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Abstract. The quality of wind speed from different reanalyses (ERAS, COSMO-REA6 and CERRA) is as-
sessed along the different coasts of mainland France. SYNOP (surface synoptic observations) wind measure-
ments from Météo-France at 10 m height and floating LiDAR (Light Detection and Ranging) measurements
from DGEC (Direction Générale de ’Energie et du Climat) at 100 m height are used as reference. The inter-
annual variability, distribution of wind, seasonal cycle, diurnal cycle and extremes are evaluated using several
metrics (bias, correlation, normalized root mean square error). Results show that the shape of the 10 m wind
seasonal cycle is well represented by all reanalyses. However, along the Mediterranean coast, wind speed is un-
derestimated by ERAS5, and overestimated by COSMO-REAG6 during winter. COSMO-REAG6 does not reproduce
well the diurnal cycle along the Mediterranean coast, nor does ERAS5 for the Atlantic coast. Overall, CERRA has
better skills in representing surface wind speed on the three French seafronts, as well as for offshore wind speed
at 100 m. The present study provides insights on the use of CERRA as a reference for offshore wind studies over

the French maritime zone.

1 Introduction

France’s electricity mix is dominated by nuclear power
which contributed 65 % of the total production in 2020. It
is followed by renewables (wind, solar, hydro, bioenergy:
29 % of the total production), and fossil fuels (6 %) (RTE,
2023). As the share of renewables in the electricity mix in
France continues to increase (RTE, 2021), so does the elec-
tric system sensitivity to climate variability (Bloomfield et
al., 2016). France has the second largest offshore wind re-
source potential in Europe behind the UK, and thus a promis-
ing future for the installation of offshore wind farms. There-
fore, it is important to investigate France’s offshore wind re-
source and its evolution over the lifespan (several decades)
of offshore wind farms.
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Since wind measurements over coastal areas and offshore
regions are sparse over medium/large spatial areas or tempo-
ral periods, assessments can be performed using high reso-
lution and gap-free wind data from numerical model simu-
lations. Reanalysis datasets have the advantage of homoge-
neous spatiotemporal data coverage that allows characteriz-
ing the wind resource variability over large spatial domains,
as well as investigating long-term trends. But a thorough
evaluation of reanalyses is necessary to quantify any issue,
such as underlying systematic model errors (Bloomfield et
al., 2016), coarse resolution (Dawkins, 2019), misrepresen-
tation of extreme events (Cannon et al., 2015), among others.

Until present, several studies have evaluated reanalyses
for wind speed resources (Carvalho et al., 2014a; Miao et
al., 2020; Jourdier, 2020; Shen et al., 2022; Potisomporn et
al., 2023). Overall, these studies have found globally that
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most reanalyses show a decent correlation (mean Pearson
coefficient R > 0.75) of wind speed with observations but
significant mean biases of magnitude greater than 0.3 ms™!
and RMSE larger than 3ms~! (Potisomporn et al., 2023).
Wilczak et al. (2024) reported on negative bias in ERAS de-
rived wind power over the United States and therefore the
need for bias correction. The validation of offshore wind re-
source from reanalyses using lidar data has been reported
for the US coast (Sheridan et al., 2022; Fragano and Colle,
2025).

Several studies (Ramon et al., 2019; Gualtieri, 2022; Fan
et al., 2021) concluded that among the global reanalyses,
ERADS overall exhibits better performance, with respect to the
mean wind speed bias and RMSE, compared to other reanal-
ysis datasets. However, regional higher resolution reanalyses
should be used when available to address fine-scale aspects
that are important for wind energy applications (Gualtieri,
2022). The regional simulations benefit from using higher
spatial resolution models than the global reanalyses. Fan et
al. (2021) suggested that wind energy production should se-
lect different products for different regions to minimize the
discrepancy with observations. The use of regional reanaly-
ses is also recommended over the more challenging coastal
and mountainous sites to adequately resolve detailed terrain
features as well as land use discontinuities and strong stabil-
ity variations (Carvalho et al., 2014b). Importantly, any im-
provement in global datasets could also have a positive effect
on regional products, whose accuracy strictly depends on the
quality of the global reanalysis they use as boundary condi-
tions (Clarke et al., 2021).

Jourdier (2020) evaluated several reanalyses (global:
MERRA-2, ERAS; regional: COSMO-REA6, NEWA,
AROME) using wind mast data (between 55 and 100 m
above ground) over continental France. ERAS is very skilled,
except in mountainous areas, where high resolution regional
models are better. In this article, we focus on surface winds
along the coasts of France, including newly available re-
gional reanalyses, and for the extended time period 1995—
2018. The surface winds measurements (SYNOP) from auto-
mated weather stations, which are located onshore, are used
as a reference. In addition, 100 m wind speeds from float-
ing LiDAR stations are considered to assess the reanalyses
at higher levels and at offshore locations. The global reanal-
yses ERAS (Hersbach et al., 2020), and regional reanalyses
COSMO-REAG®6 (Bollmeyer et al., 2015) and Copernicus Re-
gional Reanalysis for Europe (CERRA, Ridal et al., 2024),
which are available at a finer spatial scale, are considered
for evaluation. Moreover, the quality of these reanalyses is
assessed along different coastlines of mainland France: the
English Channel, the Atlantic Ocean and the Mediterranean
Sea. In addition to mean, high and low percentiles, mean cy-
cles (e.g., seasonal and diurnal), and different seasons are
also evaluated.

