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Abstract. A correct spatio-temporal representation of retrospective wind speed estimates is of large interest for
the wind energy sector. In this respect, reanalyses provide an invaluable source of information. However, the
quality of the various reanalysis estimates for wind speed are difficult to assess. Therefore, this study compares
wind measurements at hub heights from 14 locations in Central Europe with two global (ERA5, MERRA-2) and
one regional reanalysis (COSMO-REA6). Employing metrics such as bias, RMSE and correlation, we evaluate
the performance of the reanalyses with respect to (a) the local surface characteristics (offshore, flat onshore, hilly
onshore), (b) various height levels (60 to 200 m) and (c) the diurnal cycle.

As expected, we find that the reanalyses show the smallest errors to observations at offshore sites. Over
land, MERRA-2 generally overestimates wind speeds, while COSMO-REA6 and ERA5 represent the average
wind speed more realistically. At sites with flat terrain, ERA5 correlates better with observations than COSMO-
REA6. In contrast, COSMO-REA6 performs slightly better over hilly terrain, which can be explained by the
higher horizontal resolution. In terms of diurnal variation, ERA5 outperforms both other reanalyses. While the
overestimation of MERRA-2 is consistent throughout the day, COSMO-REA6 significantly underestimates wind
speed at night over flat and hilly terrain due to a misrepresentation of nightly low level jets and mountain and
valley breezes. Regarding the representation of downtime of wind turbines due to low/high wind speeds, we
find that MERRA-2 is consistently underperforming with respect to the other reanalyses. Here COSMO-REA6
performs better over the ocean, while ERA5 shows the best results over land.

1 Introduction

A sound knowledge of relevant climatological parameters is
essential in advancing the transition towards renewable en-
ergies. For the wind power production, retrospective infor-
mation on spatio-temporal representations of wind speed are
of large interest for the transition towards renewable ener-
gies and the accompanying ongoing expansion of the wind
energy sector. Here, a focus is on strategic planning and risk
assessment where these information are a basis for planning
new wind power parks, estimating future requirements to the
power supply mixture or the potential demands on power
transmission providers.

While the measurement density at ground level in Europe
is high and well captured by numerical weather prediction
models (Kaiser-Weiss et al., 2015), there are only very few
measurements at hub heights of wind turbines. Continuous
and reliable measurements of wind speed in up to 200 me-
ters above ground can be carried out by large measuring tow-
ers which are not feasible for widespread use. Another pos-
sibility is the employment of lidars. However, due to costs
these are mostly employed in the context of temporary mea-
surements campaigns, e.g., Macke et al. (HOPE, 2017) or
Wulfmeyer et al. (LAFE, 2018). Further, the quality of wind
speed estimates from lidars depends among other things on
the choice of the carrier-to-noise ratio (Gryning and Floors,
2019). Other possible sources of wind data have shown to be
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of inferior quality such as the observations at installed wind
turbines (St. Martin et al., 2017) or the ICOS (Rehman, 2014)
mast measurements as the location of the anemometers are
subject to shadowing effects. Useful long-term observation
time series of wind speed are therefore only available at very
few locations.

An alternative to observational data is given by high-
resolution reanalyses that cover periods of several decades
and provide a physically consistent representation of the at-
mosphere. An overview of the applications of reanalyses in
the field of renewable energies can be found in Kaspar et al.
(2020). Borsche et al. (2016) and Frank et al. (2020b) com-
pare wind speed data from meteorological masts in Cen-
tral Europe with global reanalyses such as ERA-20C, ERA-
Interim and MERRA-2 as well as the regional reanalysis
COSMO-REA6. Jourdier (2020) evaluate several reanalyses
using wind mast data in France, Ramon et al. (2019) com-
pare the Tall Tower Dataset (Ramon et al., 2020) with global
reanalyses. All these studies show that reanalyses can be an
important additional data source for the wind energy sector,
but small-scale phenomena of the boundary layer such as the
low level jet or local effects are not satisfyingly described by
the reanalyses.

