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H I G H L I G H T S

• Climate change impacts on future wind
energy in North America are investi-
gated.

• Two of the novel Shared Socioeconomic
Pathways scenarios were considered.

• Method based on multi-model ensem-
ble, with 5 models selected from 18 on
performance

• Overall power density drop of ~15% by
2100 in worst case, reaching 40% in
some regions

• Increased intra-annual variability, with
monthly averages changing by up to
+120%, –60%
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Themid- and long-term evolution ofwindenergy resources inNorthAmerica is investigated bymeans of amulti-
model ensemble selected from 18 global climate models. The most recent scenarios of greenhouse gases emis-
sions and land use, the Shared Socioeconomic Pathways (SSPs), are considered – more specifically, the SSP5-
8.5 (intensive emissions) and SSP2-4.5 (moderate emissions). In both scenarios, onshore wind power density
in the US and Canada is predicted to drop. Under SSP5-8.5, the reduction is of the order of 15% overall, reaching
as much as 40% in certain northern regions – Quebec and Nunavut in Canada and Alaska in the US. Conversely,
significant increases in wind power density are predicted in Hudson Bay (up to 25%), Texas and northern
Mexico (up to 15%), southern Mexico and Central America (up to 30%). As for the intra-annual variability, it is
poised to rise drastically, with monthly average wind power densities increasing up to 120% in certain months
and decreasing up to 60% in others. These changes in both the mean value and the intra-annual variability of
wind power density are of consequence for the Levelised Cost of Energy fromwind, the planning of future invest-
ments and, more generally, the contribution of wind to the energy mix.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

According to the Global Wind Report 2021 (Global Wind Energy
Council, 2021), North America has replaced Europe as the second-
largest regional market for new wind power installations in 2020, led
by the US with a record 17 GW of newly installed capacity. Canada
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(CanWEA, 2021) currently ranks 9th in the world in total wind power
capacity. Mexico, ranked 4th in America (Hernández-Escobedo et al.,
2018), is also allocating significant investments to wind power
(Mordor Intelligence, 2021). These developments in North America
occur in the context of very rapid development globally. Indeed, 2020
was a record year, with no less than 93 GW of newly installed capacity
worldwide. However, it is clear from the Global Wind Report that this
developmentmust be further expanded tomeet theworld's climate tar-
gets of zero emissions (Global Wind Energy Council, 2021).

Recently, the scope of the energy sector has broadened thanks to the
emergence of offshore energies, e.g., wind (Stelzenmüller et al., 2021;
Pınarbaşı et al., 2019; Château et al., 2012), wave (Veigas et al., 2015;
Bergillos et al., 2019; Rodriguez-Delgado et al., 2018), tidal (Ramos
et al., 2014; Greaves and Iglesias, 2018). Offshorewind energy, in partic-
ular, is receiving a great deal of attention and developing rapidly,
especially in Europe and China. Recently, the US has approved the first
large-scale offshore wind farm off the coast of Massachusetts, with 84
turbines and an installed capacity of approximately 800 MW. With
wind turbines mounted on bottom-fixed structures, e.g., jackets
(Perez-Collazo et al., 2018) or monopiles (Perez-Collazo et al., 2019;
Negro et al., 2017), and floating structures, e.g., spar-buoys
(Tomasicchio et al., 2018), tension-leg (Sclavounos et al., 2010) and
semi-submersible platforms (Jonkman and Matha, 2010), the greater,
less variable offshore wind resource is more and more attractive.
Furthermore, offshore renewable energy is emerging as a great alterna-
tive for remote locations, e.g., small islands (Veigas and Iglesias, 2015),
and presents great opportunities for combined exploitation, e.g., wind-
wave (Astariz and Iglesias, 2016) and wind-solar (López et al., 2020).
All things considered, the current trends and the new technological
solutions anticipate a substantial development in the upcoming years
(Rand and Hoen, 2017).

Thewind resource itself is a fundamental aspect in the viability of fu-
ture projects (Ulazia et al., 2017) owing to its influence on the levelised
cost of energy (Castro-Santos et al., 2016). Atmospheric patterns are ex-
pected to shift as a consequence of climate change (Rockel and Woth,
2007). Given the cubic relationship between wind speed and wind
power density, even not-so-large changes in the wind climate have
the potential to produce significant impacts on wind resources. Conse-
quently, areas with a well-developed wind power industry may see
their resources decrease; conversely, areas which have received scant
attention so far may become of interest for future projects. It follows
that assessing the evolution of the wind energy resource under climate
change is fundamental to the planning of future wind energy projects.