The stations located in the northern and western parts of
the French coastline are in rather flat terrain, and largely in-
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fluenced by westerlies (offshore winds) from the Atlantic
Ocean. On the other hand, stations in the south-east part
of the French coastlines are in a much more complex envi-
ronment with elevated mountain ridges: the Pyrénées to the
south-west, the Alps to the east and the Massif Central in
between (Drobinski et al., 2015; Salameh et al., 2009). The
Mediterranean coast is affected by mistral and tramontane
channeled flows, which are onshore winds from the north-
west. The Mediterranean climate system is in particular sub-
ject to local breeze during summer. In addition, the calm
season here sees a mix of offshore sea-breezes and onshore
north-west wind episodes. The seasonal contrast is higher on
the Mediterranean coast compared to the Atlantic and the
Channel coast.

Evaluating models’ skill is complicated because the mea-
sured data are not temporally homogeneous, and their cover-
age depends on stations. Although many metrics can be com-
puted, their selection depends on the application. The metrics
computed over the entire period cannot fully characterize the
seasonal or diurnal cycles, thus they must be carefully evalu-
ated at each station. Jourdier (2020) mentioned that the eval-
uation of the diurnal cycle is interesting, not only because
it reveals hidden intra-day biases, but also because it is a
good measure of how well the boundary layer physical pro-
cesses are parameterized in the models. Therefore, this study
also evaluates seasonal and diurnal cycles of the reanalyses
in comparison to the observations.

The structure of the manuscript is as follows: Section 2
introduces the data (measurements and reanalysis) and dis-
cusses the quality control and statistical methods used for
evaluation. The results are presented in Sect. 3, focusing on
the 10 and 100m wind speeds, respectively, showing the
error metrics at each station, seasonal and diurnal cycles,
interannual variability and distributions, and high and low
percentiles of wind speeds. The conclusion is provided in
Sect. 4.

2 Data and methodology

2.1 Data

This section describes the measurements and reanalysis data
(Table 1) evaluated in this study.

2.1.1 SYNOP

The SYNOP (surface synoptic observations) wind measure-
ments are made in accordance with World Meteorological
Organization (WMO) standards at 10 m above terrain us-
ing verified and calibrated anemometers. As per WMO stan-
dards, the automated weather stations (AWS) are represen-
tative of the surrounding area, (mostly, not always) away
from buildings and trees, which would otherwise influence
the measurements. The description of the French stations and
the available parameters can be found here: https://meteo.
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data.gouv.fr/datasets/6569b4473bedf2e7abad3b72 (last ac-
cess: 28 September 2024).

The stations are maintained regularly and are calibrated
to ensure correct readings. All stations send data every
10 min, while they report back every hour with the highest
measurements in the latest 1 h period (https://meteodata.dk/
windsynop.php, last access: 28 September 2024). Note that
hourly measurements are available for recent years (primar-
ily after 1990); only 3-hourly records are provided for earlier
periods. We have selected all the coastal stations (at most a
few km from the coastline) around France and then a quality
control was applied (Sect. 2.2.1) to keep only the best sta-
tions for our comparisons (Fig. 1).

2.1.2 ERA5

ERAS is the fifth generation ECMWF (European Centre for
Medium-Range Weather Forecasts) atmospheric reanalysis
that is based on the Integrated Forecasting System (IFS)
Cy41r2 (Hersbach et al., 2020). The horizontal resolution
is 31 km (0.28°) and the temporal resolution is hourly dur-
ing the period 1940 to present. On the vertical, there are 137
levels from the surface to the model top located at 0.01 hPa
or 80km altitude. In the lowest 200 m of the marine atmo-
spheric boundary layer (MABL), there are eight sigma lev-
els. 4DVar is used for the assimilation of a variety of conven-
tional and satellite based observational data. Quality-assured
monthly updates of ERAS are published within 3 months of
real time. Access to the data is provided by the Meteorologi-
cal Archival and Retrieval System (MARS) of ECMWF and
the Copernicus Climate Data Store (CDS).

Generally, the data consists of “analyses” and “forecasts”,
initialized twice daily from analyses at 06:00 and 18:00 UTC.
Using data assimilation, each previous forecast is combined
with the newly available observations in an optimal way to
produce a new best estimate of the state of the atmosphere,
called the analysis, from which an updated, improved fore-
cast is issued. An issue with the diurnal cycle of wind speeds
in ERAS, associated with the assimilation process, which af-
fects mostly low latitude oceanic regions but also Europe and
North America, was reported by Jourdier (2020). To over-
come this issue, ERAS forecasts (“fc”) are used here instead
of analysis (“an”) data. The global models like ERAS have
relatively low spatial resolution. Thus, higher resolution, lim-
ited spatial extent models are also investigated.

2.1.3 COSMO-REA6

The regional European reanalysis COSMO-REA6 was de-
veloped within the Hans-Ertel-Centre for Weather Research
and uses operational NWP model COSMO version 4.25 of
the German Meteorological Service (DWD) with initial and
boundary conditions from the ERA-Interim reanalysis (Dee
et al., 2011) at 6-hourly interval. The model domain is ad-
justed to match the EURO-CORDEX region. The configura-
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tion used incorporates a horizontal resolution of 6 km with
a non-hydrostatic model formulation. In the vertical, the ter-
rain following hybrid coordinate system consists of 40 levels
with 5 levels in the lower 200 m MABL.

