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Abstract

Understanding space–time features of wind speed is of high interest in meteorology

and several applied sciences. Accurate wind speed measurements in combination

with reliable gridded products, such as reanalyses, are needed to address the main

characteristics of the wind field. Hourly 10 m wind speed from the European Cen-

tre for Medium-Range Weather Forecasts (ECMWF) latest reanalysis (ERA5) is

compared with HadISD wind observations from 245 stations across Europe. Aver-

aged ERA5 hourly data is able to reproduce the annual cycle of monthly wind

speed in Europe. ERA5 presents slightly larger (shorter) monthly medians in win-

ter (summer) than observations. ERA5 is compared against observations for each

station using a frequency distribution-based score (score, from 0 to 1). Most of the

stations exhibit hourly scores ranging from 0.8 to 0.9, indicating that ERA5 is able

to reproduce the wind speed spectrum range, from light to strong relative frequen-

cies, for any location over Europe. Ranges of mean values, variability, distribution

function parameters and high or low wind thresholds frequencies are shown for

this ensemble of European stations, allowing for an overall description of wind fea-

tures. Generally, there is no clear relationship between scores and the variables

analysed. The correlation and scores between ERA5 and HadISD is even further

increased at longer time frequencies (6–24 hourly), together with centred root-

mean-square error (RMSE) and standard deviation decreases. Hourly wind data

from ERA5 reanalysis is, despite some shortcomings, valuable information to per-

form further detailed studies with a regular spatial and time wind distribution,

from the climatological or renewable energy perspectives, for example.
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1 | INTRODUCTION

Wind speed is an atmospheric variable that fluctuates over
a wide range of time and spatial scales, from the planetary

scale, or regional winds, down to smaller local turbulent
eddies (from thousands of km to cm or less). Spatial and
time scales are closely related, from sub-hourly to decadal
values. Therefore, gaining insight into wind dynamics and
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its associated space–time variability is of high interest for
several branches of meteorology, climate, applied sciences
and engineering (Pryor et al., 2006; Andersson et al., 2007;
McVicar et al., 2012; Lorente-Plazas et al., 2015a; Bett and
Thornton, 2016; Staffell and Pfenninger, 2016; Bett
et al., 2017; Jones et al., 2017).

Although the lack of reliable measured data in many
areas of the world (Staffell and Pfenninger, 2016; Harris
et al., 2020) is reflected in the limited amount of literature
about wind speed, when compared with other climate vari-
ables (typically temperature and precipitation), several
studies have analysed wind speed variability over different
continents (Vautard et al., 2010; Wan et al., 2010; Kim and
Paik, 2015; Hansen et al., 2018; Gruber et al., 2019; Tian
et al., 2019; Zeng et al., 2019), and over Europe in particu-
lar (Azorin-Molina et al., 2014; Lorente-Plazas
et al., 2015b), using different observational data sources
and methodologies. In the classical European wind Atlas
(Troen and Petersen, 1989), it is observed that wind
regimes over Europe mainly depend on the different
regional climates and sea-land distributions. One example
of this complexity is that the North Sea region presents
higher wind speed variability than the rest of Europe (Bett
et al., 2013) and that the spatial variability can be related
to local or regional aspects. Another example of regional
aspects involved is the Iberian Peninsula wind patterns,
which is characterised by its complex orography (Lorente-
Plazas et al., 2015a; 2015b) and where it has been studied
how wind variability can be related to general circulation
patterns such as NAO (Jerez et al., 2013; Jerez and
Trigo, 2013; Lorente-Plazas et al., 2015a; 2015b), capable to
describe wind storms over Central Europe (Guenard
et al., 2005; Donat et al., 2010; Brayshaw et al., 2011; Cor-
tesi et al., 2019). Generally over Europe, yearly temporal
variability is characterised by an annual cycle with maxi-
mum seasonal wind speed in winter, and a daily cycle in
which sunny hours are windier than night ones (Pryor
et al., 2006; Sinden, 2007; Kiss et al., 2009; Bett and
Thornton, 2016; Marcos et al., 2019).