In contrast to previous studies, this study is based on a
larger number of measurement sites as representations for
the “true” state. Specifically, we use measurements from the
Tall Tower Dataset, the mast observations analysed in Frank
et al. (2020b), two lidar observations provided by the Danish
company Orsted as well as five additional observation sites
from BayWa r.e. Wind Gmbh made exclusively available to
us. Furthermore, we are looking at hourly wind speed values
and include the most recent global reanalysis ERA5, while
some of the aforementioned studies focus on an analysis of
three-hourly data and mostly use ERA-Interim. In particu-
lar, we are looking at hourly data in the time period 2014
to 2019 and analyse the performance of the regional reanaly-
ses COSMO-REA6 and the two global reanalyses MERRA-
2 and ERA5. We look at the results at eight different height
levels relevant for wind power turbines and for three differ-
ent surface characteristics (offshore, flat and hilly) in Central
Europe. Due to the higher number of observation sites and
the higher temporal resolution, we are able to investigate also
wind speed extremes (such as calm or strong winds) which
pose risks to the power production, e.g., turbine shutdowns.

This article is structured as follows. In the data and meth-
ods section we describe the wind speed measurements as
well as the reanalyses MERRA-2, ERA5 and COSMO-
REA6. Then we present our methods regarding horizontal,
vertical and temporal matching of observation and reanaly-
ses. The results section starts with a short overview of the
data for three selected observation sites. For a more thorough
analysis, we calculate common metrics such as bias, root-
mean-squared error and correlation from the data and with
that, also analyse the diurnal cycle. We then take a closer
look at the performance of the reanalyses in the range of the

cut-in and cut-out speed of wind turbines. We conclude with
a short summary and additional remarks.

2 Data and methods

Our study area covers Central Europe and parts of the
North Sea and Baltic Sea, since here, in addition to the
global reanalyses ERA5 and MERRA-2, the spatially higher-
resolution regional reanalysis COSMO-REA6 and a satisfac-
tory number of measurements are available. We choose an
investigation period of about five years from January 2014
to August 2019. While observations are available after that
date, it marks the end of production of the current version
of COSMO-REA6. In the following, the measurements and
reanalyses are explained in detail.

2.1 Measurements

An overview of all observation locations is given in
Fig. 1. BayWa r.e. Wind GmbH shares four lidar measure-
ments (B1 . . . B4) and one mast observation (B5) exclusively
with the German national meteorological service (Deutscher
Wetterdienst, DWD) within the FAIR project (Frank et al.,
2020a). The observations were commissioned for the plan-
ning of wind farms and cover a period of half a year up to
one year with a temporal resolution of 10 min. Ramon et al.
(2020) collected worldwide data from measuring masts and
published the Tall Tower Dataset. The raw observation data
undergoes a total of 18 different quality checks, which fil-
ter out errors and inconsistencies. However, the only tower
with measurements at relevant heights inside the period of
interest is located in Lindenberg (T1). The third data set
consists of three offshore research platforms in the North
Sea and Baltic Sea (FINO)1 with measurement levels up
to 100 m. All three measurement series cover the investi-
gation period with 10 min resolution. The Danish company
Orsted2 shares 10 min lidar measurements at the Anholt off-
shore wind farm (O1) and Westermost Rough offshore wind
farm (O2). In addition, we also use the mast data as de-
scribed in Frank et al. (2020b) in Cabauw (C1, Van Ulden
and Wieringa, 1996), Hamburg (C2, Brümmer et al., 2012)
and Karlsruhe (C3, Kohler et al., 2018). Details on the obser-
vation sites are provided in Table 1.

2.2 Reanalyses

We use two global reanalyses, namely NASA’s MERRA-2
(Gelaro et al., 2017) and ECMWF’s ERA5 (Hersbach et al.,
2020) as well as DWD’s regional reanalysis COSMO-REA6
(Bollmeyer et al., 2015) developed by the Hans-Ertel-Centre

1https://www.fino-offshore.de/en/index.html (last access:
11 January 2021).

2https://orsted.com/en/our-business/offshore-wind/wind-data
(last access: 12 January 2021).
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Table 1. Details of the 14 different measurement sites used in this study.

