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Abstract

This study presents the monthly 10-m wind speed climatology, decadal vari-
ability and possible trends in the North Atlantic and Europe from ERAS5
reanalysis from 1979 to 2018 and investigates the physical reasons for the
decadal variability. Additionally, temporal time series are examined in three
locations: the central North Atlantic, Finland and Iberian Peninsula. The
40-year mean and the 98th percentile wind speeds emphasize a distinct land-
sea contrast and a seasonal variation with the strongest winds over the ocean
and during winter. The strongest winds and the highest variability are associ-
ated with the storm tracks and local wind phenomena such as the mistral. The
extremeness of the winds is examined with an extreme wind factor (the 98th
percentile divided by mean wind speeds) which in all months is higher in
southern Europe than in northern Europe. Mostly no linear trends in 10-m
wind speeds are identified in the three locations but large annual and decadal
variability is evident. The decadal 10-m wind speeds were stronger than aver-
age in the 1990s in northern Europe and in the 1980s and 2010s in southern
Europe. These decadal changes were largely explained by the positioning of
the jet stream and storm tracks and the strength of the north-south pressure
gradient in the North Atlantic. The 10-m winds have a positive correlation
with the North Atlantic Oscillation in the central North Atlantic and Finland
on annual scales and during cold season months and a negative correlation in
Iberian Peninsula mostly from July to March. The Atlantic Multi-decadal
Oscillation has a moderate negative correlation with the winds in the central
North Atlantic but no correlation in Finland and Iberian Peninsula. Overall,
our results emphasize that while linear trends in wind speeds may show a gen-
eral long-term trend, more information on the changes is obtained by ana-
lysing long-term variability.
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INTRODUCTION

1 |

The knowledge of long-term climatology and variability
of 10-m wind speeds is valuable for meteorologists and
climate scientists. For example, forecasters need to know
the mean wind climate in order to estimate the local
extremeness in wind forecasts, and climate model simula-
tions are typically compared and validated against the
long-term mean climate. The near-surface winds have an
important role in advection and surface fluxes to transfer
heat and moisture horizontally and vertically between
the atmosphere and the surface. Moreover, information
of the near-surface wind speed climate and variability is
essential for industries that are dependant or affected by
winds such as wind energy, forestry and insurance. For
example, Gregow et al. (2016) highlight the energy sec-
tor's desire for higher resolution and accurate wind
datasets.

In addition to global and regional wind atlases,
reanalyses are a relevant source for wind assessments.
Reanalysis systems provide a consistent analysis of the
atmospheric state and aim to utilize observations as
extensively as possible (Dee et al., 2014). Such datasets
are well suited to wind assessments due to their global
coverage, homogeneous data and long time periods. Pre-
vious studies (e.g., Kaiser-Weiss et al., 2015, 2019) have
compared in-situ surface wind observations to reanalysis
and, in general, it has been shown that the frequency dis-
tributions of mean wind speeds are well captured in
reanalysis. The long-term wind speed variability and/or
trends have been studied with many different
reanalyses—e.g., ERA-Interim, MERRA-2, and JRA-55
(Torralba et al., 2017), NOAA-20CR (Bett et al., 2013) and
ERA-40 (Kiss and Janosi, 2008)—but not yet with the
new ERAS5 reanalysis (Hersbach et al., 2020). The knowl-
edge of the mean climate in ERA5 is needed since it will
most likely be used as a basis to compare both historical
runs and future projections from climate models
(e.g., Priestley et al., 2020). Furthermore, ERAS has been
found to outperform MERRA-2 in the wind power
modelling (Olauson, 2018) and hence, ERAS5 is likely to
be used in many wind-related applications.

The long-term surface wind speeds over land have
shown a decreasing trend, termed stilling, over the last
few decades in 1979-2008 (Vautard et al., 2010). How-
ever, a reversal in global stilling has been detected after
2010 (Zeng et al., 2019). The timing of this reversal varies
in different regions and in Europe, the turning point was
obtained in 2003 (Zeng et al., 2019). Vautard et al. (2010)
found that 10-50% of the stilling can be explained by
atmospheric circulation changes and 25-60% by an
increase in surface roughness. Similarly, a recent review
by Wu et al. (2018) summarizes that the long-term

terrestrial wind speed changes are caused by the driving
forces (atmospheric circulation) and drag forces (surface
friction such as land use and cover change and urbaniza-
tion, and boundary layer conditions). However, since
there are no sudden surface roughness changes in 2010
although a reversal was found, Zeng et al. (2019) suggest
that the wind speed variability is mainly associated with
the decadal variations in large-scale ocean-atmospheric
circulations, such as the North Atlantic Oscillation
(NAO) in Europe, the Pacific Decadal Oscillation in Asia
and the Tropical Northern Atlantic Index in North
America.

Previously, climatological studies of 10-m wind
speeds (e.g., Bett et al., 2013, 2017) have mainly concen-
trated on long-term linear trends and the variability has
been examined over the whole time period with statisti-
cal measures (e.g., the standard deviation). Variations of
the wind climate between different decades has received
less attention and often the decadal variability can be
determined from time series using techniques such as
Gaussian low-pass filters (Azorin-Molina et al., 2014;
Minola et al., 2016) or piecewise linear regression models
(Zeng et al., 2019). Such station-based time series studies
have been examined separately in multiple European
countries (e.g., Azorin-Molina et al., 2014; Minola
et al., 2016; Laapas and Venildinen, 2017, Zahradnicek
et al., 2019). However, a decadal analysis over a larger
domain would provide new information on the large-
scale spatial patterns and their changes in each decade.
Furthermore, the decadal analysis of 10-m wind speeds
can then be compared to spatial and decadal patterns in
other atmospheric variables, such as upper-level winds
and mean sea level pressure, to study the reasons behind
the decadal changes.