The earliestworks addressing the impacts of climate change onwind
speedswere based on the climate change scenarios A2 and B2 of cumu-
lative greenhouse gases (GHG) emissions (Räisänen et al., 2004), pro-
posed by the Intergovernmental Panel on Climate Change (IPCC)
(IPCC, 2001). The evolution of surface wind speed was subsequently
studied considering the SRES-A1B climate change scenario of the
Coupled Model Intercomparison Project Phase 3 (CMIP3) at a global
scale (McInnes et al., 2011) and, specifically, in the continental US by
downscaling a global climate model (GCM) with the WRF model (Liu
et al., 2014). Considering regional climate models (RCMs) from the
North America Regional Climate Change Assessment Program
(NARCCAP) and future climate projections with a high GHG emissions
scenario (SRES-A2), the wind power potential was studied in the US
(Pryor and Barthelmie, 2011; Johnson and Erhardt, 2016). More re-
cently, the impacts of climate change on surface wind speed over
North America (Kulkarni and Huang, 2014) were assessed considering
five different GCMs involved in the 5th phase of the Coupled Model In-
tergovernmental Panel on Climate Change (CMIP5),which uses the rep-
resentative concentration pathways (RCPs) climate change scenarios
(Moss et al., 2010). Even though the climate change scenariowith inten-
sive GHG was considered (Kulkarni and Huang, 2014), negligible to
moderate changes in surface wind speed were found in Central and
East-Central US. Finally, offshore wind speeds were investigated using

12 RCMs of the Coordinated Regional Climate Downscaling Experiment
(CORDEX) (Costoya et al., 2020).

Recently, the 6th phase of the Coupled Model Intercomparison Pro-
ject (CMIP6) released an extensive number of GCMs (Eyring et al.,
2016). Within this project, a prominent position is occupied by the Sce-
narioModel Intercomparison Project (ScenarioMIP),whichprovides cli-
mate projections based on the most updated scenarios of future GHG
emissions and land use, the Shared Socioeconomic Pathways (SSPs)
(Riahi et al., 2017). These GCMs were successfully employed to study
changes in wind speed and wind power density in China (Wu et al.,
2020), offshore China (Zhang and Li, 2021), the Northwestern Passage
(Qian and Zhang, 2021) and Europe (Martinez and Iglesias, 2021). In
the latter study, a reduction of approximately 15% in mean wind
power density was predicted for Central Europe, with strong decreases
of up to 35% in the Mediterranean Basin, and an overall increase in the
intra-annual variability (Martinez and Iglesias, 2021). It was shown
that the SSPs climate change scenarios anticipate greater changes in
wind energy than the previous climate change scenarios, the RCPs.

The evolution of the wind energy resource in North America under
these novel climate change scenarios has not been studied so far – and
therein lies the motivation of this work. For this purpose, 18 GCMs par-
ticipating in the ScenarioMIP activity of the CMIP6 are considered.
Changes in mean wind power density and temporal variability of the
wind resource are assessed in the mid-term and long-term future.
GCMs providing projections of daily wind data are considered, and a
multi-model ensemble is constructed with those that are found to
best reproduce past-present conditions. Furthermore, the use of daily
data enables a more accurate analysis of the evolution of the intra-
annual variability of wind power, including seasonal andmonthly time-
scales.

The paper is structured as follows. In Section 2, thedata andmethods
used in this work are presented. In Section 3, the evolution of the mean
wind power density and its temporal and intra-annual variability is
analysed in detail. Finally, in Section 4, conclusions are drawn.

2. Materials and methods

2.1. Region of study and global climate models

The region considered in this study is defined by latitude and longi-
tude in the ranges (12°N, 72°N) and (45°W, 165°W), respectively. Data
of wind climate projections from the GCMs framed in the CMIP6 activi-
ties are used. Near-surface (10 m height) data of daily averaged wind
speed are used and compared against historical data to assess changes
in wind energy. The use of near-surface wind speed as a reference is a
common practice in this type of study. Wind speeds at different heights
are highly correlated and can be obtained following the Hellman expo-
nent and wind gradient equation (Carvalho et al., 2017).