Several wind data sources have been used for wind
speed studies. Highly scattered (in time and space) wind
speed measurements, from public and private institu-
tions, have been obtained along many years in meteoro-
logical stations at airports or elsewhere. In terms of
gridded data, observed temperature and precipitation cli-
matologies (covering several decades, on daily or
monthly scales) are available at relatively high resolution
(50 km, 25 km), globally or at continental scales. This is
the case of the well-known worldwide Climatic Research
Unit (CRU) Time-Series (TS) dataset (CRU [Harris
et al., 2020], http://www.cru.uea.ac.uk/), with monthly
resolution, or the E-OBS dataset (Cornes et al., 2018)
from the European Climate Assessment & Dataset project

(ECA [Klok and Klein Tank, 2009], https://www.ecad.
eu/), on daily scales, over Europe. The spatial density of
wind speed observations is too sparse, making it difficult
to apply accurate gridding procedures (Harris
et al., 2020). The reasons behind this are the strong local
character of wind and its high dependence on orography
(Stohl et al., 1995; Brinckmann et al., 2016). Besides,
freely available high quality wind speed observations
(usually from National Meteorological Services networks,
[Thorne et al., 2017; Dunn et al., 2019]) are more difficult
to find than temperature or precipitation data. CRU TS
database then just offers a monthly 1961–1990 wind cli-
matology (New et al., 2000), while ECA has no gridded
wind fields available. Tall towers have recently started to
be an additional source of wind data, which is regularly
collected in wind farms by private energy companies and
usually with limited public access (Ramon et al., 2020).

In spite of this, the lack of good enough spatial wind
data networks resolution can be partly compensated with
the existence of modelling capabilities. Reanalyses prod-
ucts and climate models (global or regional) obtain physi-
cally coherent atmospheric fields, and wind in particular,
in a continuous domain. An example of how these proce-
dures are applied to wind features is the New European
Wind Atlas (Petersen et al., 2013), which provides a high-
resolution wind field, using the Weather Research and
Forecasting regional model. For evaluation purposes,
reanalyses databases are currently widely used as a good
option to provide a gridded dataset of surface wind and
many other atmospheric magnitudes, to complement the
available wind observations. They obtain long-term cli-
mate data sets based on the assimilation of all the avail-
able observations from different sources and solving the
main atmospheric evolution equations, with the aim to
represent past or current climate on a regular grid
(Compo et al., 2011; Dee et al., 2011). Wind values from
reanalyses have been used in evaluation of marine sur-
face wind fields (Swail and Cox, 2000), investigate the
multi-decadal trends of wind speed (Vautard et al., 2010;
Kaiser-Weiss et al., 2015; Torralba et al., 2017; Zeng
et al., 2019) or validate simulations when there is an
absence of observational wind data collected (Brands
et al., 2013; Staffell and Pfenninger, 2016). Reanalyses
products are also widely used as perfect boundary condi-
tions to force regional climate models dynamical down-
scaling experiments (Kotlarski et al., 2014; Jacob
et al., 2020), being wind fields a commonly needed input.
Also, global reanalyses products are used as boundary
conditions to produce regional reanalyses, which are
benefited from additional data assimilation in the
regional domain (Kaspar et al., 2020).

In this work, we make use of the newest reanalysis
from the European Centre for Medium-Range Weather
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Forecasts (ECMWF, https:// www.ecmwf.int/): ERA5.
ERA5 is starting to be validated, being compared with
previous reanalyses and with observations at local or
regional scales, mostly over Europe (Belmonte Rivas and
Stoffelen, 2019; Piasecki et al., 2019; Ramon et al., 2019;
Cucchi et al., 2020; ERA5 data documentation, 2020;
Jourdier, 2020; Minola et al., 2020). Their hourly fre-
quency allows for an analysis of daily cycles with respect
to observations (Jourdier, 2020). Intercomparisons with
MERRA-2 reanalysis (Olauson, 2018) or an ensemble of
them (Ramon et al., 2019; Hersbach et al., 2020) have also
been performed. Some improvements have already been
highlighted, related to the former ERA-Interim (Dee
et al., 2011) reanalysis, although several underestimations
against observational values remain.

The objective of this work is twofold. Firstly, to
describe the wind behaviour and its distribution among
the different regions of Europe, taking advantage of the
availability of hourly surface wind measurements from
the HadISD dataset. For that purpose, we make use of
the wind speed frequency distribution and inspect sev-
eral statistical computations, focusing both on temporal
(seasonal cycle, time variability and correlations) and
non-temporal (means or extreme values) aspects, from
hourly to daily scales. The analysis is made for each
meteorological station for the whole 40 years period
(1979-2018). Then, the second objective is to validate
ERA5 wind field reanalysis against such observed statis-
tics, including scores to quantify the degree of agree-
ment with the available observations. Some
verifications of ERA5 winds have already been publi-
shed, here these analyses are complemented using a
database with hourly observations that covers the entire
European domain. The study of individual sites at dif-
ferent time scales makes the results a step forward com-
pared to other reanalyses and more local studies. If the
proposed assessment is able to show the capability of
ERA5 reanalysis to describe surface wind fields, several
applications could be considered then for further stud-
ies, from climate models validation to energy resources
analysis. The hourly frequency availability, the regular
and full spatial distribution, and the consistency with
other atmospheric variables inside ERA5, would help to
advance in the understanding of wind variability and
their processes and mechanisms.