Longer range predictions of 10-m wind speeds on
multiple time scales (months, years, decades) give value
in long-term planning, adaptation and preparedness in
societies and many sectors since extreme winds can cause
diverse impacts, for example, uproot trees in forests
(Gardiner et al., 2010; Usbeck et al., 2012; Gregow
et al., 2017) or generate high waves which impact coast-
lines and offshore infrastructure (Vose et al., 2014). As
long-term variations in 10-m wind speeds are influenced
by changes in the atmospheric circulation, seasonal fore-
casts of near-surface winds are often based on indices
that describe the large-scale atmospheric patterns (Scaife
et al., 2014). For the North Atlantic and Europe region, a
commonly used index is the NAO which is a key source
of seasonal predictability skill in many European regions
(Scaife et al., 2014). On decadal and climatological scales,
the Atlantic Multi-decadal Oscillation (AMO) could pos-
sibly give some value since the periodical cycle of the
AMO is around 70 years (Zhang et al., 2019).
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The first aim of this study is to present the wind speed
climate in the North Atlantic and Europe based on ERA5
and to identify any long-term linear trends. In contrast to
many earlier studies, we present monthly averages rather
than seasonal or annual averages which likely suppress
variability or disguise details. The second aim is to deter-
mine if there are decadal variations in the 10-m mean
and extreme wind speeds. Since wind speed has a large
year-to-year variability, and potentially long-term oscilla-
tions, the decadal analysis provides considerably more
information than the linear trends. The third and final
aim is to investigate physical reasons for possible wind
speed changes on the decadal scale in the North Atlantic
and Europe, which we do by examining whether 10-m
wind speeds correlate with other atmospheric variables
and climatic indices. The remainder of this paper is struc-
tured as follows. Section 2 describes the data and
methods that we use, the wind speed climate is presented
in Section 3 and wind speed variability and trends in Sec-
tion 4. In Section 5 we investigate the physical reasons
for the wind speed changes, and finally the conclusions
are given in Section 6.

2 | DATA AND METHODS

2.1 | ERA5reanalysis

ERAS is the fifth generation atmospheric reanalysis from
the European Centre for Medium Range Weather Fore-
casts (Hersbach et al., 2020). ERA5 uses the Integrated
Forecasting System (IFS, cycle 41r2) and includes atmo-
sphere, land surface and ocean wave models. In addition
to the improved data assimilation system compared to its
predecessor ERA-Interim (Dee et al., 2011), ERAS5 has a
higher spatial and temporal resolution. The horizontal
resolution in ERAS5 is approximately 31 km (TL639 in
spectral space) and it has 137 vertical levels (from surface
to around 80 km). The analysis and forecast fields are
available hourly. Currently ERAS covers the time period
from 1979 onwards but is expected to finally be available
from 1950.

In this study, we used 6-hourly data from 1979 to
2018 with 0.25° (~31 km) horizontal resolution. The vari-
ables we obtained are instantaneous 10-m and 300-hPa
horizontal wind components and mean sea level
pressure.

2.2 | NAO and AMO indices

The NAO (North Atlantic Oscillation) index describes the
large-scale circulation pattern in the North Atlantic.

of Climatology

When NAO is positive, there is a larger than average
pressure difference between the northern and southern
Atlantic resulting in warmer, wetter and generally more
stormy conditions in northern Europe (Hurrell, 1995). A
traditional way to quantify the NAO is to calculate the
pressure difference between Iceland and the Azores,
however, a station-based method may not capture the
large-scale spatial pattern and can be noisy. Hence, it is
more common to use a principal component -based
method to reduce these limitations. The NAO index used
in this study is calculated by applying the Rotated Princi-
pal Component Analysis to the monthly standardized
500-hPa height anomalies which is produced by the Cli-
mate Prediction Center at the National Oceanic Atmo-
spheric Administration (NOAA, 2020a).

The AMO (Atlantic Multi-decadal Oscillation) index
describes the sea surface temperature (SST) variability in
the North Atlantic. When AMO is in the positive phase,
SSTs in the North Atlantic are warmer than on average.
This affects Europe during summertime leading to wetter
conditions over central and eastern Europe and drought
conditions in parts of southern, western and Northern
Europe (Ionita et al., 2012). However, Yamamoto and
Palter (2016) found that during winter the thermody-
namic response of AMO to European weather is over-
ruled by the dynamical response from NAO. In this study
we use the AMO index calculated from the Kaplan SST
dataset (Kaplan et al., 1998) detrended and area-averaged
over the Atlantic between 0 and 70°N (Enfield
et al., 2001; NOAA, 2020b).

2.3 | Diagnostics and trend analysis

In this study, we consider the wind climatology over the
40-year period (1979-2018). For each month, we calcu-
lated the mean (WSpean), the 98th percentile (WSgg),
standard deviation, and the extreme wind factor (EWF)
from the 6-hourly winds, and we define

1)

The standard deviation measures the variations in the
mean climate whereas the EWF emphasizes how extreme
the extreme winds are relative to the mean at each indi-
vidual grid point. By definition, EWF must always exceed
one as the 98th percentile wind speed is always greater
than the mean wind. If the EWF is much larger than one
the 98th percentile winds are much stronger than the
mean winds implying that the wind speed distribution is
wide with a large positive tail. In contrast, a EWF close to
one indicates that the 98th percentile winds are not that
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extreme compared to the mean and the wind speed distri-
bution is narrow. Therefore, higher EWF values likely
lead to more wind damage and impacts.

To examine the decadal variation, we divided the cli-
matological period to four 10-year periods (1979-1988,
1989-1998, 1999-2008, 2009-2018) and calculated the
10-year means separately for each month. Hereinafter
these time periods are referred to as 1980s, 1990s, 2000s
and 2010s for clarity although the years do not exactly
match the decades. The wind speed variation is analysed
with relative anomalies (10-year mean value minus
40-year mean value divided by 40-year mean value)
whereas the EWF variation is analysed relative to the cli-
matological mean (10-year EWF minus 40-year mean
wind speed). We present the monthly results from the
cold season (September-February) and the other months
are given in the Supporting Information (Figures S1-S4).