In this study, two different scenarios of climate change are consid-
ered: SSP2-4.5 and SSP5-8.5 (O'Neill et al., 2016). SSP2-4.5 represents
an intermediate scenario, inwhich current tendencies in climate change
remain constant, leading to a forcing pathway of 4.5 Wm-2 in 2100.
SSP5-8.5 represents a scenario in which no policies regarding the emis-
sion of GHGs are applied, leading to an intensive fossil-fuel consumption
resulting in a forcing pathway of 8.5 Wm-2 in 2100 (Riahi et al., 2017).

The 18 GCMs involved in the CMIP6 activities providing data on fu-
ture projections of daily-averaged, near-surface wind data in both cli-
mate change scenarios (SSP2-4.5 and SSP5-8.5) are listed in Table 1.

2.2. Data validation

In order to study the performance of the GCMs listed in Table 1, his-
torical data (2005-2014) of the differentGCMs are compared against re-
analysis data from the ERA-5 database from the European Centre for
Medium-Range Weather Forecasts (ECMWF) (Hersbach and Dee,
2016). The ERA products have been the official validation databases
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for the CMIP downscaling initiatives (Gutowski et al., 2016) and have
been widely used as a reference in previous works (Carvalho et al.,
2017; Brands et al., 2013; Dosio et al., 2015; Bloom et al., 2008). The
ERA-5 being the most up-to-date ERA product and the most widely
recognised database in reanalysis products, its choice is justified.

In this study, data of wind speed projections are compared against
historical data of the same GCM. It is therefore of interest to assess dis-
tributional differences rather than differences inmean values (bias). For
this reason, the Kolmogorov-Smirnov (K\\S) test is employed in the re-
gion studied. The K\\S test examines the null hypothesis of two differ-
ent sample data belonging to the same distribution against the
alternative that they do not (Wilks, 2011).

First, since all different models present different resolutions, the 18
GCMs listed in Table 1 are remapped into a regular 1.5° × 1.5° grid fol-
lowing a first-order conservative remapping, maintaining the flux inte-
grals (Jones, 1999). Second, since daily data on atmospheric variables
are greatly seasonal-dependent, the K\\S test is applied to the time se-
ries after subtracting the seasonal mean (bias) in each time step, thus
obtaining centred time series with zero mean. By eliminating the bias,
the K\\S test has been proved to detect distributional differences in
higher-order moments, and it is a common practice in downscaling ap-
proaches (Brands et al., 2013). The K\\S test is thus applied to the unbi-
ased historical data from the 18 GCMs listed in Table 1 against the
unbiased ERA-5 reanalysis data covering the same time period at a sig-
nificant level of 5%. The performance of theGCMs ismeasured according
to thenumber of points in the region studied that are statistically similar
to the their ERA-5 counterparts – displayed in Table 2 as a percentage of
the total number of points.

2.3. Methods

In order to assess future changes in wind energy, a multi-model en-
semble (MME) of the GCMs that were found to best reproduce past-
present data is constructed by means of the K\\S, as explained in
Section 2.2. The use of theMMEhas been proved to avoid individual un-
certainties of the GMCs, therefore resulting in more reliable outcomes
than single-model approaches (Räisänen and Palmer, 2001; Pierce
et al., 2009). In this work, GCMs presenting over 60% of statistically sim-
ilar points aremerged into oneMME following anunweighted approach
(Carvalho et al., 2017; Tebaldi and Knutti, 1857). It is noteworthy that
the selected models, i.e., NorESM2-MM, CESM2-waccm, EC-Earth3,
GFDL-ESM4, GFDL-CM4, were found to best reproduce historical wind
climate not only in North America (Table 2), but also in other regions,
e.g., Europe (Martinez and Iglesias, 2021).