For data assimilation, COSMO-REAG6 uses a Newtonian
relaxation scheme (nudging) to combine prognostic model
variables with observations. Observations are assimilated
stemming from radiosondes, SYNOP stations, ships, buoys
or aircraft. Satellite data is not assimilated in COSMO-REA6
(Bollmeyer et al., 2015). The COSMO-REA6 data is pub-
licly available as part of DWD’s open data (https://opendata.
dwd.de/climate_environment/REA, last access: 28 Septem-
ber 2024). The COSMO-REAG reanalysis is chosen because
of its high spatial resolution and availability from 1995 to
August 2019 at hourly frequency.

2.1.4 CERRA

The CERRA system (Ridal et al., 2024) is based on the
HARMONIE-ALADIN data assimilation system. The model
runs with a 5.5km horizontal grid spacing and with 106
vertical levels (8 levels in the lower 200 m MABL) with
the domain larger than the Euro-CORDEX domain. The
system uses lateral boundary conditions obtained from the
ERAS global reanalysis. It runs with a 3h cycle produc-
ing 6h forecasts at all analysis times except at 00:00 and
12:00 UTC where 30 h forecasts are produced. The CERRA
system employs the 3D variational assimilation (3D-VAR)
method. At fixed points in time the model state is adjusted
based on the observed state, considering the error statis-
tics of both model and observations. The CERRA high-
resolution system has been running with eight assimila-
tion cycles per day performing analyses (“an”) at 00:00,
03:00, 06:00, 09:00, 12:00, 15:00, 18:00 and 21:00 UTC.
The forecast lengths vary between 6 and 30 h depending on
the starting hour. The forecast model is then started from
the analysis and the output is saved hourly for the first
6h. Due to the forecast lengths, the forecasts are overlap-
ping (refer to Fig. S1 for details) and for every hour of
the day data can be chosen from the forecasts (“fc”). More
information can be found in Schimanke et al. (2021b, a)
and via the link: https://cds.climate.copernicus.eu/datasets/
reanalysis-cerra-single-levels?tab=overview (last access: 28
September 2024).

After the assimilation of the observations (the analysis),
the model state is not completely balanced dynamically,
meaning that the model atmosphere might contain high-
frequency waves. That might affect the quality of the fore-
casts closest to the analysis time if they are not rapidly
damped. On the other hand, longer forecasts might veer
away from the real weather, e.g., due to shortcomings in
the model parametrizations, the initial conditions and/or in-
accurate boundary conditions. The comparisons completed
by Jourdier et al. (2023) suggest that it is better to use the
forecasts with lead times of 4, 5 and 6 h for each time step
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Metropolitan France: Wind data (2CNOW)
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Figure 1. Coastal weather stations (data source: Météo France, triangles) and offshore LiDAR stations (data source: DGEC, squares) used

in this study.

Table 1. Description of reanalysis datasets used in the study. Height levels refer to only those used in this study.

ERAS COSMO-REA6 CERRA
Spatial resolution 31km 6km 5.5km
Temporal resolution 1h 1h 1h
Height levels 10 and 100 m 10 and 100 m 10 and 100 m
Spatial Coverage Global Europe Europe
Time coverage 1940—present 1995—-August 2019 September 1984—June 2021
Data assimilation 4D-Var Nudging 3D-Var
Boundary conditions - ERA-Interim ERA-5
Vertical layers in 0-200m 8 5 8

Boundary scheme

Local first-order
K-diffusion closure

1.5 order prognostic
turbulence kinetic
energy closure

1.5 order prognostic turbulent
kinetic energy closure
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(00:00, 03:00, 06:00, ... 21:00). Thus, we have an hourly
dataset from CERRA- “fc” (Fig. S1). It is currently available
from September 1984 to June 2021.

2.1.5 LiDAR

LiDAR observations are available from Météo-France at
7 offshore stations (Fig. 1). They are part of the plan of
the DGEC to monitor wind speed for the development of
offshore wind power projects. Wind data were acquired
over a period of about 1 year (see Fig. S2 for timeline)
using a buoy-mounted LiDAR system from LEOSPHERE
(Windcube V2 Offshore 8.66 for buoys, model WLS866-4).
The LiDAR sends an infrared laser pulse towards the
atmosphere and measures the reflections of aerosol particles,
which makes it possible to calculate the speed and direction
of the wind based on the shift in their wavelength due to
the Doppler effect. These measurements are taken at 11
different heights, from 40 to 200m (40, 50, 60, 80, 100,
120, 140, 150, 160, 180, 200 m). The data sampling rate is
Isec. Wind speeds are corrected for the buoy movement and
averaged to produce 10 min wind speed. Technical reports
produced by Météo-France state that the lidar measurements
were validated against Météo France’s AROME model and
anemometer measurements (https://www.eoliennesenmer.fr/
sites/eoliennesenmer/files/fichiers/2024/05/A07_01%C3%
A9ron_Lot4_Rapport-final_V2_20230512.pdf, last access:
13 November 2025).

