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Ab stract—Quantitative es ti mates of changes in wind en ergy re sources in the Arc tic were ob tained us -
ing the RCA4 re gional cli mate model un der the RCP4.5 and RCP8.5 cli mate change sce nar ios for
2006–2099. The wind power density proportional to cu bic wind speed was an a lyzed. The pro ce dure for
the model near-surface wind speed bias cor rec tion us ing ERA5 data as a ref er ence with sub se quent ex -
trap o la tion of wind speed to the tur bine height was ap plied to es ti mate the wind power density (WPD).
Ac cord ing to the RCA4 sim u la tions for the 21st cen tury un der both anthropogenic forc ing sce nar ios, a
no tice able in crease in the WPD was noted, in par tic u lar, over the Barents, Kara, and Chukchi seas in
win ter. In sum mer, a gen eral in crease in the WPD is man i fested over the Arc tic Ocean. The changes are
more sig nif i cant un der the RCP8.5 sce nario with high anthropogenic forc ing for the 21st cen tury. Ac -
cord ing to model pro jec tions, an in crease in the interdaily WPD vari a tions does not gen er ally lead to the 
de vi a tions of wind speed to the val ues at which the op er a tion of wind gen er a tors is un fea si ble.
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IN TRO DUC TION

An ac cel er ated warm ing in the Arc tic is ac com pa nied by the un prec e dented sea ice loss [1, 2, 8, 26]. Cli -
mate change makes the Arc tic more accessable for the eco nomic de vel op ment: nav i ga tion, min ing, and
other kinds of ac tiv i ties, in par tic u lar, the en ergy pro duc tion from re new able sources are becoming easier in 
the Arc tic re gions [4, 12]. One of the most avail able and de manded sources of en ergy is wind en ergy. Wind
en ergy is re ferred to so called “pure” or “green” en ergy, since it is char ac ter ized by al most zero green house
gas emissions of the elec tric ity gen er a tion. This creates potential for the ac tive de vel op ment and use of
wind en ergy re sources in the Arc tic. Along the Arc tic coast, wind farms are ac tively con structed, and re -
lated in fra struc ture is de vel oped [5, 11].
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Studying the spatiotemporal vari abil ity of near-surface wind char ac ter is tics is of spe cial im por tance for
as sess ing the wind en ergy po ten tial of the Arc tic and its pos si ble changes un der con di tions of on go ing cli -
mate warm ing [9, 13, 25, 27, 30]. The changes in the at mo spheric cir cu la tion as a re sult of cli mate change,
in clud ing the cyclone activity [7, 15], as well as re gional con di tions, such as the at mo spheric strat i fi ca tion
[6, 16], af fect the spa tial and tem po ral vari abil ity of near-surface wind [3, 21]. Thus, the quan ti fi ca tion of
wind vari abil ity at the op er at ing height of tur bines is particularly important for plan ning the con struc tion of 
wind farms and re lated in fra struc ture. 

One of the key fac tors af fect ing changes in near-surface wind in the Arc tic is sea ice retreat, which af -
fects the sur face drag, heat and mois ture ex change, and at mo spheric strat i fi ca tion, which, in its turn, af fects
the near-surface wind re gime. At the same time, the con tri bu tion of sea ice changes to the re gional vari abil -
ity of near-surface wind speed de pends on the sea son. 

The low den sity of the weather sta tion net work in the coastal zones of the Arc tic, and even more so their
ab sence, in par tic u lar, on the shelf, raises a prob lem of ad e quate as sess ment of re gional wind en ergy re -
sources. Re gional cli mate mod els (RCMs) can be used to eval u ate the im pact of cli mate change on the Arc -
tic wind en ergy re sources un der con di tions of lim ited cli ma tic in for ma tion. As com pared to global cli mate
mod els, RCMs are char ac ter ized by higher spa tial and tem po ral res o lu tion and, con se quently, de scribe re -
gional pro cesses and their changes in more de tail. This is es pe cially im por tant for the Arc tic re gion [14,
29].

In the present paper, based on the results of simulations with the RCA4 regional climate model (Rossby
Centre Regional Atmospheric Model, Swedish Meteorological and Hydrological Institute) [22], quantita-
tive estimates were obtained of the impact of climate change in the Arctic expected in the 21st century on
the power of wind potential, which is one of the main climatic indicators of reasonability of developing
wind energy infrastructure.

