
HAL Id: hal-03840084
https://hal.science/hal-03840084v2

Submitted on 25 Jul 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Climate change on extreme winds already affects
off-shore wind power availability in Europe

Lia Rapella, Davide Faranda, Marco Gaetani, Philippe Drobinski, Mireia
Ginesta

To cite this version:
Lia Rapella, Davide Faranda, Marco Gaetani, Philippe Drobinski, Mireia Ginesta. Climate change on
extreme winds already affects off-shore wind power availability in Europe. Environmental Research
Letters, 2023, 18 (3), pp.034040. �10.1088/1748-9326/acbdb2�. �hal-03840084v2�

https://hal.science/hal-03840084v2
https://hal.archives-ouvertes.fr


LETTER • OPEN ACCESS

Climate change on extreme winds already affects
off-shore wind power availability in Europe
To cite this article: Lia Rapella et al 2023 Environ. Res. Lett. 18 034040

 

View the article online for updates and enhancements.

You may also like
Should future wind speed changes be
taken into account in wind farm
development?
Annemarie Devis, Nicole P M Van Lipzig
and Matthias Demuzere

-

A framework to understand the transient
climate response to emissions
Richard G Williams, Philip Goodwin, Vassil
M Roussenov et al.

-

Frequency and duration of low-wind-power
events in Germany
Nils Ohlendorf and Wolf-Peter Schill

-

This content was downloaded from IP address 129.104.53.5 on 25/07/2023 at 18:35

https://doi.org/10.1088/1748-9326/acbdb2
https://iopscience.iop.org/article/10.1088/1748-9326/aabff7
https://iopscience.iop.org/article/10.1088/1748-9326/aabff7
https://iopscience.iop.org/article/10.1088/1748-9326/aabff7
https://iopscience.iop.org/article/10.1088/1748-9326/11/1/015003
https://iopscience.iop.org/article/10.1088/1748-9326/11/1/015003
https://iopscience.iop.org/article/10.1088/1748-9326/ab91e9
https://iopscience.iop.org/article/10.1088/1748-9326/ab91e9


Environ. Res. Lett. 18 (2023) 034040 https://doi.org/10.1088/1748-9326/acbdb2

OPEN ACCESS

RECEIVED

4 November 2022

REVISED

16 February 2023

ACCEPTED FOR PUBLICATION

21 February 2023

PUBLISHED

7 March 2023

Original Content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

Climate change on extreme winds already affects off-shore wind
power availability in Europe
Lia Rapella1,2,∗, Davide Faranda1,3,5, Marco Gaetani6, Philippe Drobinski4 and Mireia Ginesta1

1 Laboratoire des Sciences du Climat et de l’Environnement, UMR 8212 CEA-CNRS-UVSQ, Université Paris-Saclay & IPSL, CE Saclay
l’Orme des Merisiers, 91191 Gif-sur-Yvette, France
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Abstract
Off-shore wind energy in Europe plays a key role in the transition to renewable energy, and its
usage is expected to increase in the next few decades. According to the working regimes of a wind
turbine, wind energy production can be disrupted by extreme atmospheric events related to low
wind speed below the cut-in wind speed and high wind speed above the cut-out wind speed. The
purpose of this work is to estimate the behavior of extreme winds on the European panorama, over
the period 1950–2020, in order to investigate the large-scale weather regimes related to them and
their impact on off-shore wind energy availability. We detected significant changes in the frequency
of high and low extreme wind events, proving that climate change or long-term internal climate
variability have already affected the off-shore wind power output. Moreover, the analysis of
weather regimes showed that high and low extreme wind events can occur simultaneously over
Europe. Our results suggest the necessity to implement efficient European energy management
policies, to minimize the deficit in wind power supply.

1. Introduction

Climate change is one of the most urgent challenges
that humankind confront nowadays. As reported by
the Intergovernmental Panel of Climate Change Syn-
thesis Report [34], adaptation and mitigation are the
main guidelines to follow in order to reduce andman-
age the impacts of climate change. Substantial cuts in
greenhouse gas emissions are necessary to reduce cli-
mate risks in the future (XXI century and beyond)
as they can contribute to climate-resilient pathways
for sustainable development [34]. To this purpose,
the European Union (EU) has planned ambitious
strategies: to cut emissions by at least 55% with
respect to the values in 1990 by 2030 (and 80% by
2050) and to become, by 2050, the first ‘net-zero’ car-
bon continent, i.e. able to compensate all emissions
of CO2 [18], in the world. In this context, renewable

energy (RE) plays a key role: on one hand their devel-
opment and extensive usage can slow down climate
change effects and help to obtain the ‘net-zero’ car-
bon goal, on the other hand substantial local changes
in atmospheric conditions could modify, for better
or worse, their efficiency [10, 35, 39, 40], and their
demand [36].

Due to its increasing price competitiveness and
the development of high-efficiency technologies,
wind energy is playing, and it will playmore andmore
in the future, a significant role in the transition to a
RE system [46]. To gain the climate targets, the EU
is planning to scale up the off-shore wind industry
from the 12GWcapacity currently installed to 60GW
by 2030, and to 300 GW by 2050 [17]. Nevertheless,
wind energy is one of the most variable and weather-
dependent RE, because of its natural dependence on
the wind speed, which can vary at different time
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scales, ranging from small-scale turbulence to sea-
sonal oscillations and up to long-term climate vari-
ability. Moreover, wind energy can be heavily affected
by extreme events, since under these conditionswinds
can easily reach such speeds to force the turbines
to be parked or idled, or, conversely, not be strong
enough to move them, thus interrupting the energy
production.