2.2 Methodology
2.2.1 Quality control of SYNOP measurements

Each “raw” observation exceeding the daily mean value by a
factor of 2 times the daily standard deviation is removed as an
outlier (Bentamy and Croize-Fillon, 2014). As the SYNOP
measurements have several data gaps, a data filtering method
is applied. First, sudden changes in data distribution are fil-
tered by removing the older data. Those jumps generally hap-
pen when a new sensor is put in place. The new sensors are
believed to be more precise and less subject to errors than
the old ones, thus the older data is not used here. Such jumps
were found only for the Sete station, around 1996. To deal
with the missing values, we calculated the number of miss-
ing observations per month in each year. We allowed a max-
imum of 33 % missing values in each month: it corresponds
to two missing values per day for 3-hourly data, and eight
for hourly data. The years with at least a month above this
threshold were removed to prevent a bias in the seasonal cy-
cle (Fig. 2). The years where the number of missing values
per month was constant were also excluded: after a manual
check, those missing values happened daily at the same time.
Thus, keeping them would lead to a bias in the diurnal cy-
cle. This last issue occurred only in the 3-hourly data (before
1990) when the data collection was manual. The stations with
at least 10 years of data between 1995 and 2018 were kept,
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resulting in a total of 24 SYNOP stations (Fig. 1): 7 stations
along the English Channel coast, 11 along the Atlantic coast
and 6 along the Mediterranean coast.

2.2.2 Comparison methods

The reanalysis data are provided on a grid, where the lati-
tude and longitude values correspond to the center of each
grid cell. For the horizontal matching with SYNOP measure-
ments, the reanalyses (ERAS5, COSMO-REA6, CERRA) grid
points are extracted at the measurement points according to
a nearest neighbor approach. It turns out that this approach
provides better results than bi-linear interpolation of the sur-
rounding 4 grid cells for the coastal stations, since it allows to
avoid linearly interpolating land and ocean points together at
the coastal transition. Due to the horizontal resolution of the
reanalyses, local topographical features may not be always
accurately represented. The vertical levels of the reanalyses,
used here, are at the same height as SYNOP or Lidar mea-
surements.

For the temporal matching, both SYNOP measurements
and reanalyses data are available on hourly basis. The hourly
reanalysis data represents an average of the instantaneous
time step of minute 0 of the current and following hour.
From the LIDAR time series with a 10 min resolution, we
choose the Omin of each hour. The reanalysis data are se-
lected during the common time period 1995-2018. More-
over, time steps when any dataset or observation (SYNOP/
LiDAR) is missing at a station are removed from all the time
series. These time series are used to compute several metrics.
The evaluation is then done only for common timesteps. We
acknowledge that these methods used to generate a homoge-
nous data set may introduce some uncertainty according to
the resolution of the reanalysis.

The diurnal cycle, seasonal cycle, inter-annual variabil-
ity, and cumulative density function are evaluated at each
SYNOP and LiDAR location. Thereafter, a station average
along each coastline is also calculated. For coastal aver-
ages, we separately compute the mean of point measure-
ments and of the corresponding reanalysis grid values at each
coast. The coastal zones in France are divided into three
seafronts: the English Channel, the Atlantic Ocean, and the
Mediterranean Sea. The box plots are presented for both
the mean and extreme percentiles of wind speed. The error
metrics (percentage bias: PBIAS, normalized standard de-
viation ratio: STDratio, normalized root mean square error:
NRMSE, Pearson product-moment correlation coefficients:
CORR) used here are defined as follows:

N
- M; — O;
PBIAS = 100 x # (1)
N 0.
=11
N 2
N (M; — O;
RMSE = MT”) (2)
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RMSE
NRMSE = — % 3)
ax — Omin
STDratio = M 4
lofle)

> (M; — M)(O; — 0)
VI ;=W Y (0 - O

Where M and O represent reanalysis and reference measure-
ments, respectively, N is the number of timestamps, and o is
standard deviation.

CORR = )

3 Results and discussion

3.1 Evaluation of Surface Wind Speed (10 m)

Surface wind speed at 10 m provided by the reanalyses is
evaluated for the different coastlines of France in compari-
son to the in-situ measurements. The purpose is to assess the
performance of each reanalysis, by considering the metrics
described above, and to identify the one showing the best
skill for most of the stations.

