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a b s t r a c t

Offshore wind energy is an important agent to fight climate change. However, it is simultaneously
very sensitive to climate change. This study analyzes the future changes in wind speed of 10 m above
sea surface (V10) in the North Atlantic Ocean and how these variations may affect offshore wind
energy resources for three potential subregions (the United States (US) East Coast, western Iberian
Peninsula, and the Caribbean Sea). Dynamic downscaling of three different future scenarios of the
CESM2 global climate model (CMIP6 project) was performed using the WRF-ARW atmospheric model.
V10 is expected to decrease in the winter and spring seasons but increase in summer and autumn,
mainly in tropical regions up to 30 ◦N. Annually, it shows the maximum increase in the tropical
region. For the Iberian Peninsula subregion, significant increases in summer are expected for wind
power density (WPD) along the 21st century, but there is uncertainty for the other seasons. A WPD
decrease in winter and increases in summer and autumn are expected along the 21st century for the
US subregion. No significant changes were observed at annual scale. Finally, for the Caribbean Sea, a
decrease is projected in the Yucatan Basin and considerable increases are foreseen for the Colombia
and Venezuela basins.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Climate change presents a real challenge to society. According
o the sixth report of the Intergovernmental Panel on Climate
hange (IPCC), an increase in global surface temperature of 1.5 ◦C

and 2 ◦C will be exceeded during the 21st century unless sig-
nificant reductions in CO2 and other greenhouse gas emissions
are achieved in the coming decades (IPCC, 2021). Although tem-
perature has received the most attention in relation to climate
change, it is important to analyse other atmospheric variables
that are instrumental for the climate system. One of these vari-
ables is wind speed of 10 m above sea surface (V10). V10 is a key
variable in climate studies because its variations have substantial
impacts on human society and the natural environment (Pryor
et al., 2006). For example, V10 intensification can exacerbate soil
erosion, leading to more severe dust storms (Alizadeh-Choobari
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et al., 2014; Wang et al., 2017) and result in heat and humidity
fluxes at the air–sea interface (Renault et al., 2017).

Renewable energy sources are important alternatives to al-
leviate the dependence on fossil fuels and reduce greenhouse
gas emissions. Offshore wind energy is a mature marine renew-
able energy source that still has high growth potential owing to
technological advances, such as floating structures that allow the
installation of offshore wind farms at greater depths. Although
an increase in the offshore wind installation capacity is expected
worldwide (GWEC, 2021), it is important to consider that V10
changes due to climate change may have a significant impact
on offshore wind energy production because the wind power
generated depends on the wind speed cubed. Therefore, while
offshore wind energy is an agent to fight climate change, it is
simultaneously very sensitive to climate change.

Numerous studies have focused on analysing possible future
changes in V10 using global climate models (GCMs) and how
they may influence wind energy production worldwide or in
specific regions. These models can be employed to obtain climate
simulations and projections, modelling changes in the physical
processes of the atmosphere, ocean, land surface, and cryosphere

by considering different scenarios of increasing greenhouse gases
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Stocker et al., 2013). Recently, an extensive selection of GCMs
nd Earth system models (ESMs) was made available through the
th phase of the Coupled Model Intercomparison Project (CMIP6)
Eyring et al., 2016). The Scenario Model Intercomparison Project
ScenarioMIP), in particular (O’Neill et al., 2016), occupies a
rominent position among the activities covered in this phase,
nd provides climate projections based on new alternative sce-
arios of future greenhouse gas emissions and land use (O’Neil
t al. 2017) for CMIP6. These updated scenarios are produced with
ntegrated assessment models and driven by the updated path-
ays of societal development, namely the shared socioeconomic
athways (SSPs) (Riahi et al., 2017). The CMIP6 project and new
SPs were the basis for establishing future climate projections in
he most recent IPCC report (IPCC, 2021). Therefore, the GCMs
nvolved in CMIP6 represent the most recent tools for analysing
uture projections in the context of current climate change.

However, the coarse resolution of GCMs is generally insuffi-
ient to provide useful climate change information and impacts
or a specific area, particularly where climate and weather are
nhomogeneous. This includes areas with complex terrains and
ropical regions, where precipitation is strongly driven by con-
ection at finer scales than can be adequately resolved by GCMs.
ccurate numerical systems for climate simulation and projection
t sufficiently high resolutions are required for effective climate
hange mitigation and adaptation. The only tool to obtain these
igh spatial resolution climate projections is regional climate
odels (RCMs), which can be used to force state-of-the-art CMIP6
CMs. This process is called dynamic downscaling, and allows for
mproved understanding of the possible modifications of V10 and
he subsequent changes in wind energy resources.

The objective of this work is to project and analyse future
hanges in V10 and its geographical distribution over the North
tlantic Ocean by means of dynamic downscaling of the CMIP6
roject data using the WRF-ARWmodel. To the best of our knowl-
dge, the present study is the first attempt to analyse the impact
f climate change on offshore wind energy and V10 patterns
y means of dynamic downscaling in the North Atlantic Ocean
NATL) using CMIP6 data, which contains the most recent future
limate projections.