Name Altitude #Heights Start End #Hours Data avail. Type Environment Provider

B1 318 m 8 10 Oct 2016 20 Mar 2018 12 648 93.69 % lidar hilly BayWa
B2 686 m 8 18 Oct 2016 15 Oct 2017 8712 67.33 % lidar hilly BayWa
B3 250 m 8 19 Jun 2018 19 Jun 2019 8784 94.91 % lidar hilly BayWa
B4 34 m 8 3 Mar 2015 4 Aug 2015 3720 97.93 % lidar flat BayWa
B5 639 m 4 21 Oct 2015 2 Nov 2016 9096 99.08 % mast hilly BayWa
C1 −0.7 m 3 1 Jan 2014 31 Dec 2016 26 304 99.99 % mast flat CF
C2 0.3 m 4 1 Jan 2014 31 Dec 2015 17 520 81.52 % mast flat CF
C3 110.4 m 7 1 Jan 2014 1 Jan 2016 17 544 88.80 % mast hilly CF
F1 0 m 3 1 Jan 2014 31 Aug 2019 49 656 64.49 % mast offshore FINO
F2 0 m 3 1 Jan 2014 31 Aug 2019 49 656 85.95 % mast offshore FINO
F3 0 m 3 1 Jan 2014 31 Aug 2019 49 656 85.91 % mast offshore FINO
O1 0 m 6 1 Jan 2014 31 Dec 2014 8760 92.03 % lidar offshore Orsted
O2 0 m 7 13 Jan 2016 6 Dec 2017 16 656 8.80 % lidar offshore Orsted
T1 73 m 3 1 Jan 2014 31 Jan 2017 27 048 96.71 % mast flat TallTower

Figure 1. Measurement sites of BayWa r.e. (B1 . . . B5), masts
used in Frank et al. (2020b) (C1 . . . C3), FINO (F1 . . . F3),
Orsted (O1, O2) and Tall Tower Dataset (T1). Colors in the back-
ground show COSMO-REA6 topography.

for Weather Research (Simmer et al., 2016). The horizontal
resolution is approximately 50 and 30 km for MERRA-2 and
ERA5, respectively. The regional reanalysis COSMO-REA6
covers Europe with a grid spacing of 6.2 km. In the verti-
cal, both global reanalyses are based on a pressure-dependent
representation, i.e., an eta vertical coordinate system, while
COSMO-REA6 has a height-based terrain-following verti-
cal coordinate. Figure 2 shows the (average) heights where
reanalysis data is available compared to the heights of the
observation sites. The vertical resolution of ERA5 is highest
in the lowest levels, while MERRA-2 output is given only
on three model levels (approximately 60, 190, 320 m) and a
fixed height of 10 m.

Figure 2. Observation heights (solid black) and output levels of
COSMO-REA6 (orange), MERRA-2 (red) and ERA5 (blue) for all
measurement sites. Grey shaded areas represent height ranges be-
tween 50–70, 70–90, . . . , 190–210 m. Dashed black lines indicate
observation heights which are not used in this study, because they
are either below (above) 50 m (210 m) or further away from the cen-
tre of a height range than an other observation. The vertically high-
resolution observations B1 to B4 and O1 to O2 are from lidar mea-
surements. Height of model levels in MERRA-2 and ERA5 depend
on pressure, thus error bars indicate the standard deviation.

2.3 Spatial and temporal interpolation

In order to create corresponding data sets from observations
and reanalyses, certain steps towards a spatio-temporal align-
ment of the data have to be made. First, the vertical levels of
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the reanalyses generally do not correspond to the observation
heights. Thus, the model output is vertically interpolated to
better correspond to the observations. The vertical distance
between the lowest model levels is very small, especially for
COSMO-REA6 and ERA5, so we follow the approach de-
scribed in Frank et al. (2020b) and perform a linear verti-
cal interpolation. For the horizontal matching, we choose the
nearest model grid point from the reanalyses for each ob-
servation location. Due to the horizontal resolution of the
reanalyses, local effects such as local topography or small-
scale variations in the roughness length are not directly rep-
resented.

With respect to the temporal representation, the observa-
tions constitute mean wind speeds for ten or 60 min inter-
vals while the reanalyses provide instantaneous wind speed
estimates. Therefore, we calculated hourly averages from
the 10 min observations, so that all observations represent
a period from 0 to 59 min of each hour. For the reanaly-
ses, the mean is calculated from the instantaneous time step
of minute 0 of the current and following hour. This method
of temporal averaging may reduce the standard deviation of
wind speed, but the mean wind speed remains almost the
same (Veronesi and Grassi, 2015). Since the MERRA-2 out-
put is only available every three hours, temporal linear inter-
polation is performed to obtain intermediate values. It turned
out that this approach provides better results than extrapolat-
ing 50 m hourly wind speeds to the observation heights. Time
steps with a missing value in one of all available vertical lev-
els are completely neglected. Due to many missing values,
O2 has the fewest time steps with around 1500 h.