2 | DATA

2.1 | Meteorological observations

The meteorological observations used for this study are
provided by the Met Office Hadley Centre's Integrated

Surface Database, HadISD. HadISD, version 3.1.0.2019f
(Smith et al., 2011; Dunn et al., 2012, 2016, 2019) is a
global subdaily dataset based on the ISD dataset from
NOAA's NCDC distributed by the UK Met Office Hadley
Centre (https://www.metoffice.gov.uk/hadobs/hadisd/).
It offers freely and automatically quality-controlled
hourly estimates data of, among other variables, wind
speed data from global weather stations. The quality
check controls procedures such as duplicate check, distri-
butional gap check and neighbour outliers, to remove
bad data and keep the extremes (Dunn et al., 2012). The
station selection and merging procedures result in a data-
base with 8,139 stations worldwide, most of them concen-
trated in North America and Europe (2,786 stations),
which is updated annually and now covers the period
1931–2020, inclusive (Dunn, 2019).

The stations selected for this study are those with
valid values in at least the 90% hourly of time steps for
the period 1979–2018, a more strict criteria than the used
in previous studies (Azorin-Molina et al., 2014; Lorente-
Plazas et al., 2015a; 2015b; Ramon et al., 2020). The use
of a very restrictive threshold increases the reliability of
the results but, in return, reduces the spatial representa-
tion required to analyse spatial variability in depth. The
choice of threshold is somewhat arbitrary, but the num-
ber of stations obtained presents a reasonable balance
between both aspects. This results in 245 hourly aver-
aged wind speed series at 10 m height, from the initial
available stations across Europe (see Figure 1 and
Table S1 for more details about meteorological stations).
The meteorological stations are not homogeneously dis-
tributed over Europe. The highest station density is seen
in the United Kingdom, Belgium, the Netherlands and
Denmark. Due to the orographic, land and coastal com-
plexity of Europe, the representativity for the whole of
Europe is therefore limited. It is important to point out
that, despite the limited spatial representation of HadISD
observations, it is one of the databases with the largest
number of collected available observations for Europe.
The proposed analysis for the reanalysis data will be
focused on the grid points corresponding to the locations
of the observations.

2.2 | Reanalysis data: ERA5

ERA5 (Copernicus Climate Change Service, 2017),
DOI:10.24381/cds.adbb2d47, is the fifth generation
reanalysis developed at the ECMWF. It provides hourly
estimates for a large amount of atmospheric, ocean wave
and land surface variables. The information from obser-
vations is extracted from many satellite or conventional
instruments (Hersbach et al., 2020), but surface wind
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from land stations are not assimilated. The atmospheric
component is interpolated to 37 pressure levels from the
surface up to 1 Pa. It has a horizontal grid resolution
0.25�, corresponding to around 31 km. This represents a
step forward with respect to the previous ERA-40
(Uppala et al., 2005) and ERA-Interim (Dee et al., 2011)
reanalyses. ERA-40, covered 1958–2001 period with a
spatial resolution of �125 km, and ERA-Interim covered
1979 to present with a resolution of 79 km. Currently,
ERA5 is freely available through the EU-funded Coperni-
cus Climate Change Service (C3S, https://climate.
copernicus.eu/) from 1950 to present. More information
about ERA5 characteristics can be found in (Hersbach
et al., 2019).

Components of the horizontal wind field at 10 m
above ground, u (eastward) and v (northward), for the
1979–2018 period are used to calculate wind module asffiffiffiffiffiffiffiffiffiffiffiffiffi
u2+v2

p
for each hour at the cells where observational

data is located. The method used to select the data from
ERA5 is by extracting the values for the cells in which
the specific points (latitude and longitude) in which the
observation stations are located fall. Using this technique,
the same cell could correspond to different stations. In
this case, almost all stations correspond to different loca-
tions except in two cases. Time steps with no observa-
tional data are not considered also for ERA5 data.

3 | METHODS

3.1 | Overall statistical evaluation

Monthly averages of hourly data (1979–2018) are com-
puted for each meteorological station and cell from the
reanalysis, obtaining the annual cycle for both databases,
and are compared through a Student-t test. Some previ-
ous studies have indicated a poor representation of the
observed hourly variability of wind speed at individual
locations by reanalyses, and better ones at 6-hourly or
longer (Cannon et al., 2015; Kaspar et al., 2020). Here,
hourly, 6- and 24-hourly time frequencies (usually used
scales on previous studies) are assessed to study this
behaviour. The Pearson's correlation coefficient, centred
root-mean-square error (CRMSE) and standard deviation
(SD) between ERA5 and HadISD data are computed at
each location for the period 1979–2018 at those three
temporal scales, to analyse the degree of agreement of
ERA5 with respect to HadISD observations. CRMSE is
defined as follows:

CRMSE=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn
i=1

ri−�rð Þ− oi−�oð Þð Þ2

N

vuuut ð1Þ

being N the number of observations, r reanalysis values
and o observational data. The mean of the time series is
represented by �r and �o for the reanalysis and observa-
tions, respectively.