In order to fully understand the performance of the MME, the mean
differences (bias) between the historical wind data of theMME and the
ERA-5 database are assessed. Since this work considers a large range of
latitudes, and the variability of the daily time series depends to a great
extent on the latitude, the bias is normalised with the standard devia-
tion of the sample (Brands et al., 2013) (Fig. 1). It is seen that the
MME shows overall good agreement with the ERA-5 data on wind
speed, especially in offshore locations and regions with few mountain
ranges. However, large orographic features greatly influence the near-
surface wind speed, as may be seen along the Pacific coast and the
Rocky Mountains. Given the coarse resolution of the models involved
in the study, none of them can simulate accurately terrain-induced
modifications to the flow patters and thus large discrepancies are to
be expected in mountain areas. (See Fig. 2.)

Wind power density (P) is computed as

P ¼ 1
2
ρU3, ð1Þ

where U is the wind speed and ρ the air density (a value of 1.225 kgm-3

is assumed). By virtue of the cubic relationship between P and U, small
changes in wind speed produce large changes in wind power density.

Two distinct time periods are considered to evaluate future changes
in wind energy: mid-term future (2051-2060) and long-term future

Table 1
GCMs framed in the CMIP6 considered in the study.

Centre Model Resolution
(lat × lon)

Reference

Alfred Wegener Institute (Germany) AWI-CM-1-1-MR 0.9375° × 0.9375° (Semmler et al., 2019)
Beijing Climate Center (China) BCC-CSM2-MR 1.12° × 1.125° (Xin et al., 2019)
Canadian Centre for Climate Modelling and Analysis (Canada) CanESM5 1.775° × 2.1825° (Swart et al., 2019)
Chinese Academy of Sciences (China) FGOALS-f3-L 1° × 1.25° (Yu, 2019)
Commonwealth Scientific and Industrial Research Organization (Australia) ACCESS-CM2 1.25° × 1.875° (Dix et al., 2019)
EC-EARTH-CONSORTIUM (Europe) EC-Earth3 0.7° × 0.7031° (EC-Earth Consortium, 2019)
Institute for Numerical Mathematics (Russia) INM-CM4-8 1.5° × 2° (Volodin et al., 2019a; Volodin et al., 2019b)
Institute for Numerical Mathematics (Russia) INM-CM5-0 1.5° × 2° (Volodin et al., 2019c; Volodin et al., 2019d)
Institut Pierre Simon Laplace (France) IPSL-CM6A-LR 1.2676° × 2.5° (Boucher et al., 2019)
JAMSTEC (Japan Agency for Marine-Earth Science and Technology) (Japan) MIROC6 1.4° × 1.4063° (Shiogama et al., 2019)
Max Planck Institute for Meteorology (Germany) MPI-ESM1-2-HR 0.93° × 0.9375° (Schupfner et al., 2019)
Max Planck Institute for Meteorology (Germany) MPI-ESM1-2-LR 1.85° × 1.875° (Wieners et al., 2019a; Wieners et al., 2019b)
Meteorological Research Institute (Japan) MRI-ESM2-0 1.12° × 1.125° (Yukimoto et al., 2019)
National Center for Atmospheric Research (USA) CESM2-WACCM 0.9424° × 1.25° (Danabasoglu, 2019)
NorESM Climate modelling Consortium (Norway) NorESM2-MM 0.9424° × 1.25° (Bentsen et al., 2019)
National Institute of Meteorological Sciences/Korea Meteorological
Administration (Republic of Korea)

KACE-1-0-G 1.25° × 1.875° (Byun et al., 2019)

NOAA-GFDL (USA) GFDL-CM4 1° × 1.25° (Guo et al., 2018)
NOAA-GFDL (USA) GFDL-ESM4 1° × 1.25° (John et al., 2018)

Table 2
Number of grid points of the GCMs in the region studied statistically similar to their ERA-5
counterparts (percentage relative to the total number of grid points).

Model Number of points statistically similar

NorESM2-MM 66%
CESM2-waccm 64%
EC-Earth3 64%
GFDL-ESM4 62%
GFDL-CM4 61%
ACCESS-CM2 59%
IPSL-CM6A-LR 57%
FGOALS-f3-L 56%
MPI-ESM1-2-HR 55%
AWI-CM-1-1-MR 55%
CanESM5 53%
BCC-CSM2-MR 51%
KACE-1-0-G 48%
MPI-ESM1-2-LR 47%
MRI-ESM2-0 47%
MIROC6 46%
INM-CM5-0 39%
INM-CM4-8 39%
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(2091-2100). In the following, wind power density computed by the
MME in themid- and long-term future, in both climate change scenarios
(SSP2-4.5 and SSP5-8.5) is compared with the values computed by the
MME for the historical period (2005-2014) – hereinafter referred to as
the baseline. The evolution of the wind energy resource is thus assessed
as a percentage of change relative to the baseline values.