We are aware that through nearest neighbor approach, ver-
tical as well as temporal interpolation, additional errors are
introduced into the data set depending in part on the resolu-
tion of the reanalysis. However, as all methods to generate a
homogeneous data set will lead to additional errors, we have
to accept these inaccuracies for the following analyses.

2.4 Evaluation approach

In order to reduce complexity for the evaluation and to al-
low for a reasonable interpretation of the results, we con-
sider a total of eight vertical height ranges with a vertical ex-
tent of 20 m each (cf. Fig. 2). Thus, heights between 50 and
210 m, which are relevant for wind energy production, are
covered. If more than one measurement is available within a
height range, the closest observation height to the center of
the height range is selected. Each observational site and each
height level is evaluated separately. However, results are dis-
played for groups of sites according to their surface charac-
teristic, i.e., offshore, flat, hilly.

Due to contractual obligations, we are not at liberty to
share raw data of the BayWa measurements. Therefore, the
evaluation results will be provided as relative information
such as differences, RMSE or correlations.

Our initial approach is to statistically describe and com-
pare the observed wind speeds and corresponding reanalysis
estimates in terms of their distribution function. In this re-
gard, a widely used distribution function for wind speed is
the two-parameter Weibull distribution (Justus and Mikhail,
1976; Takle and Brown, 1978; Conradsen et al., 1984). Since,
it has become the most-used distribution for wind speeds
mainly due to its simplicity (Jung and Schindler, 2019). Its
density function f (u) can be written as

f (u)=
k

λ

(u
λ

)k−1
e−(u/λ)k for u≥ 0, (1)

where u is the wind speed in m s−1, k > 0 is the dimension-
less shape parameter and λ > 0 is known as the scale param-
eter with the same unit as u.

We further employ standard metrics such as the bias,
root-mean-squared error (RMSE) and correlation. Bias and
RMSE between the reanalysis ri and the observation oi at
time i for a time series of length N are given as

Bias=
1
N

N∑
i=1

ri − oi, (2)

RMSE=

√√√√ 1
N

N∑
i=1

(ri − oi)2. (3)

The correlation between reanalysis and observation is given
by the Pearson correlation coefficient ρR,O as

ρR,O =
cov(R,O)
σRσO

(4)

where cov(R,O) is the covariance between the time series
data of the reanalysis (R) and observation (O) and σR and
σO their respective standard deviations.

For the wind energy sector, the performance of the reanal-
yses is of particular interest in the tails of the wind speed
distribution. Wind turbines are ramped up at a certain wind
speed threshold (the cut-in speed). On the other end of the
wind speed spectrum, the turbines have to be shut off when
wind speeds get too high, i.e., the so-called cut-out speed
is exceeded. Therefore, the wind speed ranges below the
cut-in and above the cut-out value represent the shut-down
phases of a wind turbine. In order to evaluate the potential
for wind power generation, the frequency of occurrence of
wind speeds of the cut-in speed and cut-out speed should be
well reproduced in the reanalysis. In our analyses, we assume
that a hypothetical wind turbine with a hub height of 100 m
has a cut-in speed of 3 m s−1 and a cut-out speed of 20 m s−1

in relation to the hourly average. We calculate the difference
between the number of time steps with wind speeds below
3 m s−1 (above 20 m s−1) in each reanalysis and the observa-
tion. The difference is divided by the respective frequency of
the observations.
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Figure 3. Difference of wind speed histograms between reanalyses and observations for COSMO-REA6 (a), ERA5 (b), MERRA-2 (c) in
bins of 1 m s−1 for all observation sites at 100 m height level. Yellow/red color (cyan/blue) indicates a positive (negative) difference to the
observations.

Table 2. The probability at each observation location and height that the wind speed follows a Weibull distribution. A horizontal line indicates
that the p value is below 0.05 %. Bold numbers represent p values above the significance level of 5 %.