Area under scope
This study focused on analysing V10 changes in the NATL

egion (Fig. 1a). This region has significant offshore wind energy
otential. The North Sea, located in the Atlantic Ocean, has the
ighest density of offshore wind energy farms worldwide; as
result, North Sea wind energy resources have been studied

xtensively. Countries such as the United Kingdom, Germany,
nd China, are global leaders in installed offshore wind energy
apacity (GWEC, 2021). The number of offshore wind farms in-
talled in other areas of the North Atlantic is expected to increase
ver the next few decades due to the development of floating
latforms that are suitable for the narrow continental shelf in this
rea. The first floating offshore wind farm was recently installed
long the western Atlantic coast of the Iberian Peninsula (Ramírez
t al., 2021). For this reason, the Atlantic coast of the Iberian
eninsula was selected for a more in-depth analysis of the impact
uture variability in offshore wind energy resources (Fig. 1b).
he development of offshore renewable energy is also expected
o increase over the next few years along the Atlantic coast of
he United States (US) (Fig. 1c) (deCastro et al., 2019; Costoya
t al., 2020b) as there is currently little development of this
ffshore technology (Musial et al., 2016). Finally, future changes
n offshore wind energy will also be analysed in the Caribbean
ea (CS) because this area involves many islands with isolated
lectrical systems, where the development of offshore wind en-
rgy is of great interest. In addition, it must be noted that some

slands in the Caribbean Sea have already implemented onshore

874
wind farms including Cuba, Curaçao, Jamaica, Martinique, and
Guadeloupe (Wright, 2001). Below, various investigations of the
changes in V10 and WPD in the future climate for each of these
three subregions are detailed.

Regarding the Atlantic coast of the Iberian Peninsula (IP),
Soares et al. (2017) used the WRF-ARW model, which was forced
by the climatic simulations of the Coordinated Regional Climate
Downscaling Experiment (CORDEX) project (scenarios RCP4.5 and
RCP8.5), to project future changes in offshore wind power. These
authors demonstrated that the majority of climate models project
reductions in wind speed and power for all seasons, except for the
summer. Moreover, Santos et al. (2018) analysed the variations in
the WPD using various RCMs from the CORDEX project, and found
a slight increase for the period 2019–2045 under the RCP8.5
scenario. Finally, Costoya et al. (2020a) applied a combination
of two bias correction methods to reduce WPD error in climate
models and used CORDEX simulations to determine the future
WPD reduction across most of the western IP. In addition, they
found that a WPD increase was projected for summer months and
a decrease in WPD was projected during autumn and spring.

Different authors have investigated future changes in WPD
along the Atlantic coast of the US. For example, Liu et al. (2014)
used dynamic downscaling to obtain future climate projections
from a GCM of the CMIP3 project with the WRF model. They
determined that the mean annual wind speed increased from 0.1
to 0.2 m/s in the northern Great Lakes region until the middle of
the century. However, until 2090 an even greater increase in the
wind speed of 0.1 to 0.4 m/s is projected for this region. In ad-
dition, Johnson and Erhardt (2016) determined that the offshore
wind resource projections have a slight tendency to decrease
along the east coast and increase along the west coast of the US,
considering that these changes are less than 2%. These authors
used the output from four RCMs from North American Regional
Climate Change Assessment Program (NARCCAP), assuming the
SRES A2 emission scenario. Recently, Costoya et al. (2020b) used
12 CORDEX simulations of approximately 0.22◦ spatial resolution
to analyse future WPD variations on both the east and west
coasts of the US. Overall, the authors found a decline in offshore
wind power resource throughout the 21st century in the US,
particularly on the east coast.

For the CS subregion, very few studies have focused on the
future changes in V10 and WPD. Angeles et al. (2010) found that
an increase in easterly winds is expected for this region between
2070 and 2098, especially along the coast. Furthermore, Yao et al.
(2016) analysed the differences in wind speed using statistical
downscaling of a single GCM (GFDL CM2.1). Finally, Costoya et al.
(2019) showed that a maximum annual wind increase of ap-
proximately 0.4 m/s is projected for most of the Caribbean at
the end of the 21st century, except in the Yucatan Basin. This
increase occurred mainly during the rainy season, ∼0.5 ms−1.
Furthermore, these authors found that a moderate increase in
wind, approximately 0.2 m/s is expected during the dry season
restricted to the southeast coast. This study was conducted using
the CORDEX project at a resolution of approximately 0.44◦.