Indeed, the potential wind power production7

(Wpot), according to the working regimes of a wind
turbine [30], depends on the wind speedV by the fol-
lowing relation:

Wpot =


0 if V< Vi
V3−V3

i

V3
R−V3

i
if Vi ⩽ V< VR

1 if VR ⩽ V< Vo

0 otherwise

(1)

whereVR is the rated speed (13m s−1),Vi (3.5m s−1)
and Vo (25 m s−1) are the cut-in and cut-off speed
respectively8 [29].

When the cut-off threshold is overcome, the tur-
bines are stopped for security reasons (storm control),
and the loss in the wind power production can be
high, ranging from the 50%of the installed capacity in
half an hour to 70% in 1 h [11]. Similarly, the turbines
do not work when the wind speed is lower than the
cut-in threshold, with consequent losses in theWpot.

In Europe, high-speed winds are mainly associ-
ated with the passage of the so called extra-tropical or
mid-latitude cyclones [23], especially in autumn and
winter (supplementary, Extra-tropycal cyclones).

Changes in the intensity or frequency of the cyc-
lones (anticyclones) can cause changes in the occur-
rence of intense storms or low-speed winds events,
with possible impacts on the electric power gen-
eration. Therefore, it is of strong interest having
information about their features and tracks, as well
as knowing which weather regimes generate them
(supplementary,Weather regimes). While Grams et al
[26] have already analyzed the importance of weather
regimes in the average wind energy production by
assuming stationarity in weather regimes over the
historical period (1979–2015), here we extend this
viewpoint by specifically looking at the relationship
between extreme high/low-speed wind conditions
and weather regimes and by releasing the assump-
tion of weather regime stationary. Indeed, Brönni-
man et al [4] and Corti et al [8] evidenced that sig-
nificant trends in extreme winds frequency in the
historical period exist, as well as that natural atmo-
spheric circulation regimes have already changed due

7 Dimensionless indicator of the potential power production at
each location and time.
8 We chose these values because they are the most common, but we
specify that they are not universal and they correspond to a specific
wind turbine technology.

to anthropogenic forcing. This motivates the present
study.

Identifying which weather regimes are associated
with extreme winds9 is of prominent importance in
order to have a complete view of the distribution of
the European wind energy resources. In fact, if the
same weather regime affects a large area, we could
have simultaneous multiple outages in the turbines
operation with consequent shortages in the wind
energy supply. In a future scenario with only RE,
this might even lead to partial or total blackouts,
with heavy impacts especially on cities and urban
areas. Contrariwise, if the weather regimes that cause
extreme wind events differ from area to area, with the
perspective of European energymanagement policies,
which provide investments for the construction of
infrastructures aimed to distribution, storage and
energy transmission, it would be possible to redirect
the energy to the affected zones and thus avoid tem-
porary blackouts [25, 32].

In light of these considerations, the general pur-
pose of this work is to estimate the behavior of
extreme winds on the European panorama, over
the period 1950–2020, in order to investigate the
large-scale weather regimes related to them and their
impact on off-shore wind energy availability.

The paper is organized as follows. In section 2, we
present the data which we will use in our forthcom-
ing analysis. In section 3, we investigate the presence
of significant trends in the occurrence of high/low-
speed wind events, over selected periods and regions,
by means of a non-parametric trend test. Finally, in
section 4, we investigate the weather regimes at which
the high/low-speed wind events occur, in order to
detect changes in their pattern, before drawing our
conclusions in section 5.

2. Data andmethods

The more recent climate reanalysis released by the
European Centre for Medium-Range Weather Fore-
casts is ERA5, which provides data, from 1950 to
present, over different timescales, describing many
atmospheric, land-surface and oceans parameters
together with estimates of uncertainty. These data-
sets are publicly available at the Copernicus Climate
Data Centre [7] on regular latitude-longitude grid, at
0.25◦ × 0.25◦ resolution10.

For our analysis we used two subsets of ERA5 [27],
ERA5 hourly data on single levels from 1950 to 1978
[15] and ERA5 hourly data on single levels from 1979
to present [16], covering a period from 1950 to 2020
and selecting 6-hourly values, at 00:00, 06:00, 12:00
and 18:00. In particular, we selected three variables:

9 See section 2 for the definition of ‘extreme winds’.
10 This resolution corresponds approximately to 27.75 km2.
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Figure 1. (a) 1950–2020 average 100 m horizontal wind-speed (m s−1). (b) Total number of events# above the 100 m horizontal
wind-speed cut-off threshold (25 m s−1) over the period 1950–2020. In order to distinguish more clearly the zones with the
highest number of events, we limited the range of values to 500. All the values⩾500 are mapped with the last color of the
colorbar. The black boxes indicate the areas specifically considered in this study: British Islands (12◦ W−3◦ E, 49◦ N−62◦ N),
North Sea (3◦ E−13◦ E, 51◦ N−59◦ N), Bay of Biscay (10◦ W−1◦ W, 43◦ N−49◦ N), Central Mediterranean (3◦ E−12◦ E, 37◦

N−44.5◦ N),Balkan Peninsula (18◦ E−26◦ E, 35◦ N−42◦ N).

• 100m u-component of wind, u ([m s−1]): eastward
horizontal component of wind speed, measured at
100 m above the Earth surface;

• 100 m v-component of wind, v ([m s−1]): north-
ward horizontal component of wind speed, meas-
ured at 100 m above the Earth surface;

• geopotential, z ([m2 s−2]), at 500 hPa: the gravita-
tional potential energy of a unit mass, at a partic-
ular location at the surface of the Earth, relative to
mean sea level;

and we extracted a sub-region corresponding to the
European area:−12◦ W−30◦ E, 32◦ N−70◦ N.