In addition to the monthly decadal variability in the
North Atlantic and Europe domain, we analysed wind
speed time series in more detail in three locations: in the
central North Atlantic in the region with the strongest
winds, and over land separately in northern and southern
parts of Europe where we found opposite wind anomalies
in many decades. More precisely, the chosen coordinates
for the locations are the central North Atlantic (20-40°W,
45-60°N), Finland (20-30°E, 60-70°N) and Iberian
Peninsula (0-9°W, 37-43°N) and the locations are shown
as boxes in Figure 1. The time series were produced by
first calculating a statistical value (mean, 98th percentile,
maximum, standard deviation or EWF) at each grid point
and then averaging the values over all grid points in each
longitude-latitude box. Since the box over the central
North Atlantic is bigger than the ones over Europe, the
variability is smoother due to bigger area averaging.

To identify the temporal trends in the three boxes, we
applied the Mann-Kendall test (Mann, 1945;
Kendall, 1970) which can be used to test the statistical
significance of the trends. The magnitude of the trends
was determined from the Theil-Sen's slope estimator
(Theil, 1950; Sen, 1968). Both the Mann-Kendall test and
the Theil-Sen's slope are nonparametric and distribution-
free methods. In addition to the trends, we correlated
monthly and annual wind speed time series and NAO
and AMO indices by using linear least-squares regression
and the Wald test. Both the trends and correlations were
tested at the significance level of 5% (p-value <0.05).

To investigate the physical reasons, we first investi-
gate the monthly correlation between 10-m and 300-hPa
wind speeds (representative of the jet stream level) pri-
marily to determine if the 300-hPa winds are a dominant
reason for the 10-m wind speed spatial variability. The
10-m winds are harder to forecast, even at the very short
lead times, than 300-hPa wind speeds. In addition,

climate models, which are run at coarse resolution, may
not accurately capture the current 10-m wind speed cli-
mate or future changes. Therefore, by examining the cor-
relation between 10-m and 300-hPa wind speeds, we test
whether the 300-hPa wind speeds could be used as a
proxy for 10-m winds on monthly scales which further
could give potential for extended and longer range fore-
casting. Secondly, the decadal 10-m wind speed anoma-
lies in February are examined in relation to anomalies of
the 300-hPa wind speed, storm tracks and mean sea level
pressure (MSLP) to further assess the physical reasons for
the decadal variability. This month was chosen because
the wind speed anomalies at the decadal scale were the
largest in February (shown in Figure 6). Lastly, we inves-
tigate whether the temporal variability in 10-m wind
speeds at the three locations is correlated with the NAO
and AMO.

Storm tracks are commonly analysed with the
Eulerian diagnostic of bandpass-filtering (Blackmon,
1976). In our study, we analysed the storm tracks by
using the Eulerian measure to 6-hourly MSLP from 1979
to 2018 from ERAS. First, we detrended the MSLP data
and then processed the data with 2-6 day bandpass filter.
From the bandpass-filtered MSLP, we calculated the
monthly standard deviation for the 10-year periods as
well as the whole 40-year period.

3 | WINDSPEED CLIMATE

The monthly mean 10-m wind speed over the 40-year
period (1979-2018) shows a clear land-sea gradient and a
seasonal variation with the strongest winds over the
ocean areas and during winter months (Figure 1). Over
the North Atlantic, the strongest mean wind speeds dur-
ing winter months exceed 12 m-s ' whereas in July the
highest monthly mean wind speeds are below 8 m-s .
The area of strongest wind speeds over the North Atlantic
between 10-50°W and 40-60°N is associated with the
main North Atlantic storm track region (contours in
Figure 1). During summer months, there is a noticeable
area of low wind speeds over the southern North Atlantic
between 20-40°W and 25-35°N. These calm winds at the
horse latitudes are caused by the divergence between
prevailing westerlies on the northern side and trade
winds on the southern side.

Over land areas in Europe, the absolute mean wind
speed difference between winter and summer months is
not as high as over the ocean, mostly between 1 and
2m-s (Figure 1). However, the relative difference is
similar with mean winds in winter being around 1.5
times stronger than in summer. There is a narrow band
of higher wind speeds spreading horizontally over central
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Europe most distinctly from October to March. This
region is on the southern edge of the storm track (con-
tours in Figure 1) and hence the winds are likely associ-
ated with the cyclone activity. The lowest wind speeds
over land are found in the high topography regions in the
European Alps, Apennines, Pyrenees and Scandinavian
Mountains. A similar result is seen in wind climatologies
with other reanalyses, for example in NOAA-20CR (Bett
et al., 2013) and ERA-40 (Kiss and Janosi, 2008). The IFS
is known to have too low wind speeds in complex topog-
raphy areas in Europe (Hewson, 2020) and for example
in Norway, the 10-m winds are underestimated at moun-
tainous stations whereas at coastal stations the observa-
tions are quite close to the modelled 10-m wind speeds
(Thyness et al., 2017). Similarly in Sweden, monthly wind
speeds from ERA5 are underestimated in mountain sta-
tions by up to 3.5 m-s ' (Minola et al., 2020). This issue
may be related to the coarse spatial resolution of the
reanalysis or how surface roughness is treated in the IFS.
In addition, previous studies (Howard and Clark, 2007;
Sandu et al., 2017) have shown that the orographic drag
scheme in numerical models give unrealistically low
near-surface wind speeds at high altitudes. In contrast to
the low wind speeds over European mountainous
regions, the high altitudes in Greenland have high wind
speeds. A possible explanation might be that the
European mountains have more variability in topography
at smaller spatial scales than Greenland does (i.e., more
subgrid variability). However, it is out with the scope of
this current study to rigorously evaluate the accuracy of
ERAS5 winds in mountainous areas or to determine cau-
ses for the apparently underestimate of the 10-m wind
speeds in these regions.