2. Data and methodology

2.1. Data

The outputs of the CESM2 climate model (Community Earth
System Model Version 2) (Danabasoglu et al., 2020) from the
CMIP6 project were used to run the WRF regional dynamic model
with ARW (Advanced Research WRF) dynamic core. These vari-
ables were downloaded from the Earth System Grid Federation
(ESGF2). These were obtained for the native grid ‘‘gn’’ and with
a spatial resolution of 0.9 × 1.25 (∼1◦). In addition, these vari-
ables corresponded to a mesh with 288 × 192 longitude/latitude
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Fig. 1. The area selected for the study of the wind speed of 10 m above sea surface (V10) using the WRF-ARW for the NATL is shown in (a). The subregions for the
study on wind power density (WPD) are shown as follows: (b) US East Coast, and (c) Iberian Peninsula, and (d) Caribbean Sea.
and 32 levels. Historical data from 2010–2014 and the scenarios
for the three climate projections (MIP Scenario 21C: SSP2-4.5,
SSP3-7.0, and SSP5-8.5) were used. These projections cover the
intervals 2049–2053 (mid-century (MC)) and 2096–2100 (end-
century (EC)). The selection criteria of 5 years are based on
achieving stability between the simulation time and the available
and necessary computational resources for the runs when using
a forced regional model with outputs of a climate model. It is
important to mention that several previous analyses have consid-
ered time periods in the 5–11 year interval to analyse the impact
of climate change on renewable resources, but always considering
one scenario or two at most, unlike this research which considers
three of the new SSPs (e.g. Alsarraf and Van Den Broeke, 2015;
ant et al., 2016; González et al., 2017; Cai and Breon, 2021;
artinez and Iglesias, 2021).
The CESM2 model selection was based on two main rea-

ons. Firstly, CESM2 has been evaluated for the representation
f jet streams and storm tracks, stationary waves, global di-
ergent circulation, annular modes, North Atlantic oscillation,
nd blocking. Moreover, it ranks within the top 10% of CMIP
lass models in many of these features (Simpson et al., 2020).
n addition, Shen et al. (2022) demonstrated that the CESM2
has the best ability in reproducing the observed near-surface
wind speed trends simulated by CMIP6 models. Secondly, CESM2
provides all the necessary variables (see NCAR Technical Notes
NCAR/TN 515+STR, Bruyère et al., 2015) to force the WRF-ARW
with better resolution compared to the rest of the models that
have a resolution of ∼250 km. For its use, it was necessary to
process these variables of the different periods to generate the
CESM2 intermediate files (26 vertical levels) that were used as
the initial and boundary conditions for forcing the WRF-ARW.
For it, software was developed in NCL and Fortran based on
the methodology proposed by Bruyère et al. (2015) for we can
execute el WRF.

The SSPs used in the research present differences; for example,
SSP2-4.5 is a scenario that represents the medium part of the
range of future forcing pathways and updates the RCP4.5 pathway
with a radiative forcing of 4.5 W/m2 for 2100 (O’Neill et al., 2016).
Additionally, SSP2-4.5 features land use and aerosol pathways
that are not extreme relative to the other SSPs. In this regard,
875
it is considered that while environmental systems experience
degradation, there are some improvements, and overall, the in-
tensity of resource and energy use declines (Riahi et al., 2017).
In contrast, the SSP3-7.0 scenario represents the medium to high
end of the range of future forcing pathways with radiative forcing
of 7.0 W/m2 in 2100. In particular, SSP3-7.0 is a scenario with
both substantial land use changes (particularly decreased global
forest cover) and high Near-Term Climate Forcers (NTCF) emis-
sions (particularly SO2) (O’Neill et al., 2016). Finally, the SSP5-8.5
scenario represents the high end of the range of future pathways.
It is the only SSP scenario with sufficiently high emissions to
produce a radiative forcing of 8.5 W/m2 in 2100, according to
O’Neill et al. (2016).

The V10 simulated using WRF-ARW was evaluated with re-
spect to the ERA5 reanalysis (Hersbach et al., 2020). ERA5 is the
most recent (5th generation) global atmospheric reanalysis of the
European Centre for Medium-Range Weather Forecasts (ECMWF)
and stands out for its high resolution (31 km horizontally and
137 vertical levels) as well as for a large amount of assimilated
historical observations. This represents a significant improvement
over its predecessor, ERA-I reanalysis. The characteristics of the
surface and low-level winds in ERA5 over the ocean, in relation
to observations and other reanalyses, have been evaluated by
numerous investigations (e.g., Olauson, 2018; Belmonte and Stof-
felen, 2019; Kalverla et al., 2019) and ERA5 has been found to
work well for the representation of these fields.