These statistics are represented by a Taylor's diagram
(Taylor, 2001), a graph that shows how the spatiotempo-
ral correlation, the CRMSE and the ratio of the variances
of reanalysis match with observations. The CRMSE of the
reanalysis appears as the radial distance from the posi-
tion of a perfect model. The Pearson correlation coeffi-
cient is represented by the exterior arc and the ratio of
standard deviations between the model and the observa-
tion is represented by the interior arcs. In the normalised
diagram, the CRMSE and the two standard deviations of
each time series are normalised by the standard deviation
of the corresponding observed field and so, the perfect
model always lies at standard deviation = 1 and
CRMSE = 0. This allows the comparison of data sets with
different variances in the same diagram.

3.2 | Wind parameters

Several specific wind parameters are also calculated for
each station for the whole period, merging scores and a
matrix of other magnitudes that are likely to be relevant
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FIGURE 1 Situation in the map of each meteorological

station. Colour scale represents the score of each location. The

frequency distribution of the stations marked with a red symbol are

represented in Figure 5: station 88 (× symbol), station 132 (square),

station 240 (triangle) and station 242 (upside-down triangle)

[Colour figure can be viewed at wileyonlinelibrary.com]
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to describe wind features, with the aim to study their
combined relations. The proposed statistics are the
following:

• The coefficient of variation (CV), as an adimensional
measure of wind variability, using the standard devia-
tion of wind normalised with the mean wind, to make
numbers more comparable from any location. Their
mathematical formula is:

CV =
σ

μ
ð2Þ

where σ is the standard deviation and μ the mean of the
wind speed.

• Cut-in and cut-out threshold rates. Cut-in and cut-out
rates are the thresholds in which wind turbines oper-
ate. Cut-in is the wind speed at which the turbine
starts to generate electricity and cut-out is the velocity
at which production needs to be shut down to prevent
damage on wind turbines (Manwell et al., 2010). These
values depend on the wind turbine, here 3 and 25 m/s,
respectively are considered as are commonly used
values for standard wind turbines. In this way, correla-
tions are performed using the percentage of hours
below (above) these fixed thresholds for each meteoro-
logical station.

• Elevation. As surface wind climatology is strongly
dependent on topographic features of the terrain
(Jiménez et al., 2008), the elevation parameter,
together with all previously mentioned parameters,
can be used to evaluate if the geographical situation
and the characteristics of wind distribution in each
observational station can affect the score results
obtained (see Section 3.3 for score definition).

All the computational processes have been carried
out with the R free software (R Core Team, 2019). The
specific package used for the Taylor diagrams is plotrix-
package (Lemon, 2006).

3.3 | Evaluation method: score

Perkins et al. (2007, 2013) developed a score method to
evaluate temperature and precipitation results from cli-
mate models against available observations. This
approach has been already used in wind speed studies
(Lorente-Plazas et al., 2015a; 2015b; Gómez et al., 2016;
González et al., 2017; Santos et al., 2018; Nogueira
et al., 2019), mostly comparing modelling results against

reanalysis. The method is based on the amount of overlap
between the frequency distribution of the wind speed for
observations (the reference data) and ERA5 (looking for
their grade of matching related to the reference data). If
ERA5 compares observed values perfectly, both fre-
quency distribution areas will coincide, and so the score
will be 1. Any other situation will lead to values between
0 and 1. The formal expression is:

score=
Xn
1

min Zm,Zoð Þ ð3Þ

where n is the number of bins used to calculate the fre-
quency distribution for a given location (here, 0.5 m/s
has been used as bin size), Zm is the fraction
(or frequency) of values in a given bin from the reanalysis
and Zo is the fraction (or frequency) of values in a given
bin from the observed data. The sum of all Zm is 1, and
the same for Zo sum.

Therefore, the frequency distribution of all wind
observation values (hourly data) is calculated at each
location together with the same computation for the
ERA5 corresponding cell. A score between 0 (poor score)
and 1 (good score) is obtained, as a measure of the com-
mon area between the two frequency distributions. Some
remarks about this method of comparison is that the fre-
quency distribution of the observations refer to a specific
location, while the frequency distribution of the
reanalysis represents an area of 31 km. Also, a misrepre-
sentation of extremes could be obtained even with good
scores (Perkins et al., 2013), as the area around tails is
quite small, and so large differences there would not be
reflected on score.