INI TIAL DATA AND METHODS FOR ANAL Y SIS

The fields of near-surface wind speed with a three-hour resolution according to the RCA4 simulations 
and ERA5 reanalysis data for the Arctic region (Fig. 1) for the cold (December–February) and warm (June–
August) seasons were analyzed. The results of model simulations with the RCA4 with different boundary
conditions from CMIP5 (Coupled Model Intercomparison Project, Phase 5) global climate models were
taken: MPI-ESM-LR, EC-EARTH2.3, CanESM2, NorESM1-M. The choice of the RCA4 regional model
was based on an adequate simulation of climate and its variability in the Arctic region with it as compared to
observations and other RCMs in the framework of the Arctic-CORDEX project [22]. Hereinafter, unless
otherwise stated, the results are given only for the mean estimates according to numerical simulations based
on four variants of boundary conditions. The present study utilizes the estimates based on data with daily
averaging.

The results of the analysis are presented for two periods (1950–2005 and 2006–2099) under the scenar-
ios of moderate and high anthropogenic forcing for the 21st century: RCP4.5 and RCP8.5, respectively [31].

The wind power density (WPD, W/m2) was cal cu lated to es ti mate the wind en ergy po ten tial [10]:

WPD =
1

2

3rU

where U is wind speed (m/s) at a given height (the tra di tional op er at ing height of wind gen er a tors is
~100 m); r is sea-level air den sity (~1.23 kg/m3). 

To estimate the WPD at different heights, in particular, at the typical height of wind generators (~100 m),
the special extrapolation procedure using the ERA5 reanalysis data was applied to the model projections of
10-m near-surface wind speed. The extrapolation was carried out using the power law of changes in the
wind speed modulus with the index a = 0.14 for the ocean and a = 0.2 for the continents in accordance to
the recommendations of the International Electrotechnical Commission [25]: 
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where u1 is near-surface wind speed at the height of mea sure ment z1; u2 is wind speed at the height of ex -
trap o la tion z2 (the tra di tional op er at ing height of wind gen er a tors is 100 m).

For cal cu lat ing the WPD in ac cor dance to the model sce nar ios, the cor re spond ing cor rec tion of near-
surface wind val ues was per formed to use the model sim u la tions: us ing the quantile trans for ma tion method
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based on the Weibull dis tri bu tion [18, 23, 25]. The Weibull dis tri bu tion for near-surface wind based on the
model sim u la tions is compared to the dis tri bu tion based on the ERA5 data. Then, the scale pa ram e ter and
shape pa ram e ter of the cu mu la tive Weibull dis tri bu tion are de ter mined for the past pe riod based on the
RCM simulations and ERA5 data. These pa ram e ters are used to cor rect the re sults of WPD model sim u la -
tions at the nec es sary height.

The ex pres sion for the cor rected near-surface wind speed is:
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where ucor is near-surface wind speed cor rected for the re quired level for the RCA4; umod is near-surface
wind speed sim u lated with the RCA4; c and k are the scale pa ram e ter and shape pa ram e ter, re spec tively, of
the cu mu la tive Weibull dis tri bu tion for wind speeds ac cord ing to the ERA5 data and RCA4 sim u la tions for
the past (hist) or fu ture (rcp) pe ri ods.  

It should also be noted that the quantile trans for ma tion method based on the Weibull dis tri bu tion dem -
on strates the best re sults in case of the near-surface wind cor rec tion as com pared to other widely used cor -
rec tion meth ods [23]. 

The monthly mean val ues of sea ice con cen tra tion in the Arc tic ob tained from model sim u la tions with
the CMIP5 en sem ble mod els (MPI-ESM-LR, EC-EARTH2.3, CanESM2, NorESM1-M) un der the RCP4.5
and RCP8.5 sce nar ios were also used in the pres ent study. The re sults of the same model sim u la tions as for
ob tain ing bound ary con di tions for the RCM cal cu la tions were taken for sea ice in the Arc tic Ocean.