To obtain the horizontal wind speed at 100 m11,
V, we combined the u-component of wind with the
v-component:

V=
√

u2 + v2. (2)

To calculate the geopotential height, zh, instead, we
simply divided z by the Earth’s gravitational accelera-
tion (9.806 65 m s−2).

In figure 1, panel (a), it is represented the mean
of the horizontal wind speed at 100m over the period
1950–2020. As shown by themap, the strongest winds
blow off-shore, with a peak of 11 m s−1 off the British
Islands.

In this paper, we will refer to ‘extreme (wind)
events’ as the wind events with the wind speed in
the non-operating regime, according to (1). We will
call ‘high wind events’ the wind events with the wind
speed over the cut-off threshold and ‘lowwind events’

11 We use the wind speed at 100 m as reference wind speed for the
off-shore turbines, which have a typical hub height ranging from
80 m to 120 m.

those with the wind speed under the cut-in threshold.
Moreover, we will consider as event every time-step
with the wind speed that satisfies one of these two lat-
ter constraints.

To have a clearer view of which zones are affected
by high wind events, we first masked the 100 m hori-
zontal wind speed, keeping only the values higher
than the cut-off speed. We then counted, grid point
by grid point, the number of events during the period
1950–2020 that satisfy this latter constraint (figure 1,
panel (b)). As expected, we found that this condition
occurs mainly off-shore, and we focused especially on
five regions, where high winds are observed more fre-
quently and where most of the farms are installed:
British Islands, North Sea, Balkan Peninsula, and the
areas off the south of France andnorth of Spain. These
regions are particularly favorable to the installation of
offshore wind farms because they experience quasi-
constant wind patterns. Specifically, the Bay of Bis-
cay, the British Islands and the North Sea lie on the
Atlantic storm track [13]; Central Mediterranean and
the Balkan Peninsula are affected by the Mistral and
Etesian wind patterns, respectively [43]. During the
summer months (June–July–August) no high wind
events are detected, while the peak occurs in winter
(December–January–February, DJF).

3. Trends in wind events

Focusing on the regions indicated in figure 1, we
investigated the existence of significant long-term
changes in the occurrence of extreme events during
the period 1950–2020. With this aim, we analyzed
their trends, separately region by region, by means
of the Mann–Kendall test at 95% level of confidence
[37]. We computed the test not only considering the

3
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Figure 2. Average change (red: increase, blue: decrease) in the number of high wind events per decade#/ten years over the period
1950–2020, during the whole year (a)–(c) and for the winter months (DJF, (d)–(f)), for British Islands, North Sea and Bay of
Biscay. Each map depicts only the grid points that exhibit significant changes.

Figure 3. Average change (red: increase, blue: decrease) in the number of low wind events per decade#/ten years over the period
1950–2020, during the whole year (a)–(c) and for the summer months (JJA, (d)–(f)), for British Islands, North Sea and Bay of
Biscay. Each map depicts only the grid points that exhibit significant changes.

number of events during the whole year, but also
apiece for summer and winter, during which most of
the events occur respectively for the low and the high
wind events.

Figure 2 shows the average change, per dec-
ade, in the number of high wind events, over the
period 1950–2020, during the whole year and for
the winter months, for British Islands, North Sea,
Bay of Biscay. In large part of these regions a sig-
nificant increasing trend is detected throughout the
years and for the DJF period (figure 2), as well as
in very small areas of Central Mediterranean. In
the Balkan Peninsula (not shown), instead, in both
cases, where detected, the trends are significantly
decreasing.

Figure 3 shows the average change, per decade, in
the number of lowwind events, over the period 1950–
2020, during the whole year and for the summer
months, for British Islands, North Sea, Bay of Biscay.
For these latter regions it is observed a general average
decrease in the number of these events, with a signi-
ficant negative trend particularly strong in the num-
ber of events during the whole year. Contrariwise,

in Central Mediterranean and Balkan Peninsula, the
number of low wind events has markedly increased,
especially considering its trend during the whole year,
as shown in figure 4.

We want to stress that reanalysis is not always the
best tool for evaluating wind speed long-term vari-
ability, since there are still issues about its ability to
reproduce wind-speed trends [19, 42] and different
reanalysis can even disagree with each other [2, 47].
In fact, the reanalysis products could be affected by
errors in the observations and in the assimilation
procedure. Therefore, to have more robust results,
it would be recommended to use a multi-reanalysis
approach. Nevertheless, Faranda et al [21] stud-
ied trends in atmospheric circulation using differ-
ent reanalysis (ERA5, NCEP) and gridded interpol-
ated data (EOBS) finding that the qualitative res-
ults of large-scale circulation trends analysis remain
largely unaffected. Moreover, three recent works have
recently appeared pointing to the possibility of attrib-
uting different events to climate change on the basis
of reanalysis only: Faranda et al [20], Cadiou et al [5],
Ginesta et al [24].
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Figure 4. Same as in figure 3, but for Central Mediterranean and Balkan Peninsula. Each map depicts only the grid points that
exhibit significant changes.

Table 1. Number of affected grid points with the corresponding spatial area (km2) above the 95th percentile (high winds) and above the
99th percentile (low winds) for all the areas considered in this study.