B1 B2 B3 B4 B5 C1 C2 C3 F1 F2 F3 O1 O2 T1

60 m – – – – – – – – – – – 6.50 % –
80 m – – – – 0.10 % – – – – – – – –
100 m – – – – 0.10 % – – – – 0.20 % – – –
120 m – – – – 0.15 % – – – –
140 m – – 0.50 % 0.70 % – – –
160 m – – 0.20 % 10.80 % – – –
180 m – – 0.10 % 59.70 % – –
200 m – – – 88.15 % – – –

3 Results

3.1 Weibull distribution

To investigate whether our observational data can be de-
scribed using the two-parameter Weibull distribution, we per-
form a Kolmogorov–Smirnov goodness of fit test (Massey,
1951). Since we need to estimate the parameters of the
Weibull distribution directly from the observational data,
we use the Lilliefors-corrected version of the Kolmogorov–
Smirnov goodness of fit test (LcKS, Lilliefors, 1967, 1969;
Parsons and Wirsching, 1982). Calculations are done with
the function LcKS within the software package KScorrect
by Novack-Gottshall and Wang (2018) using 1999 Monte
Carlo simulations (Manly, 2006). For each observation lo-
cation and available height, we then test whether the wind
speed can be expressed as a Weibull distribution. This should
be the case if the p value exceeds the significance level of 5 %
(Table 2).

The test shows that the assumption of the two-parameter
Weibull distribution only holds for certain heights at two
locations, namely B4 (flat terrain in northern Germany)
and O2 (offshore). For the remaining observation sites the
p value is even below 1 % and the hypothesis that the wind
speed follows the Weibull distribution is rejected. Thus, for
the majority of observing sites used in this study, a Weibull

distribution should not be used to evaluate wind speeds at
hub heights.

A more accurate fit may be provided by combinations of
different normal distributions or the Rayleigh–Rice distribu-
tion (Jourdier and Drobinski, 2017). However, the discussion
based on such multi-parameter distributions with different
weights would be unwieldy. Instead, in the following we use
the usual metrics such as bias, RMSE or correlation to assess
the performance of the different reanalyses. Further we in-
vestigate the performance of the empirical distribution func-
tions derived from the data sample without any parametric
assumption.

3.2 Wind speed distribution at 100 m

Figure 3 shows the difference between reanalyses and obser-
vations in the wind speed histograms for all observation sites
at 100 m above ground. We find that, in general, deviations
are larger over land than over the ocean. For the latter, we find
an underestimation (overestimation) of smaller (larger) wind
speeds for all reanalyses and sites except for O1. Over land,
the differences are more or less homogeneous in both groups
(hilly, flat) for COSMO-ERA6 and MERRA-2 while the pat-
tern is more alternating among the sites for ERA5. COSMO-
REA6 exhibits a consistent underestimation of wind speeds
between 4 and 8 m s−1 with a strong overestimation of small

https://doi.org/10.5194/asr-18-115-2021 Adv. Sci. Res., 18, 115–126, 2021
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Figure 4. (a–c) Bias, (d–f) RMSE and (g–i) Pearson correlation between the reanalyses COSMO-REA6 (orange), MERRA-2 (red), ERA5
(blue) and the observed wind speed as a function of height. Symbols indicate the offshore locations (a, d, g), flat (b, e, h) and hilly ter-
rain (c, f, i). Solid lines represent means over all observation sites.

wind speeds (< 4 m s−1) in hilly terrain and moderate over-
estimation for wind speeds above 8 m s−1 over flat terrain.
For MERRA-2, the differences over land are more consistent
with an underestimation of smaller wind speeds (< 5 m s−1

over hilly and < 7 m s−1 over flat terrain). ERA5 exhibits no
consistent pattern in the deviations of wind speed histograms.
In general, the differences are smaller in absolute value com-
pared to the other reanalysis except for B2, where the results
are comparable to that of COSMO-REA6.

3.3 Bias, RMSE and correlation

For a more detailed view on the performance of each reanal-
ysis, Fig. 4 shows bias, RMSE, and the correlation of the
three reanalyses with the observed wind speed grouped by
offshore, flat and hilly sites. All three metrics vary individu-
ally with height, location and terrain. Note that at each height
level, the mean value may be calculated on a different num-
ber of stations, thus, leading to occasional jumps in the ver-
tical for the reanalysis mean (thick line).