2.2. Model setup and methodology

As mentioned in the Introduction, the objective of this work
is mainly to analyse the future changes for V10 in future climate
(mid- and end- of the century) and their implications in the
offshore WPD for selected regions of interest (IP, US and CS). The
flowchart of the research is explained below: (1) simulations with
dynamic downscalling are performed using WRF-ARW forced by
historical CESM2 data, (2) an evaluation of the configuration is
then carried out with respect to ERA5 reanalysis data. Once the
configuration has been evaluated, (3) the future conditions are
simulated to study future changes of the V10 field in the Atlantic
Ocean and (4) the WPD variable is then regionalized for IP, US
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nd CS and the future projections are analysed. A more detailed
xplanation is presented below.
Dynamic downscaling was performed with WRFv3.8.1 (Ska-

arock et al., 2008) using the ARW dynamic core. This was forced
using the CESM2 model outputs every 6 h. The simulations have
40 vertical layers from the surface to 50 hPa and 480 × 800
rids with a horizontal spacing of 20 km centred on the North
tlantic Ocean. The parameterizations employed in the WRF-
RW setup are as follows: the WSM6 microphysics scheme (Hong
nd Lim, 2006), Yonsei University PBL scheme (Hong et al., 2006),
evised MM5 surface layer scheme (Jimenez et al., 2012), United
oah Land Surface Model (Tewari et al., 2004), shortwave and
ongwave RRTMG schemes (Iacono et al., 2008), and Kain–Fritsch
nsemble cluster scheme (Kain, 2004). These have been used
n several investigations in the region within the computational
omain of WRF-ARW by Insua-Castro and Miguez-Macho (2018)

and Insua-Castro et al. (2019). On the other hand, spectral nudg-
ing of waves longer than 1000 km is employed to avoid distortion
of the large-scale circulation within the regional model domain
owing to the interaction between the model solution and lateral
boundary conditions (Miguez-Macho et al., 2004). For the WRF-
ARW simulations, a 6-month spin-up was performed before the
period to be simulated, and the restart mode was used when the
WRF-ARW was stopped.

The WPD was calculated by considering the V10 field of the
WRF-ARW outputs. WPD (W/m2) represents the energy available
at a specific site that can be converted by a wind turbine. This
value was calculated using the following equation:

WPD =
1
2
ρv3 (1)

where ρ represents the density of air with a value of approxi-
mately 1225 kg/m3 at sea level and at 15 ◦C (Salvador et al., 2018;
Ulazia et al., 2019), and v is the wind speed (m/s). To determine
the WPD, the wind speed data were extrapolated up to 120 m,
which is the typical height of marine wind turbines (Swart et al.,
2009) considering an atmosphere with neutral stability. The wind
speed values were extrapolated following the expression of the
logarithmic wind profile:

uz = uzm ∗ ln
(

h
z0

)
/ln

(
hm

z0

)
(2)

where uzm is the wind speed near the surface (m/s), hm is the
eight (m) at which the wind is measured near the surface (10 m
n this study), uz is the mean wind speed (m/s) at the extrapolated
eight (h) of 120 m, and z0 is the local roughness length (a value
f 1.52 × 10−4 m above the ocean surface is considered). This
ethod has been used by Yamada and Mellor (1975) and Salvador
t al. (2018) in previous research. The WPD was calculated for
he WRF-ARW domain, but was analysed mainly in the IP, US,
nd CS subregions. This methodology is considered and not a
athematical interpolation to obtain the wind at 120 m to be
ble to compare the results as homogeneous as possible with
revious investigations where this physical relationship has been
onsidered.
Subsequently, to use this configuration of WRF-ARW to sim-

late future projections with different SSPs, it was evaluated in
omparison with ERA5. This analysis was performed on the area
hown in Fig. 1a. The statistical graphs presented in Table 1 were
sed, where xi and yi are the simulated and observed values,
espectively, and n is the number of data points. In addition,
xi and yi are the mean values of the simulations and observa-
tions, respectively. Furthermore, the evaluation and analysis of
the different SSPs were conducted annually and seasonally. In
this case, boreal winter (JFM), spring (AMJ), summer (JAS), and
autumn (OND) are considered for the analysis of the IP and US
 m
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Table 1
Statigraphs used in the evaluation of the configuration of the WRF-ARW.
Source: Modified from Brown et al. (2013).
Statigraphs Equation

Absolute error (MAE)
∑n

i=1 |xi − yi|
n

Root mean square error (RMSE)

√∑n
i=1 (xi − yi)2

n

Pearson’s correlation (R)
∑n

i=1 (xi − xi) (yi − yi)√∑n
i=1 (xi − xi)2 (yi − yi)2

Bias (B)
∑n

i=1 (xi − yi)
n

subregions. However, for the CS the dry season (DS) from De-
cember to April and wet season (WS) from May to November are
considered because the Caribbean climate is characterized by two
seasons (Enfield and Alfaro, 1999). From here on, the simulations
with the historical CESM2 for 2010–2014 will be referred to
as WRF-CESM2_HIST, and for the climatic scenarios, it will be
WRF_CESM2_x_MC or WRF_CESM2_x_EC, where x represents the
SSPs and MC or EC the time periods. Fig. 1b–d shows the areas
considered in the WPD study.