In the monthly mean winds, smaller scale wind fea-
tures are also visible. In all months there is a localized
wind speed maximum in the northern Mediterranean
Sea. This is the mistral wind phenomenon that blows
from the Rhone Valley towards the Gulf of Lion
(Zecchetto and De Biasio, 2007). Another local wind
speed maximum is present in the eastern Mediterranean
Sea, and is especially evident during summer, when this
etesians wind feature is the strongest (Zecchetto and De
Biasio, 2007). At the southern tip of Greenland, there is a
small wind speed maximum visible during most months
but this is most pronounced from February to June. This
is most likely associated with tip jets and reverse tip jets
which are low-level wind speed maxima occurring when
a synoptic-scale cyclone interacts with the high topogra-
phy of southern Greenland (Moore and Renfrew, 2005).
In addition, the southeast Greenland barrier winds are
seen as a narrow region of high wind speeds between
Greenland and Iceland in Denmark Strait from October
to February. This agrees with Sampe and Xie (2007) who

found that in winter this region is one of the windiest
places in the world's oceans while in summer the occur-
rence of high wind events is low.

The 98th percentile wind speed over 40-year period
(Figure 2) shows similar patterns as the mean wind speed
(Figure 1) with a contrast between land and sea areas
and a clear seasonal variation. In the North Atlantic
storm track region (contours in Figure 1), the highest
98th percentile winds occur between December and
March with wind speeds of 20-22 m-s *. The highest 98th
percentile winds over land are found during winter in the
southern part of Greenland (exceeding 22 m-s ') and in
Iceland (14-16 m-s '). The United Kingdom also has high
98th percentile winds during winter (10-12 m-s ). Over
continental Europe, the edge of the storm track region is
even more noticeable in the 98th percentile winds than
in the mean field.

The same local wind features are found with the 98th
percentile wind speeds as with the mean. The highest
98th percentile winds of the mistral wind in the Mediter-
ranean Sea are 18-20 m-s ' during winter months while
the etesians are more visible during summer with
12-14 m-s ' winds. Tip jets at the south of Greenland as
well as the barrier winds in Denmark Strait are evident
through all months. The barrier winds are divided into
two to three local wind speed maxima that can be seen
from the 98th percentile winds while mean wind field
did not capture those details. Similarly, these local wind
maxima along the southeast coast of Greenland were
found by Moore and Renfrew (2005) using SeaWinds
scatterometer and Tuononen et al. (2015) using Arctic
system reanalysis. It is noteworthy that in addition to the
mistral, the etesians, tip jets and barrier winds, there are
other local wind phenomena in Europe that are not cap-
tured by ERAS. For example, the bora winds that occur
most commonly during winter in the Adriatic Sea as a
downslope wind phenomenon (Zecchetto and
Cappa, 2001) are not seen in the monthly wind climate
in ERAS.

Over the 40-year period, the smallest EWF values
(below 1.8) occur in the North Atlantic storm track
region between November and March and over the low
wind speed area at the horse latitudes from May to
August (Figure 3). This means that the 98th percentile
wind speeds in these regions are not that extreme relative
to the mean, i.e. the wind speed distribution is narrow.
This implies that during winter the storm track region
has constantly high wind speeds while during summer at
the horse latitudes there are low winds most of the time.
However, at the northern border of the horse latitudes
between 20-40°W and 30-40°N, there is an area with
high EWF values up to 2.4 most distinctly visible from
June to September. By comparing Figures 1 and 2, we
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can see that during those months the border of the low
winds does not reach same latitude in the mean and 98th
percentile wind speeds. Therefore, while the 98th percen-
tile winds in that region are already getting stronger
towards autumn, the mean wind stays relatively low.

Over land, the spatial difference in the EWF values
and their seasonality is large (Figure 3). In southern
Greenland, Iceland, as well as parts of southern and
southeastern Europe such as Italy and Greece, the EWF
largely exceeds 2.6 in all months. This implies that the
high winds occurring in these regions are very extreme.
In Spain and Portugal, the EWF is also as high from
September to March but the value drops to 1.8-2.2 during
summer. In western Europe, in the United Kingdom and
France, the EWF has lower values than in southern
Europe but the seasonal variation is similar with higher
EWF (up to 2.4) during autumn and winter and lower
EWF (down to 1.8) during summer. In contrast, in north-
ern and northeastern Europe, the seasonal variability is
the opposite and the EWF difference between seasons is
much smaller. For example in Finland, the lowest EWF
values of 1.8-2.0 are found from September to March and
the highest EWF values of 2.0-2.2 occur during summer.
These results indicate that high wind speeds are more
common in northern than southern Europe, especially
during winter, and therefore the high winds in south are
very extreme when they occur. Moreover, it is apparent
that the mountains in Norway have very high EWF while
the Alps have lower EWF than the surrounding areas.
However, as discussed before, we assume that the 10-m
winds in mountainous areas in Europe are probably not
well represented in ERAS.

To investigate the climatological variability of the
10-m wind speed, Figure 4 shows the standard deviation
over the 40-year period. The highest variabilities are
found in southern Greenland and its surroundings and
over the North Atlantic. These regions were also identi-
fied from the mean (Figure 1) and the 98th percentile
(Figure 2) wind speeds and they are likely associated with
the tip jets, barrier winds and storm tracks. The mistral
and the etesians are also evident in the Mediterranean
Sea with high values of the standard deviation. This
implies that when these phenomena occur the winds are
very extreme but otherwise the winds are much calmer.

In addition to the other notable high variability
regions, there is also a small, local area in the southwest-
ern coast of Norway which is the most visible during
autumn and winter (Figure 4). This location is on the
edge of the most frequent storm track region (contours in
Figure 1) as well as on the land-sea border. Hence, this
area probably has a high wind speed variability due to
the storm track shifting: when the storm track is shifted
polewards, the winds in this region are extremely high.

of Climatology

The southern edge of the storm track region extending
through the central Europe is visible in the standard devi-
ation (Figure 4), as well as in the mean (Figure 1) and
the 98th percentile (Figure 2) wind speeds, with the
highest variability during winter months.