Region High winds Low winds

British Islands 419 11627 1104 30636
North Sea 207 5744 668 18537
Bay of Biscay 244 6771 505 14014
Central Mediterranean 85 2359 778 21590
Balkan Peninsula 47 1304 671 18620

4. Weather regimes analysis for high/low
wind events

Since we want to investigate the extreme events that
may have, in each region, themost widespread impact
on the off-shore wind energy production, we restric-
ted the analysis to the events that involve a high num-
ber of grid points. To do so, starting from the data-
sets with only the 6-hourly wind speed values over the
cut-off threshold and under the cut-in threshold, we
selected, separately for each zone, the time-steps with
the number of affected grid points respectively above
the 95th percentile and the 99th percentile (table 1).

As expected, the British Islands is the region
with the most widespread high winds (457 time-steps
identified), followed at a distance by North Sea (97)
and Bay of Biscay (85).

In order to identify the different weather regimes
associated with the occurrence of extreme wind
events and to detect changes in their pattern, we took
some preliminary steps.

Firstly, for each region, we computed the anom-
alies in the geopotential height12, for the high and
low wind events, over the time-steps selected follow-
ing the procedure mentioned above. To do this, for
each time-step we subtracted to ϕ the value of ϕ at
the same instant averaged over the month for all the

12 Going forward, the geopotential height will be referred to as ϕ.

period 1950–2020. For example, to the value of the
geopotential height on the 01 February 1953 at 06:00
we subtracted the mean of the geopotential height
values on every day of February at 6 a.m. from 1950
to 2020. Then, we grouped the selected time-steps in
two sub-periods, past period (1 January 1950–30 June
1985) and present period (1 July 1985–31 December
2020), and we computed the anomalies in the geopo-
tential height averaged over these two time-windows,
together with the difference between present and past
average anomalies. To test the significance of the dif-
ferences we applied the bootstrapmethod, at the 95th
level of confidence. Moreover, to better understand
the nature of these differences, we analyzed the North
Atlantic Oscillation (NAO) index distributions for
both periods, by means of a two-sided Cramér–von
Mises test at the 95% level of confidence [9] (supple-
mentary,Weather regimes).

As shown in figure 5, highwinds inBritish Islands,
North Sea and Bay of Biscay occur during the NAO+
phases. In the second period, the positiveϕ anomalies
become more intense and widespread over Central-
Southern Europe, and the gradient between pos-
itive and negative anomalies is accentuated, lead-
ing to a higher frequency of these extreme events
(table 2) over the zones considered and to stronger
winds over the British Islands and North Sea (supple-
mentary, figure 1). For these two regions, a signific-
ant change in the NAO distribution between present
and past period has been found, with a weak shift

5
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Figure 5. High winds. Composites of the geopotential height anomalies over the time-steps with the number of affected grid
points above the 95th percentile for the period 1 January 1950–30 June 1985 (a), (d), (g), (j), (m) and for the period 1 July
1985–31 December 2020 (b), (e), (h), (k), (n); difference between the climatology of present and past anomalies (c), (f), (i), (l),
(o). British Islands (a)–(c), North Sea (d)–(f), Bay of Biscay (g)–(i), Central Mediterranean (j)–(l), Balkan Peninsula (m)–(o). In
the third column, shadings indicate significant changes.

Table 2. Number of events with the number of affected grid points above the 95th percentile (high winds, left column of each side) and
above the 99th percentile (low winds, right column of each side) for the past period (1 January 1950–30 June 1985) and for the present
(1 July 1985–31 December 2020) for all the areas considered in this study.

Region Past period Present period

British Islands 176 552 281 382
North Sea 38 493 59 369
Bay of Biscay 29 585 56 389
Central Mediterranean 32 531 31 513
Balkan Peninsula 9 477 10 561

towards more positive (neutral) NAO phases in the
present period for the British Islands (North Sea)
(supplementary, figures 3 and 4). Instead, an Atlantic

ridge pattern is found for the Central Mediterranean
(figure 5) and, in the first period, for Balkan Peninsula
(figure 5), for which then it shifts to a Scandinavian

6
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Figure 6. Low winds. Composites of the geopotential height anomalies over the time-steps with the number of affected grid
points above the 99th percentile for the period 1 January 1950–30 June 1985 (a), (d), (g), (j), (m) and for the period 1 July
1985–31 December 2020 (b), (e), (h), (k), (n); difference between the climatology of present and past anomalies (c), (f), (i), (l),
(o). British Islands (a)–(c), North Sea (d)–(f), Bay of Biscay (g)–(i), Central Mediterranean (j)–(l), Balkan Peninsula (m)–(o). In
the third column, shadings indicate significant changes.

blocking, with the center of the low pressure system
remaining located over the Balkan Peninsula. Accord-
ing to this behavior, figure 7 (supplementary) displays
a significant shift from positive to neutral NAO val-
ues in the present period. In both cases, contrary to
what happened for the areas in North Europe (British
Islands, North Sea and Bay of Biscay), there are sub-
stantially no changes in the occurrence of high winds.
However, there is a slight decrease in their intensity in
Central Mediterranean (supplementary, figure 1) and
changes, both positive and negative, in Balkan Penin-
sula (supplementary, figure 1).