3. Results and discussion

3.1. Evaluation of the downscaling methodology

Fig. 2 shows the V10 field for WRF-ARW_HIST and ERA5 for the
period 2010–2014. In addition, the spatial differences calculated
from WRF-ARW_HIST and ERA5 were presented. Overall, spatial
differences were less than 1 m/s in the North Atlantic region. In
winter, WRF-CESM2_HIST shows a greater wind speed than ERA5
in the region between 40–50◦N that extends mainly towards the
coast of Europe. However, the opposite was observed in the tropi-
cal and subtropical latitudes, where speeds lower than ERA5 were
detected. For spring and summer, similar behaviour was observed
with two zones where wind speed was overestimated, one near
the coast of the US and another from the central Atlantic to
the coast of Western Europe. For autumn, the WRF-CESM2_HIST
projections showed a tendency to underestimate the wind speed
(<1 m/s) in most of the North Atlantic. Annually, simulated data
show very similar behaviour with spatial differences of ∼0.8 m/s
or less across the entire study region. It should be highlighted that
WRF-ARW_HIST shows an adequate representation compared to
ERA5 in areas where future changes in the WPD will be studied.

A summary of the previously proposed statistics is shown in
Fig. 3. The Pearson correlation coefficients present values higher
than 0.8 in all the time periods studied and are lower during
summer. The MAE varies from 0.5 to 1 m/s, being higher in
summer and lower in autumn, with an annual value of ∼0.5 m/s.
n the other hand, B increases from winter to summer and
ecreases considerably for autumn, presenting a mean value for
he entire period of∼0.1 m/s; which is an overestimation. Finally,
he RMSE presents values that oscillate between 0.8 and 1.2 m/s
nd are ∼0.6 m/s annually. In general, the use of the forced WRF-
RW model with the CESM2 provides an adequate representation
f V10.

.2. Future changes for V10 North Atlantic Ocean determined using
RF-ARW and SSPs

Future changes will be determined as the difference between
he simulations using the WRF-ARW forced with different SSPs
inus the WRF-ARW forced with historical data from the CMIP6.
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Fig. 2. The V10 fields for WRF-CESM2_HIST (first column) and ERA5 (second column) and the spatial difference (third column). The fields displayed from top to
bottom correspond to boreal winter (JFM), spring (AMJ), summer (JAS), autumn (OND), and annually (ANNUAL) values. The modular value of V10 is represented by
contours and the direction of V10 by arrows. Historical period: 2010–2014.
Fig. 3. Statigraphs calculated with the WRF-CESM2_HIST simulations and the ERA5 reanalysis of the V10 field for the study area (Fig. 1a). (a) R, (b) MAE, (C) B and
(d) RMSE. Historical period: 2010–2014.
Therefore, positive values indicate future increases and negative
values indicate decreases. Future changes were determined for
the mid-21st century (2049–2053) and the end of the 21st cen-
tury (2096–2100). Fig. 4 shows the comparison of V10 from WRF-
ARW_HIST and the differences in the simulations of WRF-ARW for
each SSP with respect to the MC. Considering SSP2-4.5, a decrease
was expected above latitudes of 30◦N during winter for the MC
period (Fig. 4b). However, positive values prevailed south of 30◦N,
with the exception of the eastern Caribbean Sea. In spring, a
decrease was maintained across most of the North Atlantic Ocean,
except in the Caribbean Sea. Positive values prevailed for summer
and autumn, with the exception of the southern region of the
US coast (Fig. 4j, n). An increase was projected in most tropical
regions, with little annual change in the rest of the study area
(Fig. 4r).

On the other hand, using SSP3-7.0 for winter, the tendency
for V10 to decrease continues to be represented, with two ex-
ceptions: the Iberian Peninsula and the West African zone (see
Fig. 4c). In spring, negative values increased throughout the area,
and were greater than those observed using SSP2-4.5. Moreover,
mainly positive values for summer and autumn are expected
over the CS, the US coast, and IP, but the values were relatively
lower than those shown for SSP2-4.5 (Fig. 4j, n). Regarding the
annual average, there is a tendency to show little change, with
the exception of the tropical zone near the coast of Africa and
877
northwest of the Iberian Peninsula (Fig. 4s). Considering SSP5-8.5,
the most significant changes occur in winter, with a considerable
decrease (∼3.5 m/s) in the Caribbean Sea, along the African coast,
and latitudes above 50◦N (Fig. 4d). A few changes in the general
form can be seen for EC compared to MC considering SSP2-
4.5 and SSP3-7.0. However, under SSP5-8.5, positive values were
expected throughout the North Atlantic Ocean region for summer
and autumn, showing an increasing trend with more extreme
conditions at the end of the 21st century (Figure S1).