The monthly distributions of 10-m wind speeds at
three locations (the central North Atlantic, Finland and
Iberian Peninsula) are given in Figure 5. As was evident
from the maps, the temporal variation also shows the sea-
sonal variability with the highest winds during winter
and the lowest in summer. Comparing all three locations,
the central North Atlantic has the highest variability and
the highest absolute wind speeds. A significant difference
between these locations is in the EWF seasonality: while
the central North Atlantic and Finland have the highest
EWF during summer, Iberian Peninsula has its EWF
peak during winter. In addition, the variation and abso-
lute values of EWF in Iberian Peninsula are much larger
than in the other two regions. This indicates that high
wind events in summertime in the central North Atlantic
and Finland are rare and therefore if they do occur they
are relatively extreme. In contrast, the high winds during
wintertime in Iberian Peninsula are very extreme com-
pared to the otherwise relatively low mean winds.

4 | WIND SPEED VARIABILITY
AND TRENDS

4.1 | Decadal variability in mean winds
Of all months, February has the largest decade-to-decade
variability in the 10-m mean wind speed, closely followed
by January and March (Figures 6 and S1). Summer
months have the weakest anomalies and thus the
smallest variability between the four decades (Figure S2).
None of the months show a clear decreasing or increas-
ing trend at any location throughout the 40-year time
period but there are variations between the different
decades at many locations. In each individual decade,
January and February have similar spatial patterns in the
10-m wind speed anomaly (Figure 6). In northern Europe
in winter (mainly January and February), the mean wind
speeds were relatively weak in the 1980s and 2010s
whereas the 1990s was the decade of the strongest winds.
The decadal changes are the opposite in southern
Europe; the 1980s and 2010s had stronger winds while in
the 1990s the winds were weaker. In the 1980s, the north-
ern and eastern part of the North Atlantic had weaker
winds whereas in the southern part the winds were stron-
ger. The same but opposite dipole pattern occurred in the
1990s with stronger winds in the northern and eastern
parts and weaker winds in the southern part of the North
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FIGURE 5 Monthly mean
(orange), 98th percentile (green),
maximum (black), +1 standard
deviation (dashed navy), and extreme
wind factor (EWF, dotted purple) of
10-m wind speeds from 1979 to 2018
over (a) the North Atlantic, (b) Finland,
and (c) Iberian Peninsula (the boxes are
shown in Figure 1)
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Atlantic. The physical reasons behind these decadal vari-
ations are investigated in Section 5.

In autumn, the mean 10-m winds in the 1980s were
stronger than the 40-year climatological mean in northern
Europe and weaker, mainly in September, in southern
Europe (Figure 7). In the 1990s, September and October
were characterized by stronger than average winds in cen-
tral and southern Europe while in November, northern
Europe had weaker winds. The 2010s were mostly less
windy than average in all of Europe. The decadal wind
variability in the North Atlantic had a dipole pattern in
the 1980s with a positive anomaly in the northern parts
and a negative anomaly in the southern parts during
September and October. In the North Atlantic, the 1990s
mainly had weaker winds than the 40-year average
whereas the 2010s had stronger winds. In the 2000s in
November, there was a tripole pattern with positive
anomalies (i.e., stronger winds) in the southwestern and
northeastern parts of the North Atlantic and a negative
anomaly (weaker winds) in the central part.

4.2 | Decadal variability in EWF

Overall, the signs and spatial patterns of the 98th percen-
tile wind anomalies (not shown) are similar to the mean
winds (Figures 6, 7, S1 and S2) even though the 98th per-
centile fields are more noisy. However, there are some
differences in the decadal variability patterns in the
EWF (Figures 8, 9, S3, and S4) compared to the mean
and the 98th percentile. Since the decadal EWF is calcu-
lated by dividing the 10-year 98th percentile by the
40-year mean, a higher EWF in a certain decade indi-
cates that the 98th percentile winds were more extreme
relative to the climatological mean and hence possibly
more damaging.

By comparing winter months in difference decades, it
is apparent that in northern Europe the EWF was the
highest in the 1990s (Figure 8) which is also evident in
the monthly distribution of the 98th percentile winds and
EWF in Finland (Figure 10c and 10d). This further
emphasizes that 1990s winter was extremely stormy in
northern Europe. In contrast, the lowest decadal EWF in
northern Europe was in February in the 1980s and 2010s.
Similarly, January and February in central Europe in the
1990s show high EWF i.e extreme storminess whereas
1980s and 2010s have low EWF. However, in southwest-
ern Europe, the highest EWF is found in January and
February in the 2010s which indicates that the winter-
time windstorms in the 2010s were more extreme relative
to the 40-year climate (Figures 10e and 10f). In the North
Atlantic, the most extreme winds occurred in the border
of the horse latitudes in February in the 1980s and in

of Climatology

December in the 1990s. A key finding, however, is that
the decadal EWF variability in the central North Atlantic
is rather small compared to the variations over Europe
(Figure 10).

In autumn in northern Europe, winds were the most
extreme in October and November in the 1980s and in
November in the 2000s whereas the lowest EWF
occurred in November in the 1990s and in October in the
2000s (Figures 9 and 10c and 10d). In contrast, in south-
ern Europe, September in the 1990s and October in the
2000s stand out as the most extreme storm months in
autumn (Figures 9 and 10e and 10f). Over the North
Atlantic, there is more EWF variation in the autumn
months than in winter with September having the largest
variability (Figure 9). The most extreme storms occurred
at the horse latitudes in September in the 2010s. Notable
in October is that there is a dipole pattern of lower EWF
in the central and higher EWF in the southern part of the
North Atlantic in the 1990s and 2010s (Figure 9) which is
not apparent in the climatological EWF (Figure 3).