The es ti mates pro vided in the pres ent pa per were ob tained un der the con di tion that the op er a tion of wind 
gen er a tors is im pos si ble at a wind speed of less than 3 m/s or more than 20 m/s [17].

All data used in the pres ent pa per were in ter po lated to the RCA4 grid (0.44°).
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Fig. 1. The spa tial dis tri bu tion of the near-surface wind speed modu lus (m/s) in the Arc tic ac cord ing to (a, d) ERA5 data
and (b, e) RCA4 model sim u la tions, as well as (c, f) their dif fer ence for (a–c) win ter and (d–f) sum mer for 1980–2005. Here
and in Figs. 3, 4, and 5, sta tis ti cally sig nif i cant dif fer ences at the level of 95% are marked with the dots.
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Fig. 2. The intraannual changes in near-surface wind (the dif fer ence in near-surface wind speed in win ter and sum mer, m/s)
in the Arc tic ac cord ing to (a) ERA5 data and (b) RCA4 model sim u la tions for 1980–2005.

Fig. 3. The changes in the sea sonal val ues of the WPD (W/m2 per de cade) in 2006–2100 in (a, b) win ter and (c, d) sum mer ex -
plained by the lin ear trend ac cord ing to the RCA4 model sim u la tions un der the (a, c) RCP4.5 and (b, d) RCP8.5 at mo spheric
forc ing sce nar ios.



RE SULTS

Fig ure 1 presents the spa tial dis tri bu tion of the near-surface wind speed modu lus ac cord ing to the ERA5 
data [19] and RCA4 sim u la tions, as well as their dif fer ences for the win ter and sum mer in the Arc tic dur ing
1980–2005. The choice of the ERA5 reanalysis was caused by the fact that its data on near-surface wind
speed are the best (as com pared to other reanalysis sys tems) con sis tent with ob ser va tional data both for the
multiyear means and for the vari abil ity char ac ter is tics [24, 28]. In gen eral, the RCA4 sim u lates rather well
the spa tial dis tri bu tion of near-surface wind speed over the Arc tic with the max i mum wind speed over the
Euro-Atlantic sec tor of the Arc tic (the re gion with the high est cy clone ac tiv ity) and the min i mum one over
the con ti nents for all sea sons. At the same time, the re gional model also re pro duces well the intraannual
vari abil ity, al though it slightly over es ti mates near-surface wind speed over the con ti nents and un der es ti -
mates it over the Arc tic Ocean. The model intraannual vari abil ity was eval u ated us ing the dif fer ence in
near-surface wind speed in win ter and sum mer as com pared to the ERA5 data (Fig. 2). To as sess ef fi ciency
of the extrapolation method for cor rect ing the re sults of RCA4 near-surface wind speed simulations, the co -
ef fi cients of spa tial cor re la tion were used for the multiyear means of near-surface wind speed in win ter and
sum mer (Fig. 2). The co ef fi cients of spa tial cor re la tion R for near-surface wind speed be tween in di vid ual
(when se lect ing one of the vari ants of bound ary con di tions) sim u la tions us ing the RCA4 and ERA5 range
from 0.71 to 0.75 for the win ter and from 0.65 to 0.74 for the sum mer.

Model

Win ter
Sum mer

RCA4-CanESM2

0.71/0.99
0.74/0.99

RCA4-EC-EARTH

0.74/0.99
0.68/0.99

RCA4-MPI

0.75/0.99
0.65/0.99

RCA4-NorESM1

0.71/0.99
0.65/0.99
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Fig. 4. The changes in the sea sonal interdaily val ues of stan dard de vi a tions of the WPD (W/m2 per de cade) in 2006–2100 in
(a, b) win ter and (c, d) sum mer ex plained by the lin ear trend un der the (a, c) RCP4.5 and (b, d) RCP8.5 at mo spheric forc ing
sce nar ios.



The numerator indicates the correlation coefficients before the correction of the systematic error, in the
denominator, after it. The cor rec tion pro ce dure for near-surface wind speed, which sig nif i cantly in creases
the re spec tive cor re la tion co ef fi cients, is rea son able for de riv ing pos si ble changes in the wind power. 