In general, these results differ from previous research (e.g.,
Collins et al., 2013; Gallagher et al., 2016) which found that the
average wind changes due to climate change over the North
Atlantic Ocean at the end of the 21st century were small and neg-
ative. These authors used data corresponding to CMIP5 models
to obtain the results. However, this research showed a notable
increase for summer and autumn, mainly in the tropical zone and
areas near the coast of Western Europe. This result is similar to
that reported by Ruosteenoja et al. (2019), wherein the frequency
of strong westerly geostrophic winds was found to increase by
50% in northern Europe and the northern North Atlantic Ocean in
autumn. In addition, the projected increase in the tropical region
is in correspondence with the projected increase for WPD over
most mid- to low-latitudes ocean areas (30◦S–30◦N) according to
Zheng et al. (2019). Finally, these projections are in correspon-
dence with that found for the surface wind speed for the period
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Fig. 4. The V10 for the historical period and the differences in the simulations of WRF-ARW for each SSP. The fields displayed from top to bottom correspond to
boreal winter (JFM), spring (AMJ), summer (JAS), autumn (OND), and annually (ANNUAL), respectively. The modular value of V10 is represented by the contours and
direction of V10 by the arrows. Period: 2049–2053 (MC).
1988–2011 by Zheng et al. (2016). These authors show positive
trends (5–11 (cm/s)/yr) in the North Atlantic region mainly on
the east coast of the United States, northwest Africa, and the
Atlantic coast of the IP extending to the Cantabrian Sea using
Cross-Calibrated, Multi-Platform (CCMP) wind data.

3.3. Future changes for WPD in the Iberian Peninsula subregion

Fig. 5 shows a comparison of the historical WPD and dif-
ferences in the WRF-ARW simulation results for each SSP with
respect to the WPD for the Iberian Peninsula. Under SSP2-4.5, the
WPD is projected to decrease in winter, with maximum values
occurring in the north of the IP. In spring, positive values for
WPD were projected for most of the west coast of the IP, but
considerable increases were noted in the northwestern corner of
the IP (Fig. 5f). Positive values were observed very close to the
coast of the Iberian Peninsula in summer (>100 W/m2), but the
coast of Galicia to the north of Portugal stood out. Furthermore,
few changes were expected in autumn and annually (Fig. 5n, r).
Considering SSP3-7.0, an increase is projected for winter, with a
maximum in the north of Galicia; however, a notable decrease in
the entire coast of the IP is expected for spring (Fig. 5c, g). This
behaviour is contrary to the previous scenario analysed for both
seasons. On the other hand, increases are projected northwest of
the IP for summer and autumn, but there is very little change in
the annual analysis (Fig. 5k, o). Considering SSP5-8.5, the most
notable difference is the increase projected for the north of the
IP for the autumn.

Regarding the EC period and considering all SSPs (see Fig. 6),
positive changes were projected to the north of the IP in winter,
extending up to 40◦N. The intensity of the changes was greatest
for SSP5-8.5. A similar pattern was noted in summer, where
positive differences with greater magnitudes are expected for the
WPD considering the projected scenario in which emissions are
high enough to create a radiative forcing of 8.5 W/m2 in 2100 (see
Fig. 6). This result could be related to the increase in V10 at the
end of the 21st century in this region, as described in the previous
section.

In summary, according to the SSPs, a considerable increase
is expected for autumn and summer for both study periods,
although slight annual WPD variations were detected, especially
878
in summer. Previous studies (e.g.,; Soares et al., 2017; Moemken
et al., 2018; Costoya et al., 2020a; Carvalho et al., 2021) have
shown a projected increase for this subregion but always with
a slight discrepancy in percentage values. Therefore, summer is
maintained as the season with the greatest increase, which will
allow a higher stability of the offshore energy resource through-
out the year, as this is the season with the lowest WPD on
average. Stable wind power generation benefits the gathering and
conversion of wind energy, whereas unstable WPD negatively
affects the productivity of wind energy conversion (Zheng and
Pan, 2014; Zheng, 2018). Moreover, for MC, different behaviours
are expected for winter, where SSP2-4.5 and SSP5-8.5 project
a decrease, and SSP3-7.0 does not. This may be attributed to
the fact that SSP3-7.0 is a scenario involving substantial land
use change (particularly decreased global forest cover) and high
NTCF emissions (particularly SO2). However, for EC, a notable
increase is expected for all the SSPs north of the Iberian Peninsula.
These results coincide with those of Costoya et al. (2020a), which
projected an increase for this period but used the RCP8.5 scenario.
Also, Zheng et al. (2019) project for the period 2080–2099 an
increase of 100–150 W/m2 for the west coast of the IP with
a maximum in the north-northwest. Finally, using ERA-Interim
data (1979–2014), Zheng et al. (2022) show a significant (at 95%
level) positive annual trend for WPD (1–2 (W/m2)/yr) in the
Atlantic coast of the IP. This shows that there is correspondence
between the results of this research and what was found for past
climate.