4.3 | Temporal trends

The absolute anomalies of the annual (January-
December) mean wind speeds with respect to the 40-year
mean in the central North Atlantic, Finland, and Iberian
Peninsula are presented as time series in Figure 11. As
was estimated from the decadal anomaly maps, there are
no clear linear trends over the whole 40-year period and
the year-to-year variation is large but some longer term
variability is visible. In the central North Atlantic
(Figure 11a), the 5-year running means of the mean and
the 98th percentile winds show a windier period between
1990 and 1995. After 1995 the wind speeds decreased
until 2010 after which there has been an increase until
2018. The magnitudes as well as the time evolution of the
anomalies for the 98th percentile wind speed in the cen-
tral North Atlantic are similar to the anomalies in the
mean wind speed. Similar annual variability was found
in the northeast Atlantic storminess which was analysed
from the 95th and 99th percentiles of geostrophic wind
speeds calculated from surface pressure observations
(Krueger et al., 2019). Krueger et al. (2019) found a maxi-
mum wind speed peak between 1990-1995 and a mini-
mum peak around 2010 which corresponds well to our
results from ERA5 in the central North Atlantic
(Figure 11a).

In Finland (Figure 11b), there is a bigger difference
between the mean and the 98th percentile with the latter
having larger variability although the time evolutions are
alike. There was a peak of stronger winds around
1990-1995, as was found in the central North Atlantic.
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From there forward, there has been a decreasing trend in
wind speeds for many decades until around 2014 when a
transition to a period with no trends has taken place. The
annual mean wind speed variations are similar as in
Laapas and Venildinen, (2017) who used mean and max-
imum wind speed observations in Finland in 1959-2015
and found positive wind speed anomalies until 1995 and
negative anomalies until around 2014. Likewise in our
results from ERA5 , Laapas and Venildinen (2017) found
the strongest positive annual anomalies during period
1979-2015 in 1992, 1995, and 2015 and a negative anom-
aly peak in 2002.
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In Iberian Peninsula (Figure 11c), the 5-year running
mean of mean winds shows an increasing trend from
1980 to 2000, a decrease until 2006 and again an increase
until 2014. The variability is larger in the 98th percentile
winds with the most evident negative anomaly, i.e. wea-
ker winds, between 2003 and 2007. Comparing our
results from ERA5 to wind speed observations from land
stations studied separately for Spain and Portugal in
1961-2011 by Azorin-Molina et al. (2014), similar annual
variability is seen, for example the negative anomalies in
1997, 1998 and 2011 and positive anomalies in 1979,
1996, and 2001. However, when considering the longer

3 1980s
3 1990s
3 2000s
N 2010s

& ] North Atlantic

0.4 4

o
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FIGURE 10 Left panel: Monthly extreme wind factor (EWF) for 10-year periods, and right panel: Monthly mean anomalies (10-year
value minus 1979-2018 mean value) of the 98th percentile wind speed. Panels (a) and (b) show the North Atlantic; (c) and (d) Finland; and
(e) and (f) Iberian Peninsula (location boxes are shown in Figure 1)
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mean of the mean (orange) and 98th percentile (green) 10-m wind speeds, and the AMO (dashed navy) and NAO (dashed purple) indices
(also 5-year running means) over (a) the North Atlantic, (b) Finland, and (c) Iberian Peninsula (the boxes are shown in Figure 1). Note that

the y-axes have different scales

term trends, Azorin-Molina et al. (2014) found the period
of 1980-2000 to have a declining trend contradictory to
our results from ERAS5 and the increasing trend from
Azorin-Molina et al. (2014)) starts around 1998, i.e.
8 years earlier than in our analysis. Azorin-Molina
et al. (2014) used a 15-year Gaussian low-pass filter and
anomalies relative to period 1981-2010 while we used a
5-year running mean relative to 1979-2018 which may

explain some differences in the long-term trends in addi-
tion to, e.g. surface roughness which has influences in
station-based analysis (Vautard et al., 2010; Azorin-
Molina et al., 2014).

The smallest annual variation in wind speeds in these
three locations is found in Iberian Peninsula (Figure 11)
which is consistent with the fact that it has the lowest wind
speeds overall (Figure 5). However, to better compare these
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regions we should consider relative anomalies. In relative
terms (not shown), the annual anomalies in Figure 11 are
largest over Finland (—7.6% to 7.5%) and smallest in the
North Atlantic (—5.5% to 4.2%). In Iberian Peninsula, the
relative anomalies range from —4.0% to 6.5%.

The wind speed time series revealed some periods
with increasing trends and other periods with decreasing
trends in all locations (Figure 11). Table 1 shows the
annual and monthly linear trends for the whole 40-year
time period. The calculated annual mean and the 98th
percentile wind trends are positive in the central North
Atlantic and Iberian Peninsula and negative in Finland.
However, the magnitudes of the trends are small and
most importantly the trends are not statistically signifi-
cant at the 5% level in the Mann-Kendall test. The only
statistically significant trends are an increase in mean
winds in May in the central North Atlantic and in August
in Iberian Peninsula. To conclude, there are no linear
wind speed trends over the 40-year period, however, our
analysis shows there is pronounced variability between
different decades.

5 | PHYSICAL REASONS FOR 10-M
WIND SPEED VARIABILITY

5.1 | Correlation between monthly 10-m
and 300-hPa wind speeds

To examine how the near-surface and upper-level winds
are related we calculated monthly correlation between

of Climatology

10-m and 300-hPa wind speeds from 1979 to 2018
(Figure 12). The highest correlation in all months, being
the strongest in winter, is found in the exit region of the
jet stream over the North Atlantic. The highest correla-
tion over land occurs in the United Kingdom in
December and January and in Iberian Peninsula,
Germany and Poland in January. The winds correlate in
most of Europe from October to March excluding the
eastern parts. From June to July, there is a band from
western to northern Europe with high correlation. There-
fore, in most of the North Atlantic and Europe, especially
in wintertime, the 10-m winds are generally well corre-
lated with the upper-level winds and the jet stream. In
contrast, the weakly negative correlations in the coastal
areas of Greenland through all months (Figure 12) may
indicate that its wind phenomena are the result of local
processes (i.e., tip jets and barrier winds) rather than the
large-scale atmospheric patterns.

