (a) GEROA and (b) Clarus wind farms
for SSP5-8.5 scenario.
13
such as floating wind platforms, mooring lines and blades, need to be
designed to survive such harsh conditions.

Similar trends can also be found in Fig. 11(b) for the area where
the Clarus wind farm is planned to be installed, except that the very
extreme conditions also decrease in this case. The wave climate evo-
lution shows a decrease in mean 𝐻𝑠, with the peak of the PDF being
moved towards lower 𝐻𝑠 values. The 99th threshold is also shown to
decrease in time, as in Fig. 10.

4. Conclusions

The present paper assesses the evolution of the wind and wave
resources across European waters under the impact of climate change,
considering two scenarios (i.e. mid and high emissions) and three
forecasting horizons (i.e. near, mid and long term). The dataset used for
the assessment is based on the Coupled Model Intercomparison Project
Phase 6 (CMIP6), which provides state-of-the-art climate models. The
novelties of the present study lie in: (i) considering wave and wind
data including their similarities, (ii) using a high temporal resolution,
(iii) combining global and local scales for the resource assessment, and
(iv) carrying out a comprehensive statistical analysis with probability
density functions (PDFs). All these novelties include aspects that are
critical to the offshore renewable energy (ORE) industry, since they
enable a more thorough analysis of the evolution of the resources and
its implications for the design of ORE technologies.

On average, both wind and wave resources are expected to decrease
gradually in the next decades, particularly in the northern regions and
under the high-emissions SSP5-8.5 scenario. In southern regions a very

mild increase and a mild decrease is projected in the SSP2-4.5 and
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SSP5-8.5 scenarios, respectively. In fact, the local-scale analysis con-
firms the long-term decreasing trend, with initially narrow, dense PDF
peaks which are gradually displaced towards lower values, resulting in
thinner tails. Similar patterns are also observed for the wave climate,
with the caveat that in the northern regions the resource seems to
increase in the near-term horizon. In both wind and wave resources,
it is very clear that the increasing trends observed in the literature for
the 20th century are totally reversed almost everywhere before 2050.

Besides the variations in the average resource, extreme conditions
also vary considerably. The values of the 99th percentiles show dif-
ferent trends depending on the region, with much of the Atlantic
waters off continental Europe experiencing increases by 2100, whereas
much of the Mediterranean waters, Great Britain and Ireland experience
decreases.

These trends are confirmed by the local-scale analysis. More specif-
ically, in two of the five study sites, a significant extension of the
PDF tails towards higher wind speeds and, especially, larger wave
heights is projected by 2100. This effect is particularly relevant in SSP5-
8.5. Under this scenario the displacement of the PDF tails can have
significant repercussions, especially when combined with reductions in
the mean wind speed and significant wave height values – it would
imply higher survivability requirements while assuming lower energy
production. This evolution of the extremes is more dramatic in the high-
emissions scenario. In any case, further investigation considering the
downscaling of wind/wave data to capture the local geographical and
topographical characteristics is recommended.

All the wind and wave resource variations presented in this study
reinforce the idea that the designs of future ORE technologies should
consider these effects in order to better suit the future resource charac-
teristics. To that end, future studies should evaluate the impact of the
resource variations on the most relevant design parameters as in [57],
incorporating aspects like power generation, structural integrity to
fatigue and extreme events, and operation and maintenance.
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