3. Results and discussion

3.1. Mean wind power density

Mean wind power density is computed for the mid- and long-term
future in climate change scenarios SSP2-4.5 and SSP5-8.5 and compared
with the baseline values. In the baseline, the large differences in the
wind energy resource between onshore and offshore regions become
apparent (Fig. 1). Due to the absence of land masses, the greater values
of the mean wind power density (>200 Wm-2) are located offshore in
both the Atlantic and the Pacific Oceans. Especially prominent values
of the mean wind power density (>400 Wm-2) are found in latitudes
over the 40th parallel, where the prevailing westerlies give rise to the
most energetic winds and waves in the Northern Hemisphere (Zheng

et al., 2018; Martinez and Iglesias, 2020). Onshore values of mean
wind power density are below 200Wm-2.

Importantly, both climate change scenarios anticipate important
changes in wind power density in the mid-term future (in the range
of ±20%) and the long-term future (up to ±40%). The trends detected
in themid-term future in a particular area,whether positive or negative,
are typically expanded in the long term.

The climate change scenario with intensive GHG emissions (SSP5-
8.5) leads to the greatest changes in wind power density, in the range
–40% to +30% in the long-term future. Climate projections in this sce-
nario present a well-spread drop of ~15% in wind power density in the
United States and Canada. Greater reductions inmeanwind power den-
sity (~40%) are projected for Quebec andNunavut, in Canada, and theUS
state of Alaska. Offshore locations, including the Hawaiian Islands, also
present an overall decrease in this scenario, up to 15%.

Conversely, substantial increases in wind power density are pre-
dicted in the same climate change scenario (SSP5-8.5) for certain re-
gions: the state of Texas and northeastern Mexico (>10%), Hudson
Bay (~30%) and the regions of southern Mexico and Central America
(up to 40%).

In climate change scenario SSP2-4.5 smaller changes relative to the
baseline may be expected. In agreement with SSP5-5.8, this scenario

Fig. 1. Normalised bias of the multi-model ensemble historical data compared to the ERA-5.

Fig. 2. Evolution of the mean wind power density in North America. Mean wind power density of the baseline (Wm-2) and change (%) relative to the baseline in the mid- and long-term
future for climate change scenarios SSP2-4.5 (upper panels) and SSP5-8.5 (lower panels).
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projects a general decrease inwindpower density in onshore territories,
although of lesser magnitude. However, a more focused decrease in
wind power density (up to 30%) is projected for the Eastern US and, es-
pecially, the midwestern states south of the Great Lakes, i.e., Wisconsin,
Illinois, Michigan, Indiana and Ohio. Increases in wind power density
are also predicted for certain areas, similar to those in climate change
scenario SSP5-8.5, although less concentrated and of lesser magnitude.

Discrepancies between both climate change scenarios are found in
Pacific offshore regions. Whereas SSP5-8.5 anticipates a substantial
overall decrease, no general trend is discerned in SSP2-4.5. In the latter,
slight increases and reductions in wind power density are found de-
pending on the region considered.

Importantly, these results show changes of greater magnitude than
previous works. In (Liu et al., 2014; Pryor and Barthelmie, 2011;
Johnson and Erhardt, 2016), future changes in wind speed projected
in the US in the late 21st century are of the order of 0.1-0.4 ms-1. Little
to no significant changes in wind speed were found in previous studies,
based on the RCPs scenarios – the antecedents of the SSPs, which were
used in the preceding phase of the CoupledModel Intercomparison Pro-
ject Phase (CMIP5). In (Kulkarni and Huang, 2014), slight variations of
~5% in wind speed are estimated for the US territory, concluding that
the current estimate of wind power will not shift significantly due to
the action of GHG forcing. In (Costoya et al., 2020), a uniformly distrib-
uted decrease of 5% inwind speed is projected for the US east coast, and
slight increases for the central regions of the US west coast.