Adv. Sci. Res., 22, 69-85, 2025

3.1.1 Distribution of error metrics over stations

The error metrics (PBIAS, STDratio, NRMSE, CORR) are
computed at each station for the hourly time series (at com-
mon times between the measurements and reanalyses) for
the 1995-2018 period (refer to Table S1 for metrics at each
station). Thereafter, the metrics are presented through Box—
Whisker plots for each reanalysis at each coastline. Figure 3
provides the overview of percentage biases (PBIAS) for the
stations along the 3 French seafronts (see Fig. 1 for station lo-
cations). For the 7 stations along the English Channel coast-
line, the comparison with the SYNOP measurements shows
that the median bias is ~ 2 %3 % (< 0.2 ms~!) for the 3 re-
analyses (Fig. 3, left panel). For CERRA, 50 % of the bias
values (First (Q1) to third quartile (Q3) range indicated by
the boxes) are within 10 % (absolute bias: 0.5ms™!) with a
quasi-systematic bias toward positive values. Similar system-
atic positive bias values for CERRA are reported for the Ger-
man Exclusive Economic Zone of the North Sea (Spangehl
et al., 2023). The inter-quartile range (Q3-Q1) is higher for
other reanalyses compared to CERRA. COSMO-REAG®, al-
though a regional reanalysis, has a larger bias spread. For
the Atlantic (11 stations) and Mediterranean (6 stations)
coastlines, CERRA has also an inter-quartile range (Q3-
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Q1) within 10 %. The percentage biases from ERAS are the
worst in the Mediterranean and have high values for the En-
glish Channel and Atlantic as well. The COSMO-REA®6 per-
forms well in the Atlantic, with a low median bias but a
larger interquartile spread than CERRA. A larger underesti-
mation by ERAS (interquartile range: —2.4 to —0.16ms™ 1)
over Southern France (also see Fig. S3) is also reported
by Jourdier (2020). This discrepancy is attributed to the re-
gion’s complex orography and the lower resolution of ERAS
compared to regional models. Contrary to ERA5, COSMO-
REAG displays a larger overestimation (interquartile range:
—0.19 to 1.17ms™!) for the Mediterranean coast. These
findings hold true even when PBIAS values are computed
separately for the winter (December to February) and sum-
mer (June to August) (Fig. S4). In particular, the large over-
estimation by COSMO-REAG6 is reduced in summer and in-
creased in winter (Fig. S4). Overall CERRA presents the best
results in terms of PBIAS.

In addition to the bias, which represents the systematic er-
ror, other error metrics, such as the normalized root mean
square error, correlation, normalized standard deviation (us-
ing hourly data) are computed. The NRMSE values of the
reanalyses (Fig. 4) are usually within 10 %, except for ERAS
and COSMO-REAG6 for the Mediterranean coastline, as high
biases are also seen for these cases. The median NRMSE
value from CERRA is less than 6 % for the English Chan-
nel and Atlantic, and around 8 % for the Mediterranean. The
absolute RMSE values are less than 3ms™! for the English
Channel and Atlantic coast and less than Sms~! for the
Mediterranean coast. Various studies which have evaluated
reanalyses in different locations for wind speed found that
most of the reanalyses show RMSEs higher than 3ms~! (Po-
tisomporn et al., 2023). Overall CERRA presents the best re-
sults in terms of NRMSE, followed by COSMO-REA®6.

The reanalyses show a decent correlation (> 0.75) with
the measurements (Fig. 5), which agrees with Potisomporn
et al. (2023). The median value of CERRA (above 0.82) is
always higher than that of the other reanalyses, except in
the Atlantic, where COSMO-REAG shows a slightly higher
correlation. Slightly lower correlation values can be seen for
ERAS. The most eastern station in the Mediterranean, Cap
Ferrat, has the lowest correlation, especially in COSMO-
REAG (Fig. S5). At Cap-Ferrat, there are many missing val-
ues in SYNOP measurements (Fig. 2, Table S2) and no data
is available after 2010. In general, lower correlations are ob-
served along the Mediterranean coast (third quartiles drop to
0.7).

The normalized standard deviation depicts less variabil-
ity (< 1.0) in the reanalyses when compared to the SYNOP
measurements (Fig. 6), meaning there is less variability in
the reanalyses compared to the observation. This is expected
as reanalysis are based on models and are therefore not able
to accurately represent the most extreme values. The me-
dian values are mostly below 1.0 for the reanalyses, except
for COSMO-REAG6, most notably along the Mediterranean
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coast. ERAS has lower variability than the observations for
all the coastal locations, and COSMO-REAG6 has very high
variability in the Mediterranean. However, CERRA repre-
sents the temporal variability well for the English Channel
and Mediterranean coast. The first and third quartiles of the
normalized standard deviation for CERRA are between 0.83
and 1.09. Potisomporn et al. (2023) explained ERAS’s un-
derestimation of the hourly wind variability caused by small-
scale fluctuations that are not captured by the macro-scale
driven ERAS simulation. The Taylor diagrams for the 3 dif-
ferent coasts (Fig. S6) reflect the above error metrics, sum-
marizing the comparison discussed above.

3.1.2 Seasonal and Diurnal Cycles

The evaluation of the diurnal and seasonal cycles of wind
speed in the reanalyses is important for wind farm planning.
The seasonal cycles, represented by monthly means for the
different French coasts (mean over the stations) are shown in
Fig. 7.

In comparison to SYNOP measurements, the shape of the
seasonal cycle (Fig. 7, left column) is well represented by
each of the reanalyses, although biases exist. For the En-
glish Channel, the seasonal cycles for the observations and
the 3 reanalyses (Fig. 7, top left panel) show lower val-
ues in summer (June, July and August) around Sms~! and
higher values during winter (December, January and Febru-
ary) with average values above 7ms~!. We can see that
CERRA is the reanalysis most in agreement with the obser-
vations in summer but presents slightly too high values in
winter. ERAS and COSMO-REAG6 are in agreement in win-
ter but present low values in summer. Overall, the biases in
the reanalyses are small (within 0.5ms™!). For the Atlantic
coast (middle panel), the seasonal cycles of the reanalyses
are very close to each other but are lower than the mea-
surements by around 0.3ms™!, especially in summer. For
the Mediterranean coast, larger biases are observed owing
to the complexity of processes and wind regimes. COSMO-
REAG has low biases during summer months, but high bi-
ases during winter months. The biases in CERRA are be-
low —0.5ms~! throughout the year. The wind speeds from
CERRA are mostly higher than those of ERAS, in agreement
with Jourdier et al. (2023), who showed large differences, es-
pecially over mountains (where ERAS tends to underestimate
the wind speeds). Olsen et al. (2019), using wind-speed mea-
surements from Vestas for almost 300 masts spread through-
out Europe (including 30 in France), also reported that ERAS
underestimates the wind speed (—1.5041.30ms~!) and that
the bias increases with the orographic complexity.