Regarding the low winds, in each period and for
each region, their occurrence is related to a blocking

pattern with the high pressure zone over the affected
area (figure 6), and no significant changes in the
NAO distribution between present and past period
have been found (figures 8–12, supplementary). In
all cases, in the second period the intensity of the
positive anomalies increases, leading to stronger pres-
sure gradients and to higher anticyclonic (clockwise)
winds, causing a significant reduction in the num-
ber of low wind events (table 2). In Balkan Penin-
sula, on the contrary, we detected a slight increase in
the average number of days with low winds: indeed,
by looking at the associated ϕ patterns (figure 6),
rather than changes in the pressure gradients we
observe an extension of the high pressure area over

7
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the Mediterranean. This is consistent with the results
presented in [22], where a strengthening in the anti-
cyclones intensity is found over this region.

To account the possible influence of the low-
frequency natural variability, the El Niño-Southern
Oscillation (ENSO) and the Atlantic Multi-decadal
Oscillation (AMO) (supplementary, ENSO and
AMO) distributions have been studied [20], as done
for the NAO index. Regarding the high winds, we
detected significant changes between past and present
period in the ENSO distribution for British Islands
(shift to neutral values), Bay of Biscay and Central
Mediterranean (negative shift), and in the AMO dis-
tribution for Bay of Biscay, Central Mediterranean
(shift to lower values) and Balkan Peninsula (higher
values). Therefore, for these mentioned regions, we
cannot reject the hypothesis that ENSO and AMO
variability have influenced the behavior of the high
winds.

For the lowwinds, we found significant changes in
the ENSO and AMO distribution for all the regions,
with weak positive shift in the mean values in the
present period and/or marked changes in the shape
of the distributions between the two periods. This
implies that changes in the low wind speed behavior
can not be linked only to climate change but they are
also related to the internal climate variability, which
plays a relevant role.

5. Concluding remarks

In this work, we have estimated the behavior of
extreme winds on the European panorama, over the
period 1950–2020, and related them to the large-scale
weather regimes, drawing conclusions on their poten-
tial impacts on off-shore wind energy availability. In
particular, we focused on five regions: British Islands,
North Sea, Bay of Biscay, Central Mediterranean and
Balkan Peninsula. By means of the Mann–Kendall
test, we have detected the presence of significant
trends in the occurrence of wind events with the wind
speed above the cut-out threshold and below the cut-
in threshold, during the period 1950–2020. In Brit-
ish Islands, North Sea and Bay of Biscay a significant
increasing trend has been observed for high winds,
and a decreasing trend for low winds. Contrariwise,
in Central Mediterranean and Balkan Peninsula, the
number of low wind events has increased. Finally,
we have identified the weather regimes at which the
extreme wind events occur, analyzing the changes in
the average geopotential height anomalies and in the
average 100 m horizontal wind speed between the
past period (1 January 1950–30 June 1985) and the
present period (1 July 1985–31 December 2020). The
low winds events are related to blocking patterns with
the high pressure zone centered over the affected area.
This implies that extreme events with the wind speed
under the cut-in threshold can not occur, on aver-
age, at the same time at other locations. Conversely,

we have found that high winds for British Islands,
North Sea and Bay of Biscay were related to the same
weather regime, namely the NAO+ phase. This fact
could lead, in the future, to widespread shortages in
the wind energy supply, possibly leading to partial or
total blackouts, with heavy impacts especially on cit-
ies and urban areas, in a scenario where energy is pro-
duced mostly by renewable sources. We remark that,
although the frequency of extreme events related to
high winds is relatively modest compared to the low
wind ones, they could lead to heavier impacts. In fact,
high winds not only prevent the RE infrastructures
fromoperating, because of the stormcontrol, but they
may damage and sometimes even destroy the wind
turbines, making maintenance interventions neces-
sary and so extending the downtime.

In determining the behavior of low-winds events,
only ENSO and AMO played a significant role, while
for high winds in British Islands, North Sea and
Balkan Peninsula we found a significant link also to
NAO phases.

Our analyses, focused on historical climate data
for the period 1950–2020, have shown that cli-
mate change and internal climate variability inter-
vene together in affectingwind power availability over
Europe during extreme weather events. To perform
the analyses, as underlined at the end of section 3,
we chose to only use ERA5 reanalysis data-sets, and
not a multi-reanalysis approach. Furthermore, we
did not make use of models due to their limitations
in providing a coherent picture of low-frequency
modes of variability and their interactions [6], as
well as inconsistencies betweennumericalmodels and
reanalysis when it comes to temporal variations in
the atmospheric states—which is at the basis of our
analysis [38].

In addition, we point out that in this study we
have considered every grid point as a potential loc-
ation for the installation of wind turbines. However,
this is only possible in areas where the sea depth is less
than 1 km. Therefore, to increase the relevance of our
results, it would be beneficial to only consider the grid
points with an average sea depth of less than 1000 m.

Anatural continuation of this studywill be to look
at future climate scenarios. Various studies suggest
that climate change will not considerably affect the
average near-surface wind speed [28, 41] and there-
fore the average energy production. However, our
analysis could motivate further research by specific-
ally looking at extreme low/high winds that could not
necessarily follow the behavior of average wind speed.
In this context, it will be appropriate to use the new
convection permitting simulations available at high
resolutions [1]. A natural strategy to ensure robust-
ness of the results would be the use of ensembles cli-
mate simulations corresponding to different shared
socio-economic pathways.

The results of our work are consistent with the
previous literature that analyzed the influence of the
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weather patterns, and consequently of the wind con-
ditions, on the wind power generation [3, 14, 45,
48]. In particular, our paper has taken a clue from
the work of Grams et al [26]. In their paper, Grams
et al underline the lack of well-deployed installations
and of an efficient electric European net that could
handle electricity deficit periods. In addition, they
stress the necessity to plan the installation of new
capacity basing on the meteorological understand-
ing. Combining these considerations with the results
of our study, we can state that the planning of new
wind farms should take into account also the beha-
vior of the extreme wind events, which can represent
a threat to an efficient operation of the installations.
We finally remind that, to ensure that meaningful res-
ults are obtained, it is fundamental the use of suit-
able data-sets and an adequate time period to capture
detectable trends.