In general, the bias at the observation sites over the sea is
lower than over land. MERRA-2 appears to slightly underes-
timate the wind speed over the ocean, while over land the av-
erage wind speed is systematically overestimated by at least
1 m s−1. It is noteworthy that the bias in MERRA-2 over land
decreases successively with height. This suggests that local

heterogeneity in land surface characteristics are not suffi-
ciently represented due to the coarse horizontal resolution. At
higher levels, the influence of the Earth’s surface decreases,
such that the performance of MERRA-2 improves. COSMO-
REA6 and ERA5 also underestimate the wind speed over the
ocean between 60 and 100 m, but only by about 0.2 m s−1. At
the upper levels, where only measurements of O1 and O2 are
available, the bias turns negative. COSMO-REA6 is closer to
the observation than ERA5 for the two locations with obser-
vations above 100 m. For flat terrain over land, the average
bias for ERA5 varies around 0 m s−1 and slightly increases
with height for COSMO-REA6. Over hilly terrain, the bi-
ases of COSMO-REA6 and ERA5 exhibit a similar behavior
for all locations: at 60 m, the average bias is 0 m s−1 and then
decreases with height to about −0.2 m s−1 at 200 m above
ground for ERA5 and −0.3 m s−1 for COSMO-REA6.

The good performance of ERA5 in orographically struc-
tured terrain is somewhat surprising, since the horizontal res-
olution of about five times coarser than that of COSMO-
REA6. Thus, the enhanced representation of local surface
heterogeneity in COSMO-REA6 does not seem to lead to
a improved performance. Instead, we assume that its higher
vertical resolution might enable ERA5 to better describe the
vertical exchange processes in the lower boundary layer over
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land. Over the ocean, where vertical exchange is smaller,
COSMO-REA6 outperforms the global reanalyses.

For the maritime sites with its homogeneous environment,
the RMSE is almost homogeneous in the vertical with values
of about 1.45, 1.55, 1.75 m s−1 for ERA5, COSMO-REA6
and MERRA-2, respectively. The RMSE of MERRA-2 over
the mainland is about 2 m s−1 and thus considerably larger
than that of COSMO-REA6 and ERA5. Especially MERRA-
2’s large discrepancy near the ground is remarkable, but can
probably be attributed to its coarser horizontal and vertical
resolution as well as the employed temporal interpolation. In
ERA5 and COSMO-REA6, the RMSE in flat and hilly terrain
increases with height. There are clear differences between the
two reanalyses especially between 100 and 200 m above the
flat terrain, while the RMSE is very similar in hilly terrain. It
is well known that COSMO-REA6 has a difficulty modeling
low level jets (LLJs) and thus tends to lower wind speeds in
stable nights (Heppelmann et al., 2017). We suspect that this
could be a major contributing factor here as well. For a more
detailed analysis on this, we investigate the diurnal cycles in
Sect. 3.4.

While it is possible to correct the wind speed bias with
statistical post-processing, correction for temporal correla-
tions proves much more difficult. In this regard, a reanal-
ysis with higher temporal correlation may be preferred de-
spite larger systematic biases. We find that the correlation
decreases with the complexity of the terrain. For the offshore
stations the correlation at all levels is between 0.92 and 0.96
for MERRA-2, COSMO-REA6 and ERA5. Over flat ter-
rain, the correlation is smaller and increases slightly with
height. Surprisingly, COSMO-REA6 shows the lowest cor-
relations and ERA5 performs best in the correlation over flat
terrain. Over hilly terrain, however, the correlations between
COSMO-REA6 and observed wind speed are highest. Com-
pared to the flat terrain, LLJs, which are not well-represented
in COSMO-REA6, occur less frequently here and local phe-
nomena such as mountain and valley breezes determine the
diurnal cycle of wind speeds. Hence, we suspect, that these
characteristics lead to an improved performance of COSMO-
REA6 in hilly versus flat terrain.

3.4 Diurnal cycle

Close to the ground, wind speeds generally exhibit a dis-
tinct diurnal cycle with higher values during the day due to
developing turbulence. At hub height and above, a reversal
of the diurnal cycle can be observed (Brümmer et al., 2012;
Drechsel et al., 2012) with LLJs often forming in these height
ranges during the night. In the following, we analyse the di-
urnal variations of wind speed bias at 60, 100 and 140 m
grouped by offshore, flat and hilly locations (Fig. 5).

For the offshore sites, there is no clear diurnal variation
in bias for the three reanalyses at 60 and 100 m. MERRA-
2 consistently underestimates the wind speed at both levels
by about 0.3 m s−1, while COSMO-REA6 and ERA5 have

a small positive bias of 0.1 m s−1. At 140 m, only measure-
ments of O2 are available, which show a slight negative bias
for both global reanalyses during the day, while COSMO-
REA6 overestimates wind speeds during the day between
09:00 and 18:00 UTC.