The diurnal cycle biases are in a similar range as the
seasonal cycle biases (Fig. 7, right column). For the En-
glish Channel coast, CERRA is close to the observations,
and the shape of the cycle is better represented in CERRA.
Although COSMO-REAG6 and ERAS5 show small underesti-
mations, the shape of the diurnal cycle is represented rela-
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Figure 4. Same as Fig. 3, but for the distribution of normalized RMSE (%) over the stations.

tively well. Along the Atlantic coast, the shape of the diur-
nal cycle in CERRA and COSMO-REAG6 agrees well with
the measurements, with a bias of —0.2ms~!. The diur-
nal cycle in ERAS is relatively flatter for the station mean.
This is associated with a daytime negative bias, when higher
wind speed prevails (Fig. S7). For the Mediterranean coast,
CERRA represents well the shape of the observed diurnal
cycle (bias ~ —0.5ms~!). The form of the diurnal cycle in
COSMO-REAG is worse, and ERAS shows a larger (around
—1.5ms™!) underestimation. Jourdier (2020) emphasized
that ERAS shows very good skill in reproducing the diur-
nal cycle, even in complex environments: there is indeed a
bias, but the shape is correct. The issue in diurnal cycle in
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COSMO-REAG6 can be linked to difficulties with stable con-
ditions, with nocturnal low-level jets and with vertical mix-
ing after sunrise, originating from the boundary layer tur-
bulence scheme in the COSMO model (Heppelmann et al.,
2017). The daytime negative bias in COSMO-REAG persists
during summer but is replaced by a stronger positive bias
throughout both day and night in winter (Fig. S7).

The PBIAS in seasonal and diurnal cycles is similar to the
PBIAS using hourly data (Fig. 3), thus is not discussed here.
The shape of the seasonal cycle in the reanalyses (as seen in
Fig. 7) can be better evaluated by its correlation with the ob-
served seasonal cycle. Figure 8 displays that the correlation
is always high (> 0.9) for the reanalysis seasonal cycles, ex-
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Figure 6. Same as Fig. 3, but for the distribution of Normalized standard deviation over the stations.

cept for a station in the Mediterranean (see also Fig. S8).
Nevertheless, reanalyses always show a decent correlation
(> 0.70) with measurement (also reported by Potisomporn et
al., 2023). Overall, considering the correlation, all reanalyses
perform well for the English Channel and the Atlantic coast.
Along the Mediterranean coast, CERRA has better correla-
tion values for the seasonal cycle.

The diurnal cycle correlations (Fig. 9) are not always as
high as the seasonal cycle correlations (Fig. 8). For the En-
glish Channel, the reanalyses have high correlations (1st
quartile > 0.9) with the measurements, while in the Mediter-
ranean, all but COSMO-REAG (also clear from Fig. 7) have
high correlation values. Along the Atlantic coast, some low
and even negative correlations are observed, but mostly for
island locations (also see Fig. S9). However, the median val-
ues are close to 0.9 for CERRA and COSMO-REAG6 there.
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Moreover, the first and third quartiles of the correlations go
from 0.59 to 0.92 for COSMO-REAG6, and 0.44 to 0.95 for
CERRA. The third quartiles are below 0.85 for ERAS.

3.1.83 Inter-annual variability and distribution

The reanalyses can overall capture the interannual variation
(Fig. 10), in agreement with Spangehl et al. (2023), who re-
ported that ERAS, COSMO-REAG6, and CERRA reproduce
well the interannual variations in wind speed. For the pe-
riod around 2000, there are biases (~ 0.4ms~!) in the At-
lantic coast station mean (primarily from 3 stations). During
that period, there were much higher wind speeds in north-
ern France, related to a very positive phase of the North
Atlantic Oscillation (Jourdier, 2020). For the Mediterranean
coastline, the underestimation by ERAS and overestimation
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Figure 7. Comparison of the seasonal cycle (left column) and the diurnal cycle (right column) for the different French coasts. Each plot is

the mean of all the stations on that coast.

by COSMO-REAG6 are also obvious (Fig. 10); but overall,
a good correlation (> 0.75) is found between the reanalyses
and the measurements for the annual mean time series. The
reanalyses show negative trends for the English Channel and
Atlantic Coast. Such a trend is not clear along the Mediter-
ranean coast where the observed trend seems on the contrary
to be rather positive.