4 | RESULTS

4.1 | Statistical comparison of ERA5
against observations

A first overall evaluation of the spatial variability of wind
is made through the representation of the mean annual
cycle of the 245 locations (meteorological stations and
corresponding reanalysis grid cells) across Europe in
Figure 2. Each box represents the monthly mean data dis-
tribution of hourly data at station location in the period
1979–2018. HadISD observations (green boxes) show the
annual cycle of European wind speed, with maximum
values in winter months and a minimum in summer, in
agreement with previous analysis made with reanalyses
covering the whole Europe or just some regions (Pryor
et al., 2006; Sinden, 2007; Kiss and Jánosi, 2008; Bett and
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Thornton, 2016; Gómez et al., 2016; Minola et al., 2020).
Winds in the summer months present a median value
(p50) of around 3.5 m/s, whereas the median wind speed
in the winter months is around 4–4.5 m/s. The month-to-
month comparison of ERA5 reanalysis with observations
indicate a similar representation of the annual cycle.
However, ERA5 presents median values that are slightly
larger in winter and slightly smaller in summer. These
monthly differences are not statistically significant (t-Stu-
dent) with a confidence interval (p-value) of 0.05. In
terms of the wind speed annual cycle representation by
the reanalysis compared with observations, there is a
mixture of results in previous literature for different
reanalyses products in different areas of the globe. Thus,
Ramon et al. (2019) point that reanalyses in the Iberian
Peninsula tend to show weaker seasonal mean winds
than observed, Decker et al., (2012) reveals that
reanalyses products tend to overestimate the monthly
wind variability in the Northern Hemisphere, and Minola
et al. (2020) shows an overestimation of ERA5 in the
coastal and inland regions and an underestimation of the
seasonal cycle in the mountainous regions of Sweden in
the 2013–2017 period.

Upper extreme wind values (whisker ends) are gener-
ally larger for ERA5 than for observations, which means
that the reanalysis gives a wider range of monthly wind
values for the analysed period. This is especially the case
for autumn-winter months (DJF and SON), when differ-
ences between extreme values of reanalysis and observa-
tions are more noticeable. ERA5 seems to overestimate

higher winds more clearly in those months. Cold months
(SON, DJF) also exhibit a clear asymmetry in ERA5
boxes, with lower percentiles width (25–50) larger than
higher ones (50–75), which is not seen in observations
(green) boxes, although interquartile range (percentile
75 vs. percentile 25) is quite similar for both observations
and reanalysis. Summer ERA5 boxes are, on the contrary,
symmetric, although lower box values (percentile 25)
seem to give smaller values than observational ones. Dif-
ferences among locations seem to be larger in autumn-
winter months, as the interquartile range and whiskers
are bigger in DJF and SON, in both series. In Minola
et al. (2020), ERA5 shows discrepancies in its capability
to represent different annual cycle patterns, from coastal
to inland or high elevation stations. Here, the average of
all the 245 locations in Europe is presented and an over-
all well agreement is found, however, due to the strong
local character of wind, discrepancies in the monthly
annual cycle of wind between observations and
reanalysis should be inspected locally in order to find dif-
ferences related to each station characteristics.

With that aim of looking into the differences among
locations, Figure 3 presents a scatterplot of wind speed
40-year averaged monthly means. Dots represent each
ERA5-cells/stations monthly pairs, with colours to distin-
guish each month. A close overall correspondence
between the two data sets is obtained, since most of the
points are close to the diagonal line. This relation is
stronger in summer months (red dots) than in winter
ones (blue dots), which present larger values (more than

FIGURE 2 Monthly wind speed (1979–2018) of HadISD meteorological stations (green colour) and ERA5 cells (transparent colour) box

plots. Limits of the boxes represent the locations in the 25th and 75th percentile, and the black line in the middle represents the 50th

percentile. The upper whisker is located at the maximum value, whereas the lower whisker is located at the minimum value [Colour figure

can be viewed at wileyonlinelibrary.com]
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6 m/s) and higher biases, although the relative error is
similar all months (not shown). Both results are consis-
tent with the averaged (to all the locations) result of the
Figure 2. Related to larger wind values, it is important to
notice that some authors (Ramon et al., 2019) claim that
reanalyses have difficulties to accurately represent those
high winter wind speeds, since they are the result of not
a specific location, as it is the case of observational data,
but of a larger area (a grid cell of several km) and so,
some smoothing of wind variability could be obtained in
that area.