More pronounced biases of the diurnal cycle become ap-
parent over land. Each of the reanalyses has an individual
pattern, which is more or less independent of the hilliness
of the environment and the height above ground. MERRA-
2 shows comparatively small variations of bias in the diur-
nal cycle and overestimates wind speed almost consistently.
There are two weakly pronounced minimums at 06:00 and
15:00 UTC, one due to the onset of turbulence after sunrise
and the other during maximum turbulent mixing in the after-
noon. It should be noted that the temporal interpolation of the
three-dimensional MERRA-2 output could distort the results
at this point.

All diurnal variations of ERA5 show an abrupt drop of
0.5 m s−1 between 08:00 and 11:00 UTC, and then slowly re-
turn to the initial level during the rest of the day. The disconti-
nuity was already reported by Kalverla et al. (2019); Jourdier
(2020) and is related to a data assimilation issue in ERA5. As
the day progresses, the negative bias gradually disappears, so
that on average, ERA5 reproduces the wind speed in the af-
ternoon quite well.

The regional reanalysis COSMO-REA6 shows a very clear
diurnal variation in wind speed bias. Over flat terrain, a sharp
maximum of overestimation is apparent between 05:00 UTC
(60 m) and 07:00 UTC (140 m), whereas during the night,
COSMO-REA6 has only a very small positive bias for 60 and
100 m which becomes a more pronounced negative bias at
140 m probably due to the aforementioned shortcomings in
representing the LLJs. For hilly terrain, we find small pos-
itive biases during the day and strong negative biases dur-
ing the night with the magnitude of the latter increasing with
height.

We also looked at the seasonal dependence of the reanal-
ysis biases (figure in the Supplement). However, for each of
the reanalyses, no significant difference between the domi-
nant patterns of the seasons can be found. The seasonal vari-
ations are rather expressed through a general shift to more
positive (negative) biases in winter (summer).

3.5 Performance in the range of cut-in and cut-out
speed

Finally, we evaluate the reanalysis’ representation of poten-
tial wind power generation at the observation locations us-
ing cut-in and cut-out speeds (cf. Sect. 2.4). Figure 6 shows
the difference between the reanalyses and the observations
in percentage of time steps for which wind speeds lie below
(above) the assumed cut-in (cut-out) thresholds at the 100 m
height level.

With respect to the low wind situations (upper row), we
find that for the offshore sites, percentages are similarly well
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Figure 5. Lines show the average diurnal cycle of wind speed bias at (a–c) 60 m, (d–f) 100 m and (g–i) 140 m for COSMO-REA6 (orange),
MERRA-2 (red) and ERA5 (blue). Symbols indicate the offshore locations (a, d, g), flat (b, e, h) and hilly terrain (c, f, i).

Figure 6. Colored bars represent the difference between the reanalyses COSMO-REA6 (orange), MERRA-2 (red), ERA5 (blue) and the
observed percentage of time steps with (a) wind speeds below 3 m s−1 and (b) wind speeds above 20 m s−1. The observation height is 100 m
and the sites are grouped into offshore (F1 . . . O2), flat terrain (B4 . . . T1) and hilly regions (B1 . . . C3). The percentages at top of each panel
indicate how often the cut-in speed is undercut or the cut-out speed is exceeded in the observations.
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reproduced by all three reanalyses. Over flat land, an under-
estimation of MERRA-2 can be found which is in correspon-
dence with the reanalysis’ general tendency to overestimate
wind speeds. For ERA5 and COSMO-REA6, no clear signal
can be found across the three sites. However, the differences
are below ±5 % for all reanalyses. For the hilly terrain, the
difference become much more pronounced. At three of the
five stations, MERRA-2 has a strong underestimation of the
percentage of winds below the cut-in speed with close to zero
differences at the other two sites. COSMO-REA6 exhibits a
general overestimation of low wind situations which is above
5 % at three sites. This is in accordance with wind speeds be-
ing too low during the night over hilly terrain in COSMO-
REA6 (cf. Fig. 5f). For ERA5, we, again, find no clear ten-
dency with differences close to zero at three sites but a strong
overestimation at B2 and an underestimation at B3.