Fig ure 3 pres ents pro jected changes in the sea sonal WPD sim u lated with the RCA4 un der the RCP4.5
and RCP8.5 sce narios for 2006–2099. In win ter, the ar eas of the sig nif i cant WPD growth are man i fested
over the Barents, Kara, and Chukchi seas un der the RCP4.5 sce nario. These changes are still more sig nif i -
cant for the RCP8.5 sce nario with higher anthropogenic forc ing in the 21st cen tury. In sum mer, the WPD
gen er ally in creases over the Arc tic Ocean un der the RCP4.5, and these changes are still more pro nounced
un der the RCP8.5. An in crease in the interdaily stan dard de vi a tions was noted for the WPD (Fig. 4), and the 
zones of their most sig nif i cant changes cor re spond to the ar eas of changes in the sea sonal mean WPD. The
noted WPD vari a tions rather highly cor re late with the pro jected sea ice ex tent de cline in the Arc tic (Fig. 5).
The Arc tic sea ice re duc tion af fects the sur face drag, heat and mois ture ex change, and at mo spheric strat i fi -
ca tion and, thus, has a no tice able ef fect on near-surface wind speed [20].

Wind speed re quired for the op ti mum op er a tion of wind tur bines at the height of 100 m is es ti mated to
range from 10 to 20 m/s. These val ues of wind speed cor re spond to the WPD range of 600–1900 W/m2.
Against a back ground of the sim u lated in crease in interdaily stan dard de vi a tions of WPD, a slight in crease
is man i fested in the num ber of days with wind when the wind gen er a tor op er a tion is unfeasible (Fig. 6). At
the same time, the pos si bil ity of wind gen er a tor op er a tion is not gen er ally dis turbed. The Arc tic re gions
where, ac cord ing to Fig. 3, the WPD changes by 100 W/m2 per de cade are pro jected, are rather prom is ing
for the wind en ergy de vel op ment.
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Fig. 5. The co ef fi cients of cor re la tion be tween near-surface wind speed according to the RCA4 model data and sea ice con -
cen tra tion according to the CMIP5 data (intermodel mean) in (a, b) win ter and (c, d) sum mer in 2006–2100 un der the (a, c)
RCP4.5 and (b, d) RCP8.5 at mo spheric forc ing sce nar ios.



CONCLUSIONS

The com par a tive anal y sis of the re sults of near-surface wind speed sim u la tions based on the RCA4
RCM with the ERA5 reanalysis data was car ried out. In gen eral, the spa tial dis tri bu tion of near-surface
wind speed over the Arc tic is ad e quately sim u lated us ing the RCA4. It was noted that the re gional model
also rather well sim u lates the intraannual vari abil ity, al though with some gen eral over es ti ma tion of
near-surface wind speed over the con ti nents and its un der es ti ma tion over the Arc tic Ocean.  

The model pro jec tions of the WPD in the Arc tic were per formed. The pro ce dure for cor rect ing the bias
of model near-surface wind speed as com pared to the ERA5 data as a ref er ence with the sub se quent ex trap -
o la tion of wind speed to the height of the tur bine was ap plied to an a lyze the WPD at dif fer ent heights, in
par tic u lar, at the typ i cal height of wind gen er a tors.

The model pro jec tions of changes in the power of wind en ergy po ten tial were ob tained for the Arc tic re -
gion un der the RCP4.5 and RCP8.5 anthropogenic forc ing sce nar ios for the 21st cen tury. The re sults dem -
on strate a no tice able in crease in the WPD over the Barents, Kara, and Chukchi seas in win ter and a gen eral
WPD in crease over the Arc tic Ocean in sum mer. More sig nif i cant changes are man i fested un der the
RCP8.5 sce nario with high anthropogenic forc ing for the 21st cen tury. At the same time, the noted in crease
in interdaily stan dard de vi a tions of the WPD does not gen er ally lead to the de vi a tions of wind speed to the
val ues at which the wind tur bine op er a tion is un fea si ble.
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Fig. 6. The changes (ex plained by the lin ear trend) in the num ber of days (per de cade) with wind speeds (be low 3 m/s or above 
20 m/s) at which the op er a tion of wind tur bines is un fea si ble for (a, b) the win ter and (c, d) sum mer un der the (a, c) RCP4.5
and (b, d) RCP8.5 at mo spheric forc ing sce nar ios.
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