Previous studies (Cannon et al., 2015) indicate a poor
representation of the observed hourly variability of wind
speed at individual locations by MERRA reanalysis. To
evaluate whether ERA5 is able to reproduce the tempo-
ral variability of wind for these time scales, Figure 4
shows ERA5 reanalysis compared with HadISD observa-
tions for hourly, 6- and 24-hr averaged intervals, com-
paring Pearson's correlation, CRMSE and standard
deviation into a Taylor diagram. The closer CRMSE to
0 and SD and correlation to 1, the better ERA5 wind
speed time series will be to observational data. The
results reveal important differences comparing hourly
against daily statistics. Hourly data has a coefficient of
correlation that varies from 0.6 to 0.85 for most of the
locations, although some points are found with low cor-
relation values down to 0.3, and a CRMSE higher than

0.5 in all data points. On the other hand, the 24-hourly
data present higher correlation coefficient, with most of
the points between 0.9 and 0.95, together with smaller
CRMSE, below 0.5, and standard deviation closer to the
observations than for hourly results. For the 6-hourly
averaged intervals, most of the data have a correlation
about 0.8–0.9, which is also better than the hourly scales
correlation, with also lower CRMSE values (around 0.5)
and smaller standard deviations. These results are in
accordance with other studies (Decker et al., 2012; Can-
non et al., 2015; Kaiser-Weiss et al., 2015; Rose and
Apt, 2016; Minola et al., 2020), where wind speeds from
different reanalyses products are compared against flux
tower or meteorological data in different areas of the
globe. But in contrast with others (Toledo et al., 2015;
Coburn, 2019), probably mainly related to the studied
area. Coburn (2019) in the upper Midwest of the United
States, showed that correlations between reanalyses and

FIGURE 3 Comparison between the wind speed monthly

climatology (1979–2018) of the 245 HadISD meteorological stations

across Europe and ERA5 reanalysis data. The diagonal line

indicates a perfect fit [Colour figure can be viewed at

wileyonlinelibrary.com]
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observations improve with higher temporal reanalysis
resolution (monthly correlations are smaller than daily
correlations). Note that all these previous studies have a
more limited studied area compared to the work pres-
ented here, in which the whole European area is
analysed and so it would include all those different and
mixed regional behaviours.

Seasonal Taylor diagrams have also been computed
(Figure S1) with the aim of seeing if sub-yearly scales
could affect the obtained results. The analysis reflects a
similar picture for any season between ERA5 and
HadISD in terms of correlation, CRMSE and SD to what
is observed in Figure 4 on an annual basis. If mean bias
error or RMSE are computed, absolute biases range from
±2 m/s (see Figure S2), with a relation with time fre-
quency and better and worse represented stations that is
consistent with the normalized Taylor diagrams seen in
Figure 4.

4.2 | Wind parameters analysis

In order to analyse different wind parameters and fea-
tures, scatter plots of several combinations for the 245 sta-
tions are shown in Figure 6. Figures on the lower triangle
present the matrix of scatter plot combinations (CV, per-
centage of data below/above the cut-in and cut-out
threshold and station elevation). Scores (ERA5
vs. observations) are also shown with the colour palette
range. On the upper panel triangle, a summary of these
scatterplots is indicated with the Pearson correlation
coefficient. This means that scatterplots that exhibit a
cloud of points near to a straight line will show values
near to 1 (blue colour) or −1 (red colour). The more
spread the points are, the lower the correlation coeffi-
cient is obtained.

Scatter plot matrix figures allow for a complete anal-
ysis of combinations of wind statistics. Results show
that CV is highly (0.76) correlated with low wind per-
centage of days (cut-in) but just slightly with strong
wind ones (cut-out, 0.17). Locations where light winds
are more frequent also tend to present larger CV, that
is, more variable wind conditions, whereas a small
amount of light winds seem to be related to more stable
(less variable) wind values. The elevation of the meteo-
rological station, as mentioned before, does not seem to
play a relevant role on the obtained statistics, being the
larger correlation (0.43) with cut-in fraction of data.
That is, the higher the elevation, the more frequent low
wind data are measured, although correlation is not
very high. Finally, cut-in (with 10–79% of hours below
3 m/s) and cut-out (from 0.5 to 12.8% of the hours above
25 m/s) frequencies do not seem to be highly correlated

(0.35), so larger light wind amounts are not only related
to a smaller amount of strong wind data.

The comparison of hourly (Figure 6) with 6-
(Figure S4) and 24-hourly (Figure S5) time-scales, allows
for an inspection of the effect of data frequency on the
analysed parameters. Results indicate that, as time aver-
aging increases, frequencies above the cut-out decrease
and the cut-in frequencies increase: there is a larger per-
centage of single hours above the 25 m/s threshold than
days that, on average, do exceed that value. The opposite
occurs in the case of cut-in frequencies. It is also impor-
tant to point out that magnitude does not seem to change
linearly from hourly data to 24-hourly averages
(Figure S5). Differences in the 6-hourly performance
compared with hourly were already pointed by (Cannon
et al., 2015).