For the cut-out speed (lower row of Fig. 6), we see a re-
versed pattern. While differences are mostly small over land
with a slightly positive deviation for MERRA-2, differences
over the ocean are larger. Here, a negative deviation, i.e., an
underestimation of cut-out speed exceedance can be found
for both ERA5 and MERRA-2. At a first glance, this seems
remarkable for ERA5 as the corresponding average bias for
offshore sites at 100 m is slightly positive (cf. Fig. 4a). How-
ever, this can be explained by looking at Fig. 3 where a larger
overestimation of frequency of occurrence can be found in
the range from 10 to 15 m s−1. Thus, the overall bias is
slightly positive, while at the same time the frequency of
stronger wind speeds is underestimated. For COSMO-REA6,
no clear signal is apparent as the differences for cut-out speed
exceedance over the ocean are positive for three sites, nega-
tive for one site and zero for the remaining one.

4 Conclusions

While this study presents results as deviations or differences
from the observations due to the confidentially of some of
the data, it provides a reasonable overview of the quality of
wind speed reanalysis estimates at hub heights over Central
Europe and the surrounding oceans. A total of 14 measure-
ment series were compared with the global reanalyses ERA5
and MERRA-2 and the regional reanalysis COSMO-REA6
in order to evaluate their respective performances in repre-
senting wind speeds at the vertical heights relevant for wind
energy production.

Our initial approach was focused on using a two-parameter
Weibull distribution to reduce complexity as it is a com-
mon assumption that wind speeds are distributed accord-
ingly. However, for the sites used in this study with obser-
vation heights between 60 and 200 m, we found that only at
two of the 14 observation sites and only at some height levels
can the observed wind speed be described by a Weibull distri-
bution according to a Kolmogorov–Smirnov test. Therefore,

we decided to base our analysis on the common metrics such
as histograms, bias, RMSE and correlation.

The expectation was that COSMO-REA6, albeit based on
an older model version and a simple data assimilation ap-
proach, would be able to better capture the spatial hetero-
geneity in the lower boundary layer compared to the global
reanalyses due to its finer horizontal resolution of about 6 km.
This was confirmed in several studies on this topic (e.g.,
Borsche et al., 2016; Frank et al., 2020b).

However, we find that over land, ERA5 performs better
than COSMO-REA6 for most of the sites, although wind
speed is underestimated in the morning hours due to a known
data assimilation issue. A possible explanation for this find-
ing is that the wind speed performance of COSMO-REA6
in relation to the observations has a strong diurnal cycle over
land which is at least in part due to the suboptimal representa-
tion of nightly low level jets. ERA5 seems to be better able to
capture this phenomenon which could be founded in the in-
creased number of vertical model levels in the lower bound-
ary layer. As the effect is increasing with height, our results
therefore indicate that while horizontal resolution may play
a crucial role in the quality of wind speed estimates close to
the surface, wind speeds at hub heights seem to profit from a
higher vertical model resolution.

MERRA-2, in contrast to the other two reanalyses, system-
atically overestimates wind speeds over land. As MERRA-2
is provided only on a few vertical levels and in 3-hourly time
steps, we investigated different vertical and temporal interpo-
lation approaches (not shown). However, none lead to better
results than the ones presented here.

Over oceans, in the absence of pronounced surface het-
erogeneity, our expectation was that differences in the met-
rics between global and regional reanalyses would be ne-
glectable. This is mostly confirmed by the results except for
an underestimation of wind speeds by MERRA-2.

Our evaluation shows that each reanalysis outperforms
the other reanalyses at least at one of the observation sites.
This indicates that each reanalysis can potentially provide
additional value to the representation of wind speeds in the
lower boundary layer. Therefore, it might be beneficial to
use a weighted combination of reanalysis products, i.e., a
weighted multi-reanalysis ensemble, to estimate near-surface
wind speeds. This should be investigated in a future study.
If a user wants to employ a single reanalysis for wind en-
ergy applications over Central Europe, our current sugges-
tion would be to use ERA5 over land and COSMO-REA6
over the ocean (due to its slightly better representations of
cut-in and cut-out speeds).

For the development of future wind speed data sets for re-
newable energy applications, regional reanalyses might not
only focus on enhancing horizontal resolution but also on in-
creasing the number of vertical levels to be able to better rep-
resent boundary layer processes. With respect to statistical
post-processing approaches to correct reanalysis estimates,
we suggest to apply a (multi-reanalysis) post-processing in
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order to account for systematic errors in the reanalyses and
generate high quality climatological wind speed estimates.
Such an approach is currently developed in the FAIR project
(Frank et al., 2020a) with the goal to provide a publicly avail-
able, high-quality wind data set for renewable energy appli-
cations.

Data availability. Online access Tall Tower Dataset: https:
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