The cumulative distribution function (CDF) shows that the
distribution of wind speed in all the reanalyses resembles the
observed distribution for the full range of wind speeds in the
English Channel and along the Atlantic Coast (Fig. 10). Sim-
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ilar observations have been reported for CERRA, COSMO-
REAG6 and ERAS in the German Exclusive Economic Zone
(EEZ) of the North Sea (Spangehl et al., 2023). However,
for the Mediterranean coast, CERRA is closer to the obser-
vations, even if the CDF function shows a slight underes-
timation in CERRA for wind speeds higher than 6 ms~!.
The ERAS distribution is shifted towards low values for
all wind regimes. The distribution obtained from COSMO-
REAG6 shows a slight shift towards higher values for high
wind regimes, which also agrees with Spangehl et al. (2023).
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between the reanalysis and the SYNOP measurements.

3.1.4 Low and high wind speeds

Low (5th) and high (95th) percentiles of 10 m wind speeds
are evaluated at the 24 coastal weather locations over the pe-
riod 1995-2018 (Fig. 11). Here we choose percentiles from
10 m winds for extremes instead of winds beyond wind tur-
bines’ cut-in and cut-off limits. Indeed, the cut-in and cut-out
wind speeds refer to the wind speed at the hub height of the
wind turbine, which depends on wind turbine characteristics,
and varies with the type of wind turbine technology.

For the 95th percentile, ERAS shows a large underesti-
mation (also see Fig. S10), and COSMO-REAG6 has a me-
dian bias value close to 0. The first and third quartiles ranges
are —12.9% to 2.6 % for CERRA and —13.3% to 11.4%
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for COSMO-REAG6. The median values (Fig. 11) for ERAS,
COSMO-REAG®6, and CERRA are —11.6 %, 0.9 %, —3.5 %,
respectively.

For the 5th percentile, a systematic shift towards negative
bias values is found for CERRA (median bias: —8.6 %) and
COSMO-REA6 (median bias: —10.2 %), and the first and
third quartiles ranges are —15.7 % to —0.2 % and —17.0 %
to —3.3 %, respectively (Fig. 11). A larger range of biases is
observed for ERAS (also see Fig. S11), although the median
values are low (4.8 %).

Considering the station mean for each coast (Fig. S12),
ERAS5 underestimates high percentiles along all coasts, and
overestimates the low percentiles (except in the Mediter-
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Figure 10. Comparison of the (mean over the stations) annual mean time series (left column) and Cumulative distribution function (right

column) for the different French coasts.

ranean), although by a smaller margin. For the English Chan-
nel and Atlantic coast, CERRA and COSMO-REAG6 are
very close and have similar interannual variations for both
high and low percentiles. In the Mediterranean, both the 5th
and 95th percentiles wind speeds are better represented by
CERRA. For the correlations, higher values are observed for
the higher percentiles, and lower values are observed for the
lower percentiles. The reanalyses display negative tendency
in the English Channel and along the Atlantic coast for the
high and low percentiles, in agreement with mean values.
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3.2 Evaluation of 100 m Wind Speed with LiDAR

Reanalyses are evaluated based on the 10 m wind speed be-
cause observations at that height are available over an ex-
tended period. However, it is also necessary to evaluate the
100 m offshore wind speed from the reanalyses, which is
more relevant for wind energy projects. The measurements
for 100m wind speed data are from floating LiDAR, al-
though available over shorter periods. Considering the com-
mon data availability, all 3 reanalyses can be evaluated at the
stations of Groix and Oleron (Atlantic coast, Fig. 1).
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Figure 11. Box—Whisker plots for the distribution of PBIAS (%) for all the 24 stations for the 95th and 5th percentiles.

The error metrics are computed during the common time
period between the LiDAR measurements and the reanaly-
ses. Overall, the reanalyses show low PBIAS (< 10 %) and
NRMSE (< 10 %), high correlations (> 0.9), and normalized
standard deviations close to 1 for 100 m wind speed at all the
stations (Table S3). Despite the relatively coarse spatial res-
olution of ERAS, Cafiadillas et al. (2023) reported that the
ERAS data shows high correlations with wind speed from
LiDAR located on Norderney Island near the German main-
land. CERRA has lower biases than COSMO-REA6 and
global reanalyses (Table S3).

The shape of the seasonal cycle (Fig. 12, left column))
from reanalyses agrees well with the LiDAR observations.
The biases are low (< 1-1.5ms™!) for all reanalyses, and
CERRA has the smallest bias (< 0.1 ms~!). Similar nega-
tive biases (~ 1ms~!) are reported for ERAS5 in compar-
ison to LiDAR by Pronk et al. (2022). The regional re-
analyses COSMO-RA6 and CERRA show small biases and
the global reanalysis ERAS slightly underestimates the wind
speed measurements near 100 m at the FINOI research plat-
form (Spangehl et al., 2023). Rouholahnejad et al. (2024)
reports the superiority of CERRA compared to ERAS, and
ERAS systematically underestimates the 100 m wind speed
at all sites in the North Sea. In addition, biases are smaller
during winter months than summer months. Considering the
shape of the diurnal cycles (Fig. 12), the reanalyses show
reasonable agreement with the LiDAR measurements. The
negative bias in diurnal cycles of the reanalyses are within
the spread of the reanalyses. CERRA has the smallest bias
among the reanalyses at these Atlantic coastal locations. It
must be noted that limited LiDAR data availability is the rea-
son to initially evaluate the reanalysis using widely available
surface observation.