4.3 | ERA5 evaluation: score

The score for each station allows for an overall analysis
of how close ERA5 is to observations in terms of the
whole frequency distribution of the wind values (Perkins
et al., 2013), whereas the analyses of the previous
section were focused on statistical evaluation that could
help on the analysis of time variability and bias, through
the correlation coefficients and the CRMSE. While corre-
lations analyse the temporal evolution of wind speed, the
score parameter evaluates the whole frequency distribu-
tion, where time aspect is not considered. Then, it could
happen that for certain stations a good correlation (com-
parable evolution of both time series) and large and regu-
lar biases throughout the series are presented at once,
leading to bad scores. This kind of mixed behaviour could
be detected with the proposed analysis. However, this
extreme situation is not the case in any of the analysed
stations. A first overview of the scores, computed from
hourly data at each of the 245 locations, is shown on the
map of Europe in Figure 1, with a colour gradient scale
from 0.5 to 1. The 86.53% of the locations have scores
higher than 0.7, which indicates the general ability of
ERA5 to reproduce the observed frequency distribution.
Scores do not show any clear geographical dependence,
although many locations with scores below 0.7 are found
close to mountainous areas around the Alps. Highest
scores (almost 1) are located over Denmark, and lowest
ones of 0.5 more frequently in the southern Mediterra-
nean regions. Locations with higher scores tend to corre-
spond to a higher correlation coefficient and lower
CRMSE and SD values over the Taylor diagram
(Figure 4), which is consistent with the performance of
the Perkins scoring method, although the statistics do not
analyse exactly the same features. If mean biases are
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computed (Figure S3), it can be seen that they are gener-
ally related to smaller scores, with absolute biases up to
2 m/s when scores are around 0.5, and less than 1 m/s
when they are 0.7 or better.

To illustrate specific cases with small and, more inter-
estingly, large differences between wind distributions,
Figure 5 presents hourly frequency distribution perfor-
mance of the best (a: station 88) and some of the worst
(b: station 132, c: station 240 and d: station 242) stations.
In the best one, reanalysis and observation distributions
perfectly fits. For the poorer scored stations, it is seen that
the reanalysis tends to largely overestimate lower wind
speed frequencies (0–3 m/s range) and underestimate the
higher ones (4–8 m/s range). This reanalysis over-
estimation of light winds is a common and known fea-
ture, already seen in previous studies (Larsén and
Mann, 2009; Carvalho et al., 2014; Cannon et al., 2015).
Both overestimation of light wind frequency and under-
estimation of strong wind frequency, have been also seen
in previous works when models are used (Frank, 2001;
Stopa and Cheung, 2014; Schewe et al., 2019). This
underestimation of extremes from model analysis can be
related to the fact that solving the dynamics equations is
applied to each point continuously, to grids of defined
size. This fact can cause an inaccurate description of real
elevation, especially over regions with complex orogra-
phy, leading to some degree of smoothing (Niermann
et al., 2019). It is relevant to notice that the higher resolu-
tion of the reanalysis, the smaller this issue is expected to

be. Also, parameterizations in models, which means a
limitation in several ways to fully describe atmospheric
mechanisms, can lead to an underestimation of the most
extreme events (Larsén and Mann, 2009; Larsén
et al., 2013; Carvalho et al., 2014; Cannon et al., 2015).
This idea is not contradictory with some overestimation
of strong wind values seen on Figures 2 and 3. Firstly,
only some specific months and stations present this
behaviour. Secondly, on Figures 2 and 3 monthly extreme
values are seen whereas here, direct hourly data are used
to compute scores, and so time averaging and scales are
quite different. Finally, strong winds deviations from
ERA5 related to observations are almost not reflected on
scores, due to the fact that tail frequencies contribute just
slightly to the final number (Perkins et al., 2013).