3.4. Future changes for WPD in the US subregion

According to SSP2-4.5, the WPD in winter is projected to
decrease at latitudes above 35◦N with maximum values along the
Maine, Massachusetts, New Hampshire, and New Jersey coasts,
for the period 2049–2053 (Fig. 7b). During summer positive WPD
values were projected mainly along the North Carolina, South
Carolina, and Virginia coasts (Fig. 7j). Negligible changes were ob-
served during the other periods. Additionally, when considering
SSP3-7.0, the WPD was projected to decrease in winter (Fig. 7c).
However, a different behaviour in autumn is expected along with
an increase in the northernmost states of the US (Fig. 7o). The re-
maining periods exhibited a few distinct and significant changes.
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Fig. 5. The WPD for the historical period and the differences between the simulations of WRF-ARW for each of the SSPs in the IP subregion. The boreal winter
(JFM), spring (AMJ), summer (JAS), autumn (OND), and annually (ANNUAL) fields are displayed from top to bottom. Period: 2049–2053 (MC).
Fig. 7d shows the behaviour using SSP5-8.5, where there is a
different pattern, with positive values below 40◦N and negative
alues above 40◦N. In general, the rest of the periods show little
hange, except in summer, where there is some correspondence
ith SSP2-4.5 and the positive values are projected for states near
5◦N. During 2096–2100, the most significant changes are the
aximum decreases in WPD values according to SSP3-7.0 and the

ncrease in summer as per SSP5-8.5 (Fig. 8).
In general, there is a decrease in WPD in winter considering all

SPs, an increase in summer, and little change over the remaining
eriods, except in autumn, as it is expected that towards the end
f the 21st century, a slight increase in WPD will occur in the
orthern region of the Atlantic coast. These results correspond
ith those of Costoya et al. (2020b) but differ from those of
ulkarni and Huang (2014), who determined a decrease in WPD
uring summer and an increase during winter. This study corrob-
rated the findings of Costoya et al. (2020b), which showed that
he central zone of the east coast of the US (e.g., Virginia, North

arolina, and South Carolina) constitutes an important target area

879
for the present as well as the future, as it presents good conditions
for wind resource development. It was also observed that the
northern section, mainly the coastline of the states of Maine,
Massachusetts, and New Hampshire, also has a projected increase
in WPD. Besides, Zheng et al. (2022) show that the US Atlantic
coast has a significant positive annual trend at 95% level for WPD
(2–4 (W/m2)/yr) but based on the ERA-Interim wind product.

3.5. Future changes for WPD in the Caribbean Sea subregion

In the analysis of the Caribbean Sea subregion, it must be con-
sidered that only two seasons are considered (dry (DS) and wet
(WS)); hence, analyses will be carried out for these seasons and
for the annual variation. Considering SSP2-4.5 for 2049–2053 in
the DS, a strengthening of the WPD pattern is projected compared
to the historical pattern for the Venezuelan Basin that extends
to the Caribbean Sea. However, there was a slight decrease in
WPD values close to the coast of Colombia (Fig. 9b). Regarding
the WS, a more notable increase is projected with respect to the



J.C. Fernández-Alvarez, X. Costoya, A. Pérez-Alarcón et al. Energy Reports 9 (2023) 873–885

C
o
c
a
v

c
v
w
c
p
a
o
s
s
t
i

Fig. 6. The WPD for the historical period and the differences between the simulations of WRF-ARW for each of the SSPs in the IP subregion. The boreal winter
(JFM), spring (AMJ), summer (JAS), autumn (OND), and annually (ANNUAL) fields are displayed from top to bottom. Period: 2096–2100 (EC).
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historical WPD (see Fig. 9f), with maximum values located in the
olombian Basin, Venezuela Basin, near the south and north coast
f Española, and in the eastern region of Cuba. However, little
hange is expected in the Yucatan Basin. As an annual average,
n increase is projected mainly over the Venezuelan Basin with
alues of 80–160 W/m2 (Fig. 9j).
Considering SSP3-7.0, it is projected that there will be a de-

rease over the entire CS area during the DS, with maximum
alues occurring in the Colombian Basin. However, the behaviour
ill be different in the WS, where an increase is expected near the
oast of Colombia and Venezuela, but limited significant changes
rojected for the rest of the study area (see Fig. 9c, g). The annual
verage changes will be insignificant, except for along the coast
f Colombia (mainly along the Barranquilla and San Marta coastal
tates). The expected changes for MC considering SSP5-8.5 are
imilar to the patterns obtained using SSP3-7.0, but differ from
hose observed considering SSP2-4.5, which projects a majority
ncrease throughout the entire region.
880
For the period 2096–2100, a decrease in the WPD values in
he Yucatan and Colombia basins was projected for all SSPs in
he DS, but a slight increase was observed in the Venezuela Basin
Fig. 10b, c, d). For the rest of the periods analysed, a notable
ncrease in WPD values (>240 W/m2) was projected throughout
the CS, with the exception of the Yucatan Basin, which showed
little change (Fig. 10). The results are similar to those obtained
by Costoya et al. (2019) using the RCP8.5 and CORDEX scenario
data. Costoya et al. (2019) found a decrease in wind energy
for most of the Caribbean region during the dry season at the
end of the 21st century, with the Colombian Basin standing out
and a moderate increase in wind energy in the Venezuela Basin.
In contrast, during the WS, they detected an increase in wind
energy in the Colombian and Venezuelan basins with a decrease
in the wind energy for the Yucatan Basin with maximum values
projected at the middle of the 21st century, but little change
towards the end of the 21st century. In general, the most notable
projected increase in the WPD is expected in the wet season over
the Colombian basin, being higher under the SSP585 scenario at
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Fig. 7. The WPD for the historical period and the differences between the simulations of WRF-ARW for each of the SSPs in the US subregion. The boreal winter
(JFM), spring (AMJ), summer (JAS), autumn (OND), and annually (ANNUAL) fields are displayed from top to bottom. Period: 2049–2053 (MC).
the end of the century. This may be associated with the increase
in wind speed in this area (Fig. 4, S1). This variable, in turn, could
be related to the expected increase in sea surface temperature
throughout the basin and to the decrease in sea level atmospheric
pressure towards the southern Caribbean Sea, reported by Bustos-
sta and Torres-Parra (2021). The former would affect wind shear
nd thus increase wind speed (Vecchi and Soden, 2007; Nolan and
appin, 2008), while the latter would increase spatial gradients
f atmospheric pressure. An increase in wind speed was found by
ustos-Usta and Torres-Parra (2022) especially towards the south
f the Colombian basin. Finally, Zheng et al. (2019) observed an
ncrease (>150 W/m2) of WPD in the period 2080–2099 with
espect to the historical period mainly in the Colombian basin.