5.2 | Decadal variability in 10-m and
300-hPa wind speed, mean sea level
pressure, and storm tracks

The correlation between the 10-m and 300-hPa wind
speeds is also seen at the decadal scale in February;
where the decade has been windier than average simi-
larly the upper-level winds in that location have been
stronger and vice versa (Figure 13). The 1980s in
February had weaker 10-m winds in northern Europe
which was due to a equatorward shift in the jet stream

TABLE 1 Monthly and annual trends (m-s *-decade ™) of the mean and 98th percentile 10-m wind speeds in the North Atlantic,
Finland and Iberian Peninsula (the boxes are shown in Figure 1). Values shown in bold are statistically significant at the 5% level

North Atlantic Finland Iberian Peninsula

Mean 98th percentile Mean 98th percentile Mean 98th percentile
January 0.110 0.259 0.006 —0.092 0.018 0.080
February 0.054 0.117 0.007 —0.029 0.121 0.206
March 0.036 0.024 0.024 0.066 0.051 0.123
April 0.085 0.083 —0.014 —0.032 —0.026 —0.062
May 0.146 0.131 0.031 0.031 —-0.014 —0.020
June 0.130 0.096 0.007 0.105 0.030 0.078
July 0.037 0.100 —0.013 —0.045 0.049 0.025
August —0.033 0.051 —0.028 —0.062 0.037 0.054
September —0.047 —0.143 0.018 0.009 0.013 —0.013
October —0.087 0.086 —0.088 —0.135 —0.050 —0.117
November 0.040 -0.112 —0.044 —0.073 0.047 0.020
December 0.007 —0.075 0.018 —0.021 —0.108 —0.147
Annual 0.038 0.098 —0.013 —0.028 0.014 0.034
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and storm tracks and a weaker than average pressure gra-
dient (Figure 13). The tripole pattern in the 300-hPa wind
anomaly indicates meridional fluctuation in the jet posi-
tion which together with the anomalously high surface
pressure in Scandinavia implies a tendency towards more
blocking events (Rex, 1950). The stronger winds in the
southern part of the North Atlantic were in the area of
stronger upper-level winds. The extremely stormy
February in northern Europe in the 1990s was a result of
a stronger, poleward and eastward extended jet stream
and storm track region and a stronger than average pres-
sure gradient (Figure 13). Accordingly, the winds were

1979-1988

of Climatology

weaker in southern Europe. While in the 1980s and
1990s the dipole anomaly patterns were more north-
south oriented, in the 2000s and 2010s the dipole was ori-
entated south-west to north-east. In the 2010s, the polar
jet stream was shifted eastward and appears to almost
merge with the stronger and northward shifted subtropi-
cal jet. In addition, there was a local lower pressure area
in southern Europe and higher pressure in northern
Europe which potentially indicates an increased ten-
dency of cut-off low and blocking high situations. The
storm tracks were shifted south and east. These condi-
tions caused extreme storms in southwestern Europe

2009-2018
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FIGURE 13 Anomalies (colours) and the 40-year means (contours) in February of the mean 10-m wind speed (firts row, contours start
at 10 m-s '), mean sea level pressure (second row, contours at 1 hPa interval), 300-hPa wind speed (third row, contours at 2 m-s ' interval),
and storm tracks as standard deviation of 2-6 day bandpass filtered mean sea level pressure (fourth row, contours at 1 hPa interval) for
10-year periods: 1979-1988 (frst column), 1989-1998 (second column), 1999-2008 (third column), and 2009-2018 (fourth column)
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while the rest of Europe had calmer winds. We similarly
investigated the decadal variability in October and found
the same consistency between the 10-m wind anomalies
and 300-hPa wind, MSLP and storm track anomalies (not
shown).

5.3 | Correlation between temporal
variability in 10-m wind speed and the
NAO and AMO

When annual mean values are considered in the three
locations, the temporal changes in wind speeds follow
the NAO index really well in the central North Atlantic
(Figure 11a) and Finland (Figure 11b) whereas in Iberian
Peninsula (Figure 11c) the correlation is weaker. The
annual correlations between the NAO index and the
mean and the 98th percentile winds are statistically sig-
nificant in the central North Atlantic (Figure 14a) and
Finland (Figure 14c) but not in Iberian Peninsula
(Figure 14e). On monthly scales, the correlation is signifi-
cant in the central North Atlantic from October to May
and in Finland from September to March with higher
correlations mostly with the mean winds than the 98th
percentile. Although the annual NAO does not correlate
with the mean or the 98th percentile winds in Iberian

Peninsula the majority of the months between July and
March do have a significant negative correlation, espe-
cially with the mean winds. These results are expected
since positive NAO is linked to a stronger than average
pressure gradient between the northern and southern
North Atlantic which leads to more storminess in north-
ern Europe and less in southern Europe (Hurrell, 1995).
The linkage between long-term wind speed changes and
the NAO was similarly found by Zeng et al. (2019) and
Azorin-Molina et al. (2018).