The fact that with the SSPs scenarios of climate change greater
changes are predicted than with the previous scenarios (RCPs) was
also reported in other works. Results in (Martinez and Iglesias, 2021)
demonstrate that the evolution of the European wind energy resource
following the SSPs is more pronounced than considering the RCPs
(Carvalho et al., 2017). It is clear that the more complex approach of
the SSPs scenarios (Moss et al., 2010), integrating different socioeco-
nomic factors which were previously disregarded, has led to greater
changes in wind energy projections for a given GHG forcing.

3.2. Temporal variability of wind power density

The evolution of the temporal variability of the wind resource is
studied by means of the coefficient of variation (COV), which is the
ratio of the standard deviation (σ) to themeanvalue of a statistical sam-
ple (μ):

COV ¼ σ
μ
: ð2Þ

Values of the COV are computed at each location in the mid- and
long-term future projections and compared with the baseline (Fig. 3).
In the baseline, the offshorewind resource is significantlymore variable
in latitudes over ~30° N in the Pacific Ocean and over ~25° N in the At-
lantic. Onshore, the greatest variability is found along the East Coast of
the United States and the northern and eastern Gulf Coast, which are af-
fected by extratropical cyclones. Other foci of variability are located on
the Pacific coasts of Canada and Central America.

Importantly for the energy sector, the temporal variability of the re-
source is predicted to increase generally in the long term in both climate
change scenarios considered. In the mid-term projections, the coeffi-
cient of variation presents only small changes relative to the baseline,
which can be either positive or negative depending on the region. How-
ever, the long-term projections anticipate widespread growth in the
variability of the resource. Under climate change scenario SSP5-8.5, in-
creases of up to 30% are predicted in the south of Ontario and Quebec.
Offshore, a 20% increase in the COV is anticipated over the Pacific
Ocean, including the Hawaiian Islands. Exceptionally, the variability is
predicted to decrease in particular areas, including the Pacific coast of
Mexico (up to 25%), Cuba (~10%) and the Caribbean Sea (~25%).

3.3. Intra-annual variability: seasonal mean wind power density

The evolution of the intra-annual variability of the wind energy re-
source is investigated by computing the seasonal mean wind power
density values for the mid- and long-term projections and evaluating
changes relative to the baseline values. In the study, four three-month
seasons are considered: DJF (December – January – February), MMA
(March – April – May), JJA (June –July – August) and SON (September
– October – December).

In the baseline, significant seasonal variability of the resource is ob-
served (Fig. 4). This is especially notable offshore in both the Atlantic
and Pacific Oceans, with the highest values of wind power density
(>900 Wm-2) occurring in SON and, especially, DJF, matching the
extratropical cyclone seasons of the Northern Hemisphere. By contrast,
in JJA offshore values are below 350Wm-2. This seasonality is also pres-
ent onshore in the US and Canada, but to a far lesser extent.

Fig. 3. Evolution of the temporal variability of wind power density inNorth America. Coefficient of variation (COV) of the baseline (upper-left panel) and change (%) relative to the baseline
in the mid- and long-term future for climate change scenarios SSP2-4.5 (upper panels) and SSP5-8.5 (lower panels).
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Fig. 4. Evolution of the seasonalmeanwind power density inNorth America under climate change scenario SSP2-4.5. Historical (baseline) seasonalmeanwind power density (Wm-2, first
and second rows of panels) and change (%) in the mid-term (third and fourth rows) and long-term (fifth and sixth rows) periods. DJF (December – January – February), MMA (March –
April – May), JJA (June –July – August) and SON (September – October – December).
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It is found that the evolution of the wind resource in both climate
change scenarios SSP2-4.5 (Fig. 4) and SSP5-8.5 (Fig. 5) has itself a sea-
sonal character, too. In SSP2-4.5, a strong rise inwindpower density (up
to 40%) is predicted in Hudson Bay in DJF and MAM, with no significant
changes relative to the baseline in other seasons. In the Pacific Ocean,
between parallels 30°N and 50°N, a general increase in wind power
density (~10%) is projected exclusively in DJF. These increases in wind
power density in DJF – a season that is already particularly energetic
in the baseline – will exacerbate the intra-annual variability of the re-
source.