Data availability statement

The data that support the findings of this study are
openly available at the following URL/DOI: https://
cds.climate.copernicus.eu/#!/home.

Acknowledgments

This work has received support from the European
Union’s Horizon 2020 research and innovation pro-
gramme (Grant Agreement No. 101003469, XAIDA)
and funding by the Erasmus+ Programme in col-
laboration with the University of Pavia and by the
Commissariat a l’Energie Atomique et aux Energies
Alternatives (CEA). This work is a contribution of
the Energy4Climate InterdisciplinaryCenter (E4C) of
IP Paris and Ecole des Ponts, supported by 3rd Pro-
gramme d’Investissements d’Avenir [ANR-18-EUR-
0006-02]. This project has received funding from the
European Union’s Horizon 2020 research and innov-
ation programme under theMarie Sklodowska-Curie
grant agreement No. 956396 (EDIPI project).

Author contributions

L R performed the analyses. L R and D F conceived
the study and wrote the paper. The authors declare
that they have NO affiliations with or involvement in
any organization or entity with any financial interest
in the subject matter or materials discussed in this
manuscript.

References

[1] Ban N et al 2021 The first multi-model ensemble of regional
climate simulations at kilometer-scale resolution, part I:
evaluation of precipitation Clim. Dyn. 57 275–302

[2] Befort D J, Wild S, Kruschke T, Ulbrich U and
Leckebusch G C 2016 Different long-term trends of
extra-tropical cyclones and windstorms in ERA-20C and
NOAA-20CR reanalyses Atmos. Sci. Lett. 17 586–95

[3] Brayshaw D J, Troccoli A, Fordham R and Methven J 2011
The impact of large scale atmospheric circulation patterns
on wind power generation and its potential predictability: a
case study over the UK Renew. Energy 36 2087–96

[4] Brönnimann S, Martius O, von Waldow H, Welker C,
Luterbacher J, Compo G P, Sardeshmukh P D and Usbeck T
2012 Extreme winds at northern mid-latitudes since 1871
Meteorol. Z. 21 13–27

[5] Cadiou C, Noyelle R, Malhomme N and Faranda D 2022
Challenges in attributing the 2022 Australian rain bombs to
climate change Asia-Pac. J. Atmos. Sci. (https://doi.org/
10.1007/s13143-022-00305-1)

[6] Coburn J and Pryor S C 2021 Differential Credibility of
Climate Modes in CMIP6 J. Clim. 34 8145–64

[7] Copernicus 2022 (available at: https://cds.climate.
copernicus.eu/#!/home)

[8] Corti S, Molteni F and Palmer T N 1999 Signature of recent
climate change in frequencies of natural atmospheric
circulation regimes Nature 398 799–802

[9] Cramér-von Mises test 2020 (available at: https://
encyclopediaofmath.org/wiki/Cramer-von_Mises_test)

[10] Crook J A, Jones L A, Forster P M and Crook R 2011 Climate
change impacts on future photovoltaic and concentrated
solar power energy output Energy Environ. Sci. 4 3101–9

[11] Cutululis N A, Litong-Palima M and Sørensen P E 2012
Offshore Wind Power Production in Critical Weather
Conditions (Copenhagen: European Wind Energy
Association (EWEA))

[12] Díaz H and Guedes Soares C 2020 Review of the current
status, technology and future trends of offshore wind farms
Ocean Eng. 209 107381

[13] Dong B, Sutton R T, Woollings T and Hodges K 2013
Variability of the North Atlantic summer storm track:
mechanisms and impacts on European climate Environ. Res.
Lett. 8 034037

[14] Ely C, Brayshaw D, Methven J, Cox J and Pearce O 2013
Implications of the North Atlantic Oscillation for a
UK–Norway Renewable power system Energy Policy
62 1420–7

[15] ERA5 hourly data on single levels from 1950 to 1978 2021
(available at: https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-single-levels-preliminary-back-
extension?tab=overview)

[16] ERA5 hourly data on single levels from 1979 to present 2021
(available at: https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-single-levels?tab=overview)

[17] European Commission 2022 An EU Strategy to harness the
potential of offshore renewable energy for a climate neutral
future European Commission 2022 (available at: https://
energy.ec.europa.eu/topics/renewable-energy/offshore-
renewable-energy_en)

[18] European Commission 2022 2022 (available at: https://
climate.ec.europa.eu/eu-action/european-green-deal/
delivering-european-green-deal_en)

[19] Fan W, Liu Y, Chappell A, Dong L, Xu R, Ekström M, Fu T
and Zeng Z 2021 Evaluation of global reanalysis land surface
wind speed trends to support wind energy development
using in situ observations J. Appl. Meteorol. Climatol.
60 33–50

[20] Faranda D, Bourdin S, Ginesta M, Krouma M, Noyelle R,
Pons F, Yiou P and Messori G 2022 A climate-change
attribution retrospective of some impactful weather
extremes of 2021Weather Clim. Dyn. 3 1311–40

[21] Faranda D, Messori G, Jézéquel A, Vrac M and Yiou P 2022
Atmospheric circulation compounds anthropogenic
warming and extreme climate impacts in Europe accepted
(https://doi.org/10.1073/pnas.2214525120)