4.3.1 | Scores dependence on wind
parameters

A more detailed analysis of the scores relation with other
statistics that represent the whole 1979–2018 wind data
series at each location, and the comparison of ERA5 and
observational results are shown in Figure 6 with the aim
to study the relevance of that wind parameters analysis
in the scores obtained. Scores correlation with other
parameters (as computed from hourly data) is shown in
the first row of Figure 6. It is seen that scores are nega-
tively correlated (near −0.4) with the coefficient of
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variation and cut-in rate. This negative correlation would
mean that stations with smaller CV or with less frequent
light winds (small cut-in fraction of data) would be
related to better ERA5 performance, which could be rea-
sonable, as the more spread or the more frequent light
winds are present, the hardest is for reanalysis to accu-
rately represent observed data, as partially described on
previous statistics. However, there is no clear linear rela-
tionship and the large spread of the cloud points, which
points out a low negative correlation, prevent from stat-
ing a robust conclusion. Frequency of data above the cut-
out rate and elevation present even less clear correlation
with scores (−0.19 and −0.26, respectively). Altitude then
seems to be not very relevant related to better or worse
scores. In Minola et al. (2020), differences in wind speed
and gusts representation between ERA5 and observations
were observed between the inland (elevation lower than
750 m above sea level) and mountain (elevation higher
than 750 m) regions of Sweden, and they attributed it to
differences in elevation and convection. Therefore, it
seems that the station's elevation could play a role on the
ERA5 performance but, in this overall analysis over

Europe, we are not able to obtain any clear conclusion
about that aspect.

In Kaspar et al. (2020), it is seen that the maximum
peak correlation between observations and ERA5 10 m
wind speed is reached at a weekly time scale. Here,
higher scores with 6-hourly (Figure S4) and 24-hourly
data (Figure S5) are also found compared with hourly
ones on Figure 5. That overall better scores are consistent
with what was already seen on Taylor diagrams (Figure 4
and S1). ERA5 seems to perform better compared with
observational data for 6- and 24-hourly averaged data
also when using scores. The reason behind can be the
fact that small scale (hourly) discrepancies are smoothed
(or compensated) when 24-hourly data are obtained. The
smoothing effect of time averaging already indicated
before, improves the ERA5 representation of extreme or
highly variable situations. Previous literature has been
mostly based on 24-hourly analysis, so similarities or dif-
ferences would reinforce or complement those studies.
Since ERA5 and HadISD have hourly data as their refer-
ence temporal resolution, the comparative analysis of dif-
ferent time frequencies could add value to previous
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studies with lower temporal and spatial resolutions and
provide a new insight on wind features.

5 | CONCLUSIONS

Wind speed observations over Europe from 245 HadISD
stations, and ERA5 corresponding reanalysis values, for
the period 1979–2018 have been studied here. It is, to our
knowledge, the largest observational data analysis com-
bined with reanalysis information, covering the whole
Europe. Hourly data availability, hardly found in previ-
ous studies, is a quite relevant feature for a better insight
on wind analysis, which is even more interesting in com-
bination with the newest ERA5 reanalysis, available also
on hourly scales.

The analysis of HadISD wind observations, monthly
average of all European stations, show time variability
throughout the year, with a clear annual cycle of smaller
winds in summer and more windy winter. ERA5 accu-
rately reproduces that observed temporal pattern. A bet-
ter agreement between ERA5 and HadISD stations
monthly means is seen in summer months compared
with winter ones. Hourly data time correlations for the
whole 1979–2018 period between ERA5 reanalysis and
observations are high, with values that range from 0.6 to
0.85 for most of the locations. Such correlations, together
with small CRMSE and standard deviations, are further
increased as data average changes from hourly to 6-
hourly (0.8–0.9) and to 24-hourly (0.9–0.95) results. Dif-
ferent wind parameters have also been studied for each
observations station. The ranges of values for the differ-
ent magnitudes are 44.2–83.9 for CV, from 10 to 79% of
hours under 3 m/s and from 0.5 to 12.8% of hours above
25 m/s, allowing an overall description of the wind fea-
tures in Europe.

Wind speed frequency distributions are computed for
each station and used to compare ERA5 results by means
of a score. Most of the stations present 0.8–0.9 score,
showing that ERA5 is able to reproduce observed wind
speed range of values and its frequency over any location
in Europe. Scores do not show any clear geographical
dependence, although the larger number of higher scores
stations are located in the United Kingdom, Belgium, the
Netherlands and Denmark. The poorest score obtained is
0.5, with hourly data, and just for a few specific stations.
Higher scores are obtained at 6-hourly and 24-hourly
data when compared with hourly ones, in accordance
with the correlations obtained with the Taylor diagram.
This is an expected result, due to the smoothing effect of
time averaging, that can mask extremes or compensate
limitations of reanalysis, leading to such better perfor-
mance with respect to observations.

In summary, results obtained here, in the comparison
between ERA5 and HadISD, for several statistics and
locations from hourly to daily time scales, as well as the
annual cycle description, are reasonably good. This con-
clusion allows for ERA5 reanalysis to be used, for exam-
ple, to validate climate models simulating present climate
conditions, with dynamical spatial consistency. In partic-
ular, reanalyses outputs have also great potential and
could be used when observational data are not available
or the quality is not good enough, as well as for future
studies related to the wind field such as wind energy pro-
duction estimates or inspection of extreme wind events.
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