Certain changes observed in SSP2-4.5 are persistent throughout the
year, e.g., the general decrease inwind power density in the US territory

and the strong decrease (40%) in Quebec and Nunavut in Canada. In-
creases regardless of the season studied are anticipated in the US state
of Texas and northern Mexico.

As regards SSP5-8.5, amuch stronger seasonal evolution is apparent.
A remarkable generalised drop inwind power density is predicted in JJA
in latitudes greater than 35°N, especially in Nunavut and Quebec (up to
45%). However, in the same period strong increases (up to 80%) are pre-
dicted for the coastal regions of the Caribbean and, especially, southern
Mexico and Central America. In DJF and MAM, a strong increase is lo-
cated in Hudson Bay (of up to 45%).

In the offshore Pacific, strong drops in wind power density are pre-
dicted in JJA and SON (up to 45%), affecting the Hawaiian Islands to a

Fig. 5. Evolution of the seasonalmeanwind power density inNorth America under climate change scenario SSP5-8.5. Historical (baseline) seasonalmeanwind power density (Wm-2, first
and second rows of panels) and change (%) in the mid-term period (third and fourth rows) and long-term period (fifth and sixth rows). DJF (December – January – February), MMA
(March – April – May), JJA (June –July – August) and SON (September – October – December).

Fig. 6.Monthly mean wind power density, baseline (Wm-2).
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great extent. By contrast, no significant changes relative to the baseline
are projected for DJF and MAJ.

The seasonal changes obtained in this work, based on CMIP6 data
and SSP climate change scenarios, differ from previous studies based
on CMIP5 data and RCP scenarios. In (Kulkarni and Huang, 2014), by
considering different GCMs from the CMIP5, slight increases in wind
power density were predicted in DJF in central regions of the US and
small decreases in coastal regions in JJA for the RCP scenarios. It is appar-
ent that the seasonal changes obtained in thiswork for the SSP scenarios
are more pronounced.

3.4. Intra-annual variability: monthly mean wind power density

To study in depth the intra-annual variability in the evolution of the
wind resource, in addition to the seasonal characterisation provided in
the previous subsection, it is important to improve the temporal granu-
larity by considering monthly mean values. The monthly mean wind

power density in the mid- and long-term future is computed with the
MME for both scenarios of climate change. The results are compared
with the baseline values, and changes are represented as a percentage
relative to the baseline.

In the baseline (Fig. 6), the most energetic winds (wind power den-
sity over 1100 Wm-2) are found in offshore locations from October to
March, matching the extratropical cyclone season. Onshore values are
far smaller, below 200 Wm-2 throughout the year. The most energetic
winds onshore occur in central parts of the continent, i.e., latitudes rang-
ing from 40°N to 50°N and longitudes from 125°W to 135°W, particu-
larly from November to April.

Climate change scenario SSP2-4.5 anticipates substantial changes in
monthly mean wind power density in the mid-term (up to ±40%)
(Fig. 7) and, especially, in the long-term (±50%) (Fig. 8). A remarkable
increase in the intra-annual variability of wind power density is pre-
dicted in the Pacific coast of Mexico, with increases generally over 15%
from February to August and, conversely, a strong decrease of up to

Fig. 7. Evolution (%) of the monthly mean wind power density in the mid-term future in climate change scenario SSP2-4.5 (relative to the baseline).
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40% in September. In offshore Pacific locations over the 35th parallel, a
strong rise in wind power density is projected from November to
March, surpassing 20% in December. Nonetheless, during the rest of
the year, a small generalised drop is observed.

Importantly, climate change scenario SSP5-8.5 anticipates an even
greater intra-annual variability than SSP2-4.5, as may be seen by com-
paring the colours between Figs. 9 and 7 (mid-term) and, especially,
Figs. 10 and 8 (long-term) (note that the colour scale is the same in
Figs. 7 to 10 to facilitate the comparison). Indeed, under SSP5-8.5,
changes in monthly mean wind power density are substantial (-40%
to 60%) in the mid-term (Fig. 9) and drastic (-60% to 120%) in the
long-term future (Fig. 10). The greatest increases inwind power density
(up to 120%) are predicted in southern Mexico and Central America
from June to September, whereas the rest of the year little to no signif-
icant changes are observed. The same trend is observed in the Caribbean
Sea, Cuba, the Gulf ofMexico, and the adjacent onshore territories (east-
ern Mexico and southeastern US), in which increases of up to 40% are

predicted especially in August. In the case of Cuba, a strong decrease
of 50% in wind power density is predicted solely in October. Substantial
changes are also projected in Hudson Bay, with remarkable increases in
the long-term future (of up to 80%) from January to April.