4 Summary and conclusions

The wind energy industry often relies on reanalysis datasets
for different activities such as the assessment of the wind
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energy resources in a particular region. In this study, the
quality of 10 and 100 m wind speeds from ERAS, COSMO-
REAG6 and CERRA are evaluated along different coastlines
of mainland France. The larger part of the evaluation is fo-
cused on 10m wind speeds due to much greater measure-
ment data availability at this height. The reference datasets
are SYNOP wind measurements at 10m height (Météo-
France, 24 coastal weather stations), and LiDAR measure-
ments at 100 m height (DGEC/Météo-France, 7 offshore sta-
tions). The longer data overlapping period (1995-2018) for
10m wind speed has given the opportunity for a thorough
investigation of the seasonal and diurnal cycles, inter-annual
variability, distribution, and extreme values. The reanalyses
do not seem to perform homogeneously for the three different
coastlines of France. Along the Mediterranean coast, larger
differences with the measurements (at 10 m height) can be
seen for ERAS (underestimation) and COSMO-REAG6 (over-
estimation). In general, CERRA has low biases for most of
the stations along the French coastline. Overall, the reanal-
yses exhibit high correlation (> 0.75) values, with slightly
lower values along the Mediterranean coast. The normal-
ized standard deviation shows that CERRA performs well,
ERAS has low variability for most of the locations, and
COSMO-REA6 has too much variability in the Mediter-
ranean. The shape of the seasonal cycle for 10 m wind speeds
is well represented by all the reanalyses but is underestimated
(overestimated) by ERAS (COSMO-REAG6 during winter)
along the Mediterranean coast. Considering the diurnal cy-
cle, COSMO-REAG6 does not reproduce well the shape along
the Mediterranean coast, nor does ERAS for the Atlantic
coast. CERRA can reproduce well the shape of the observed
diurnal cycle of the 10 m wind speed for all the coasts.

In reanalyses, the modeled wind speeds can be highly sen-
sitive to the boundary layer scheme used. The limitation in
planetary boundary layer (PBL) turbulence scheme can cause
the decoupling of the surface layer from heights in the upper
boundary layer (MacDonald and Teixeira, 2020). Therefore,
to avoid decoupling, models artificially enhance the turbulent
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Table 2. Best reanalysis for the coasts and for different metrics. CERRA (& ALL: to imply 3 reanalyses) is in bold to highlight its very

frequent appearances in the table.

Metrics English Channel  Atlantic =~ Mediterranean
PBIAS CERRA CERRA CERRA
Correlation CERRA COSMO CERRA
NSTD CERRA COSMO CERRA
Seasonal cycle (PBIAS) CERRA CERRA CERRA
Seasonal cycle (Correlation) ALL ALL CERRA
Diurnal Cycle (PBIAS) CERRA CERRA CERRA
Diurnal cycle (Correlation) ALL COSMO ALL but COSMO
Distribution ALL ALL CERRA

95th Percentile (PBIAS) CERRA CERRA CERRA

5th Percentile (PBIAS) CERRA CERRA CERRA

mixing more than the original empirical stability function,
which leads to development of a low-level cool bias, but can
improve other model performance aspects (MacDonald and
Teixeira, 2020; Sandu et al., 2013; Holtslag et al., 2013). The
consistent underestimation of ERAS can be explained by the
PBL scheme (Fragano and Colle, 2025), coarser resolution,
and terrain complexity. The reanalyses have better accuracy
in flat regions, and poorer accuracy in complex regions (Xu
et al., 2025). The underestimation of strong wind speeds off-
shore in ERAS is related to surface drag formulation and its
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sea state, especially under short fetch (Gandoin and Garza,
2024). The better performance of CERRA as compared to
ERAS is due to a better resolved topography in the system.
COSMO-REAG, owing to its finer resolution (lesser distance
from measurement point in Table S4), outperforms ERAS in
relatively flat terrain of the Atlantic coast. However, in the
complex terrain of the Mediterranean region, the diurnal cy-
cle in COSMO-REAG is not captured well, which is likely
related to the boundary-layer scheme.
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In addition to a realistic average, the reanalyses should
also have realistic variability. Diurnal variability of the wind
resource is of great importance to estimate the amount of en-
ergy produced at peak or off-peak hours, which will have
very different impacts on balancing generation and demand
(Jourdier, 2020). The reanalyses can reproduce well the in-
terannual variations that are present in the measurements.
The low percentiles are underestimated by COSMO-REA6
and CERRA, and the high percentiles are underestimated by
ERAS. The 100 m wind speed from ERAS5, COSMO-REAG,
and CERRA can reproduce the shape of the seasonal and di-
urnal cycles observed in the LIDAR measurements (although
the analysis is limited by the short period available for the
LiDAR measurements), but CERRA has the smallest bias.
Eventually, the best reanalysis for each coast and for each
metric is summarized in Table 2 (all metrics are provided
in Table S5), considering both the median and inter-quartile
range of the stations at each coast. CERRA performs well
in many aspects, and thus appears to be the optimal reanal-
ysis to use as a reference for offshore wind studies over the
French maritime zone, notably as a reference for the bias cor-
rection of climate projections.

A follow-up study will focus on evaluating the stability
profiles (shear) across seasons from these reanalyses and
include new upcoming reanalyses, for example: COSMO-
R6G2, which used ERA-5 instead of ERA-Interim as bound-
ary conditions.
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