The annual AMO index in the 40-year time period
appears to have a negative correlation with the NAO
index (Figure 11). A positive AMO may induce a negative
winter NAO by reducing the SST gradient and hence
leading to a decrease in the North Atlantic storm track
activity (Sutton et al., 2018). However, there is no consen-
sus on how the NAO and AMO are related, and the rela-
tionship depends on which dataset and which methods
are used (Peings and Magnusdottir, 2014). Our results
show that only the annual mean wind speeds in the cen-
tral North Atlantic have significant negative correlation
with the AMO index but the correlation is quite weak
(Figure 14b). On the monthly scale, the mean winds in
the central North Atlantic are negatively correlated with
the AMO in March and November, the 98th percentile
winds additionally in April and December. None of the
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shown in Figure 1). Values with filled circles are statistically significant at the 5% level
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months nor the annual mean correlate in Finland
(Figure 14d) or Iberian Peninsula (Figure 14f). Hence,
our results show that while the AMO correlates moder-
ately with the annual wind speeds, as well as few spring
and winter months, in the central North Atlantic, there
are no correlation in Finland and Iberian Peninsula.

6 | CONCLUSIONS

In this study, we analysed the 10-m wind speed climatol-
ogy, decadal variability and possible trends in the North
Atlantic and Europe in ERAS5 reanalysis from 1979 to
2018. Furthermore, we examined the physical reasons for
the 10-m wind speed variability. To investigate the
extremeness of the wind speeds we defined an extreme
wind factor (EWF) which is a ratio of the 98th percentile
and mean wind speeds. In addition to spatial and decadal
variations in the North Atlantic and Europe domain we
studied the temporal changes in wind speeds in three
locations: the central North Atlantic, Finland and Iberian
Peninsula.

The 10-m wind speed climate in ERA5 shows a dis-
tinct land-sea gradient and a seasonal variation with the
strongest mean and the 98th percentile winds over the
ocean and during winter months. The strongest winds
are associated with the storm track region over the ocean
in the central North Atlantic and over land in a narrow
band across central Europe. The known underestimation
of 10-m winds in areas of high topography in numerical
models (Howard and Clark, 2007; Hewson, 2020) appears
to also be present in ERAS5, for example, in the European
Alps and Scandinavian Mountains. In the monthly wind
climate, ERAS5 captures some smaller scale local wind
phenomena: the mistral and the etesians in the Mediter-
ranean Sea and tip jets and barrier winds near Green-
land. The largest variability, in terms of the standard
deviation, is co-located with the highest wind speeds and
hence is also associated with the storm tracks and local
wind phenomena.

The EWF is low over the central North Atlantic
which indicates a narrow wind speed distribution. In
Europe, the magnitude and seasonal variation of EWF
differs between areas. In all months, the EWF is higher
in southern Europe than in northern Europe implying
that the wind speed distribution is broader with a more
positively skewed tail in southern Europe compared to
northern Europe. In the Iberian Peninsula, the EWF is
the highest during winter months whereas in Finland the
highest values occur during summer. This implies that in
Finland, windstorms are more common in winter and
high wind events in summertime are more extreme
because of their rare occurrence.

of Climatology

The spatial and decadal 10-m wind speed variability
was analysed in four 10-year periods and we found differ-
ences between the decades with winter months having
the largest decade-to-decade variability. The spatial
changes in the mean and the 98th percentile wind speed
anomalies are similar, however, the spatial changes in
the decadal EWF shows differences compared to those.
The 10-m mean wind speed anomalies in northern and
southern Europe were mostly the opposite at each
decade; the 1980s and 2010s had stronger than average
winds in southern Europe whereas the 1990s was
extremely stormy in northern Europe. In addition to
decadal variation in 10-m wind speeds, annual and
monthly trends were calculated at the three locations.
Our results show that there are mostly no significant lin-
ear wind speed trends in the 40-year time period.

Lastly, we investigated what are the physical reasons
for the 10-m wind speed variations by examining the
monthly correlation with the 300-hPa winds and
the decadal variability in February in comparison to the
300-hPa wind speed, MSLP and storm tracks. In addition,
the temporal variability was investigated at the three
locations in relation to the NAO and the AMO. The 10-m
winds correlate well with the 300-hPa wind speeds in
most of the North Atlantic and Europe, particularly in
cold season months and in the exit region of the jet
stream. The weaker than average 10-m winds in northern
Europe in winters of 1980s and 2010s were caused by an
equatorward shift of the jet stream and storm tracks and
a weaker than average pressure gradient over the North
Atlantic. In contrast, the extremely windy decade of
1990s in northern Europe, while winds were weaker in
southern Europe, was due to a poleward and eastward
shifted jet stream and storm tracks and a stronger than
average north-south pressure gradient. Hence, the
decadal changes in the 10-m wind speeds in the North
Atlantic and Europe can be largely explained by the posi-
tioning of the jet stream and storm tracks and the
strength of the north-south pressure gradient in the
North Atlantic.

The 10-m winds in the central North Atlantic and
Finland have an expected significant positive correlation
with the NAO index on annual timescales as well as dur-
ing cold season months. The correlation is negative in
the Iberian Peninsula and significant in most months
between July and March. Of the three locations, the
AMO index has a significant negative correlation only in
the central North Atlantic on annual scales and in a few
months in spring and winter. Therefore, we find that the
AMO does not influence the wind speeds over Finland
and Iberian Peninsula.

As our results highlight, the annual and decadal vari-
ability in wind speeds is large and hence the
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climatological anomalies and trends are highly depen-
dent on the chosen time period (Troccoli et al., 2012).
The 10-m wind speed variability is related to the large-
scale circulation which exhibits decadal variations.
Therefore, although the linear trends can reveal an over-
all trend in long term, a broader view of the wind speed
changes are attained by considering the inter-annual or
decadal variability.

Climatological studies, such as the one presented
here, do have certain limitations. For example, extreme
events such as one powerful storm are not necessarily vis-
ible and decreasing trends in wind speed do not exclude
possible opposite trends in rare extreme events. Further-
more, this study does not attempt to quantitatively deter-
mine what type of weather phenomenon the winds are
related to. Many previous studies (e.g., Feser et al., 2015;
Gregow et al., 2020) have examined trends and character-
istics of extratropical cyclones and the winds related to
these systems. However, the comparison of wind speed
and windstorm climates is difficult and would be a key
next step to improve understanding of their linkages.
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