. Conclusion and remarks

In this study, we investigated large-scale future changes in
he V10 patterns for the North Atlantic Ocean and in terms
f WPD for the three subregions of interest in the context of
881
climate change. Dynamic downscaling was performed using the
WRF-ARW and CESM2 climate scenarios which belong to CMIP6
project. The results of this research provide more information on
future changes for the variable V10 and its influence on WPD,
but with the advantage of considering high spatial resolution data
and several scenarios with different characteristics and having
a representation of different radiative forcing of low–medium–
high scale in the spectrum according to the IPCC. To the best
of our knowledge, this is the first study to carry out dynamical
downscaling of CMIP6 data with the aim of analysing offshore
wind energy resources in the North Atlantic Ocean.

Overall, the projected future changes in V10 show a decrease
for the winter and spring seasons, with some exceptions where
positive values are projected such as the west coast of the Iberian
Peninsula and Africa. For summer and autumn, the increase was
notable for most of the North Atlantic Ocean, but with maximum
values seen in the tropical region on an annual scale. In addition,
the changes intensify towards the end of the 21st century, and
these are greater considering SSP5-8.5. Moreover, for the Iberian
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Fig. 8. The WPD for the historical period and the differences between the simulations of WRF-ARW for each of the SSPs in the US subregion. The boreal winter
(JFM), spring (AMJ), summer (JAS), autumn (OND), and annually (ANNUAL) fields are displayed from top to bottom. Period: 2096–2100 (EC).

Fig. 9. The WPD for the historical period and the differences between the simulations of WRF-ARW for each of the SSPs in the Caribbean Sea subregion. The dry
season (DS), wet season (WS), and annually (ANNUAL) fields are displayed from top to bottom. Period: 2049–2053 (MC).
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Fig. 10. The WPD for the historical period and the differences between the simulations of WRF-ARW for each of the SSPs in the Caribbean Sea subregion. The dry
season (DS), wet season (WS), and annually (ANNUAL) fields are displayed from top to bottom. Period: 2096–2100 (EC).
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Peninsula subregion, using the SSPs, will project a considerable
increase in autumn and summer for the middle and end of the
21st century. Towards the middle of the 21st century, WRF-ARW
using SSP2-4.5 and SSP5-8.5 project a decrease in V10 in winter,
except for SSP3-7.0. However, by the end of the 21st century, a
notable increase was projected for all the SSPs north of the Iberian
Peninsula.

Regarding the US subregion and considering all SSPs, a de-
crease in WPD is projected in winter and an increase in summer,
with limited changes foreseen for the remaining periods. Autumn,
for example, is expected to show a slight increase in the north-
ern region of the Atlantic coast at the end of the 21st century.
Therefore, the Virginia, North Carolina, and South Carolina coast-
lines constitute potential wind resource development areas in the
future. For the Caribbean Sea subregion, according to the SSPs, a
decrease is projected in the dry season in the Yucatan and Colom-
bia basins, which became more pronounced at the end of the
21st century. However, a considerable annual increase in offshore
wind power is expected for the Colombia and Venezuela basins
and the region north of Española and Cuba. Minimal change was
projected for the rest of the area.

The present analysis represents the first attempt to provide
WPD projections at high spatial resolution for the whole North
Atlantic Ocean. In addition, three areas where a future devel-
opment of the offshore wind energy industry is expected were
analysed more in detail because this information can help poli-
cymakers to adapt or modify strategies to improve the efficiency
of future offshore wind farms. The approach used in the present
analysis can be extended in future research with the aim of
downscaling more GCMs to increase the robustness of the results.
In addition, the time period and the SSPs can be increased to
provide a greater representation of the WPD changes towards the
middle and end of the 21st century.
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