[22] Fery L, Dubrulle B, Podvin B, Pons F and Faranda D 2022
Learning a weather dictionary of atmospheric patterns using
latent Dirichlet allocation Geophys. Res. Lett.
49 e2021GL096184

[23] Froude L S R, Bengtsson L and Hodges K I 2007 The
prediction of extratropical storm tracks by the ECMWF and

9

https://cds.climate.copernicus.eu/#!/home
https://cds.climate.copernicus.eu/#!/home
https://doi.org/10.1007/s00382-021-05708-w
https://doi.org/10.1007/s00382-021-05708-w
https://doi.org/10.1002/asl.694
https://doi.org/10.1002/asl.694
https://doi.org/10.1016/j.renene.2011.01.025
https://doi.org/10.1016/j.renene.2011.01.025
https://doi.org/10.1127/0941-2948/2012/0337
https://doi.org/10.1127/0941-2948/2012/0337
https://doi.org/10.1007/s13143-022-00305-1
https://doi.org/10.1007/s13143-022-00305-1
https://doi.org/10.1175/JCLI-D-21-0359.1
https://doi.org/10.1175/JCLI-D-21-0359.1
https://cds.climate.copernicus.eu/#!/home
https://cds.climate.copernicus.eu/#!/home
https://doi.org/10.1038/19745
https://doi.org/10.1038/19745
https://encyclopediaofmath.org/wiki/Cramer-von_Mises_test
https://encyclopediaofmath.org/wiki/Cramer-von_Mises_test
https://doi.org/10.1039/c1ee01495a
https://doi.org/10.1039/c1ee01495a
https://doi.org/10.1016/j.oceaneng.2020.107381
https://doi.org/10.1016/j.oceaneng.2020.107381
https://doi.org/10.1088/1748-9326/8/3/034037
https://doi.org/10.1088/1748-9326/8/3/034037
https://doi.org/10.1016/j.enpol.2013.06.037
https://doi.org/10.1016/j.enpol.2013.06.037
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-preliminary-back-extension?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-preliminary-back-extension?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-preliminary-back-extension?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview
https://energy.ec.europa.eu/topics/renewable-energy/offshore-renewable-energy_en
https://energy.ec.europa.eu/topics/renewable-energy/offshore-renewable-energy_en
https://energy.ec.europa.eu/topics/renewable-energy/offshore-renewable-energy_en
https://climate.ec.europa.eu/eu-action/european-green-deal/delivering-european-green-deal_en
https://climate.ec.europa.eu/eu-action/european-green-deal/delivering-european-green-deal_en
https://climate.ec.europa.eu/eu-action/european-green-deal/delivering-european-green-deal_en
https://doi.org/10.1175/JAMC-D-20-0037.1
https://doi.org/10.1175/JAMC-D-20-0037.1
https://doi.org/10.5194/wcd-3-1311-2022
https://doi.org/10.5194/wcd-3-1311-2022
https://doi.org/10.1073/pnas.2214525120
https://doi.org/10.1029/2021GL096184
https://doi.org/10.1029/2021GL096184


Environ. Res. Lett. 18 (2023) 034040 L Rapella et al

NCEP Ensemble Prediction SystemsMon. Weather Rev.
135 2545–67

[24] Ginesta M, Yiou P, Messori G and Faranda D 2022 A
methodology for attributing extratropical cyclones to
climate change: the case study of storm Alex 2020 Clim. Dyn.
(https://doi.org/10.1007/s00382-022-06565-x)

[25] Gonçalves A, Liberato M L R and Nieto R 2021 Wind energy
assessment during high-impact winter storms in
southwestern Europe Atmosphere 12 509

[26] Grams C M, Beerli R, Pfenninger S, Staffell I and Wernli H
2017 Balancing Europe’s wind-power output through spatial
deployment informed by weather regimes Nat. Clim. Change
7 557–62

[27] Gualtieri G 2021 Reliability of ERA5 reanalysis data for wind
resource assessment: a comparison against tall towers
Energies 14 4169

[28] Hdidouan D and Staffell I 2016 The impact of climate
change on the levelised cost of wind energy Renew. Energy
101 575–92

[29] Jerez S, Thais F, Tobin I, Wild M, Colette A, Yiou P and
Vautard R 2015 The CLIMIX model: a tool to create and
evaluate spatially-resolved scenarios of photovoltaic and
wind power development Renew. Sustain. Energy Rev.
42 1–15

[30] Mathew S 2006Wind Energy: Fundamentals, Resource
Analysis and Economics (Berlin: Springer)

[31] Moloney N R, Faranda D and Sato Y 2019 An overview of
the extremal index Chaos 29 022101

[32] Monforti F, Gaetani M and Vignati E 2016 How synchronous
is wind energy production among European countries?
Renew. Sustain. Energy Rev. 59 1622–38

[33] Neu U et al 2013 IMILAST: a community effort to
intercompare extratropical cyclone detection and tracking
algorithms Bull. Am. Meteorol. Soc. 94 529–47

[34] Pachauri R K et al 2014 Climate change 2014: synthesis
report Contribution of Working Groups I, II and III to the
Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (Geneva: IPCC) p 151

[35] Patt A, Pfenninger S and Lilliestam J 2013 Vulnerability of
solar energy infrastructure and output to climate change
year Clim. Change 121 93–102

[36] Perera A T D, Nik V M, Chen D, Scartezzini J and Hong T
2020 Quantifying the impacts of climate change and extreme
climate events on energy systems Nat. Energy 5 150–9