Finally, decreases in wind power density are predicted onshore, es-
pecially in latitudes greater than 35°N. According to the projections,
these aremore pronounced fromMay to September, with the reduction
inwind power density reaching a hefty 60% in the aforementionedQue-
bec andNunavut (Canada). In the offshore Pacific (including theHawai-
ian Islands) a generalised drop of wind power density (up to 50%) is
predicted from June to October.

4. Conclusions

The evolution of the wind resource in North America under the ef-
fects of climate change was investigated. Future projections of wind
speed under the novel scenarios of climate change, the shared

Fig. 8. Evolution (%) of the monthly mean wind power density in the long-term future in climate change scenario SSP2-4.5 (relative to the baseline).
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socioeconomic pathways (SSPs), were used for the analysis. 18 GCMs
participating in the activities of the CMIP6 were considered, and the 5
GCMs that were found to best reproduce past-present wind conditions
were chosen to construct a multi-model ensemble. In this manner,
changes in wind power density relative to historical data (baseline)
were assessed for the mid-term future (2051-2060) and long-term fu-
ture (2091-2100) in two scenarios of climate change, SSP2-4.5 and
SSP5-8.5.

Importantly, both climate change scenarios predict in the long-term
future a well-spread drop in wind power density in the onshore terri-
tories of the US and Canada. In this period, the climate change scenario
with intensive GHG emissions (SSP5-8.5) anticipates an overall de-
crease in mean wind power density of ~15% in these territories; if the
rate of change were constant, this would imply a decadal decrease of
~2%. This reduction in mean wind power is most prominent in Quebec
and Nunavut in Canada and in the US state of Alaska (up to 40%).

Conversely, three foci of important increases in wind power density
are anticipated in the long-term future in both climate change scenar-
ios: the Hudson Bay (up to 25%), northern Mexico and the US state of
Texas (up to 15%) and southern Mexico and Central America (up to
30%).

Discrepancies between the two climate change scenarios emerge in
the Pacific Ocean, including theHawaiian Islands.Whereas SSP5-8.5 an-
ticipates an overall 15% decrease in mean wind power density, the evo-
lution of the resource in SSP2-4.5 depends to a great extent on the
region considered.

The strong seasonality detected in the evolution of the wind re-
source in climate change scenario SSP2-4.5 and, especially, SSP5-
8.5 is most relevant to the intra-annual variability of the resource.
In SSP5-8.5, substantial changes are predicted in average monthly
wind power density in the long-term future, with increases surpass-
ing 100% and decreases, 60%. These changes have a strong impact on

Fig. 9. Evolution (%) of the monthly mean wind power density in the mid-term future in climate change scenario SSP5-8.5 (relative to the baseline).
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the overall temporal variability of the resource, which are reflected
on the coefficient of variability (COV). All in all, general increases in
the COV of up to 15% and 30% are predicted in SSP2-4.5 and SSP5-
8.5, respectively.

These results paint a picture of substantial changes in the wind re-
source that ought to be considered in the planning of the energy mix
and future wind farm projects. For planning short tomid-term develop-
ments, e.g., new wind farms in the next 10-20 years, planners should
consider primarily the mid-term results presented in this work. For
making long-term estimates, for instance, about the evolution of the
share of wind power within the energy mix, the long-term results are
of greater significance. Although the multi-model ensemble approach
eliminates individual biases and uncertainties to a great extent, some
limitations of the GCMs are unavoidably inherited, such as the relatively
coarse grid resolution or the inaccuracy in mountainous regions. There-
fore, this large-scale evaluation should be complementedwith regional-
level studies for application at smaller (project) scale. Given that it is

impossible to know at present which policies will be applied from
now to 2100, and thereforewhich scenario corresponds better to the ac-
tual evolution that the wind resource will experience, the planning of
wind power must consider the various possible courses of wind re-
source evolution under climate change.
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