[37] Pymannkendall 1.4.2 2022 (available at: https://pypi.org/
project/pymannkendall/)

[38] Rodrigues D, Alvarez-Castro M C, Messori G, Yiou P,
Robin Y and Faranda D 2018 Dynamical properties of the
North Atlantic atmospheric circulation in the past 150 years
in CMIP5 models and the 20CRv2c reanalysis J. Clim.
31 6097–111

[39] Rose S, Jaramillo P, Small M J, Grossmann I and Apt J 2012
Quantifying the hurricane risk to offshore wind turbines
Proc. Natl Acad. Sci. 109 3247–52

[40] Steiner A, Köhler C, Metzinger I, Braun A, Zirkelbach M,
Ernst D, Tran P and Ritter B 2017 Critical weather situations
for renewable energies – Part A: cyclone detection for wind
power Renew. Energy 101 41–50

[41] Tobin I, Vautard R, Balog I, Bréon F, Jerez S, Ruti P,
Thais F, Vrac M and Yiou P 2015 Assessing climate change
impacts on European wind energy from ENSEMBLES
high-resolution climate projections Clim. Change
128 99–112

[42] Torralba V, Doblas-Reyes F and Gonzalez-Reviriego N 2017
Uncertainty in recent near-surface wind speed trends: a
global reanalysis intercomparison Environ. Res. Lett.
12 114019

[43] Ulbrich U et al 2012 Climate of the Mediterranean: synoptic
patterns, temperature, precipitation, winds, and their
extremes The Climate of the Mediterranean Region (Elsevier)
pp 301–46

[44] Ulbrich U, Leckebusch G C and Pinto J G 2009
Extra-tropical cyclones in the present and future climate: a
review Theor. Appl. Climatol. 96 117–31

[45] Van der Wiel K, Bloomfield H, Lee R, Stoop L, Blackport R,
Screen J and Selten F 2019 The influence of weather regimes
on European renewable energy production and demand
Environ. Res. Lett. 14 094010

[46] Velenturf A P M, Emery A R, Hodgson D M, Barlow N L M,
Mohtaj Khorasani A M, Van Alstine J, Peterson E L,
Piazolo S and Thorp M 2021 Geoscience solutions for
sustainable offshore wind development Earth Sci. Syst.
Soc. 4

[47] Wohland J, Omrani N, Witthaut D and Keenlyside N S 2019
Inconsistent wind speed trends in current twentieth century
reanalyses J.Geophys. Res. 124 1931–40

[48] Zubiate L, McDermott F, Sweeney C and O’Malley M 2016
Spatial variability in winter NAO-wind speed relationships
in western Europe linked to concomitant states of the East
Atlantic and Scandinavian patterns: variability of winter
wind speeds in response to NAO, EA and SCA Q. J. R.
Meteorol. Soc. 143 1032–46

10

https://doi.org/10.1175/MWR3422.1
https://doi.org/10.1175/MWR3422.1
https://doi.org/10.1007/s00382-022-06565-x
https://doi.org/10.3390/atmos12040509
https://doi.org/10.3390/atmos12040509
https://doi.org/10.1038/nclimate3338
https://doi.org/10.1038/nclimate3338
https://doi.org/10.3390/en14144169
https://doi.org/10.3390/en14144169
https://doi.org/10.1016/j.renene.2016.09.003
https://doi.org/10.1016/j.renene.2016.09.003
https://doi.org/10.1016/j.rser.2014.09.041
https://doi.org/10.1016/j.rser.2014.09.041
https://doi.org/10.1063/1.5079656
https://doi.org/10.1063/1.5079656
https://doi.org/10.1016/j.rser.2015.12.318
https://doi.org/10.1016/j.rser.2015.12.318
https://doi.org/10.1175/BAMS-D-11-00154.1
https://doi.org/10.1175/BAMS-D-11-00154.1
https://doi.org/10.1007/s10584-013-0887-0
https://doi.org/10.1007/s10584-013-0887-0
https://doi.org/10.1038/s41560-020-0558-0
https://doi.org/10.1038/s41560-020-0558-0
https://pypi.org/project/pymannkendall/
https://pypi.org/project/pymannkendall/
https://doi.org/10.1175/JCLI-D-17-0176.1
https://doi.org/10.1175/JCLI-D-17-0176.1
https://doi.org/10.1073/pnas.1111769109
https://doi.org/10.1073/pnas.1111769109
https://doi.org/10.1016/j.renene.2016.08.013
https://doi.org/10.1016/j.renene.2016.08.013
https://doi.org/10.1007/s10584-014-1291-0
https://doi.org/10.1007/s10584-014-1291-0
https://doi.org/10.1088/1748-9326/aa8a58
https://doi.org/10.1088/1748-9326/aa8a58
https://doi.org/10.1016/B978-0-12-416042-2.00005-7
https://doi.org/10.1007/s00704-008-0083-8
https://doi.org/10.1007/s00704-008-0083-8
https://doi.org/10.1088/1748-9326/ab38d3
https://doi.org/10.1088/1748-9326/ab38d3
https://doi.org/10.3389/esss.2021.10042
https://doi.org/10.1029/2018JD030083
https://doi.org/10.1029/2018JD030083
https://doi.org/10.1002/qj.2988
https://doi.org/10.1002/qj.2988

	Climate change on extreme winds already affects off-shore wind power availability in Europe 
	1. Introduction
	2. Data and methods
	3. Trends in wind events
	4. Weather regimes analysis for high/low wind events
	5. Concluding remarks
	References


