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Abstract. In order to facilitate offshore wind farm tenders, Deutscher Wetterdienst (DWD, Germany’s national
meteorological service) provides reanalysis data and quality assessments to Bundesamt für Seeschifffahrt und
Hydrographie (BSH, Federal Maritime and Hydrographic Agency). The regional reanalysis COSMO-REA6 is
used besides the global reanalysis ERA5. New reanalyses and derived products getting available are (i) the re-
gional reanalysis CERRA (C3S), (ii) COSMO-R6G2, a successor of COSMO-REA6 which is currently produced
by DWD and (iii) HoKliSim-De, a convection-permitting climate simulation for Germany with COSMO-CLM
as a regional downscaling of ERA5. In the present study, the quality of the different data sets for offshore wind
energy application is compared using in-situ measurements of the wind speed and wind direction from the top
anemometer and vane of the FINO1 research platform and satellite-based data of the near-surface wind speed
from the Copernicus Marine Environment Monitoring Service (CMEMS) and the EUMETSAT Satellite Appli-
cation Facility on Climate Monitoring (CM SAF).

Evaluation at FINO1 focuses on the time period prior to the installation of nearby wind farms to avoid wake
effects. COSMO-REA6, CERRA and HoKliSim-De show only small biases and resemble the observed distri-
bution of the wind speed at FINO1 whereas ERA5 shows slightly lower values of the wind speed at 100 m. All
model-based products tend to slightly underestimate the occurrence of south-westerly wind directions and over-
estimate wind directions from West to Northwest. Smallest directional biases are analysed for COSMO-REA6.
Analysis of the windstorm CHRISTIAN suggests that ensemble information is required for the representation of
individual extreme events.

Evaluation of the near-surface wind speed using satellite-based data is performed for an area around the
German Exclusive Economic Zone (EEZ) of the North Sea. The median bias of ERA5 and COSMO-REA6
is close to zero. CERRA shows a systematic overestimation of the near-surface wind speed compared to the
satellite-based reference datasets. By contrast, a slight underestimation is analysed for HoKliSim-De. The bias
distribution analysed for a first simulation stream of COSMO-R6G2 is similar to COSMO-REA6 which provides
initial indication for the applicability of the new product.

Published by Copernicus Publications.
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1 Introduction

The German energy transition demands the increasing usage
of renewable energy resources. According to the latest Ger-
man legislation the proportion of renewable energy in total
electricity needs shall rise to more than 80 % by 2030 and
reach 100 % in 2035. One contribution to reach these goals
is the increased construction of wind farms within the Ger-
man Exclusive Economic Zone (EEZ). Following the Off-
shore Wind Energy Act as amended in 2022 and entered into
force on 1 January 2023 (Ger. Windenergie-auf-See-Gesetz,
Ger. abbr. WindSeeG 2023, WindSeeG, 2023) the installed
capacity of offshore wind energy installations shall increase
to a total of at least 30 GW by 2030, to a total of at least
40 GW by 2035 and to a total of at least 70 GW by 2045.
On 31 December 2021 there were 7.8 GW installed (BNetzA,
2023).

The effective usage of the available space and the eco-
nomic and environmental planning require knowledge on the
meteorological and climatological conditions. Detailed infor-
mation of the frequency distribution of the wind speed and
wind direction is required for individual wind farm planning.
The interannual variability needs to be addressed, e.g. to as-
sess the representativeness of typically one-year long on-site
measurement campaigns. Information on the geographical
distribution and temporal variability of the wind speed and
direction is needed for planning of the energy system includ-
ing power supply facilities and offshore areas for site ten-
ders. As wind speed profiles and turbulence rely on the at-
mospheric stability, additional insight is gained by the repre-
sentation of the atmospheric boundary layer.

Global and regional atmospheric reanalyses provide de-
tailed information of the wind speed and wind direction
at hub heights of modern wind turbines. In order to fa-
cilitate offshore wind farm tenders, Deutscher Wetterdi-
enst (DWD, Germany’s national meteorological service) pro-
vides reanalysis data and quality assessments to Bundesamt
für Seeschifffahrt und Hydrographie (BSH, Federal Maritime
and Hydrographic Agency). Currently, the regional reanaly-
sis COSMO-REA6 (Bollmeyer et al., 2015), maintained by
DWD, is used besides the global reanalysis ERA5 (Hersbach
et al., 2020), produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF).

Recently the Copernicus European Regional Re-Analysis
(deterministic system, CERRA-DET and ensemble of
data assimilations, CERRA-EDA (cf. Wang and Randria-
mampianina, 2021)), funded by the European Commission,
has been made available (Schimanke et al., 2021a, b). More-
over, DWD currently produces COSMO-REA6 Genera-
tion 2 (COSMO-R6G2) constituting a successor of COSMO-
REA6 (Kaspar et al., 2020). Furthermore, a convection-
permitting climate simulation for Germany with COSMO-
CLM, as a regional downscaling of ERA5, was produced by
DWD and selected variables were published (Brienen et al.,
2022).

Several sources of observational data are available for
quality assessment of the model-based products. In Jan-
uary 2002, the Federal Government of Germany decided the
construction of three research platforms (FINO1, FINO2 and
FINO3) in the North Sea and the Baltic Sea, in order to fos-
ter the exploitation of renewable energy by the use of off-
shore wind turbines (https://www.fino-offshore.de/, last ac-
cess: 6 November 2023). The first platform, FINO1 located
in the North Sea, was commissioned in September 2003.
FINO measurements were already used by a number of stud-
ies as a reference for the evaluation of wind speed variabil-
ity in different reanalysis products (e.g. Borsche et al., 2016;
Niermann et al., 2019; Brune et al., 2021).

While the FINO measurements are restricted to a specific
geographic location satellite-based data provide information
on the near-surface wind field. A series of studies (Winter-
feldt et al., 2011; Geyer et al., 2015; von Storch et al., 2017)
rely on near-surface winds retrieved from the SeaWinds scat-
terometer on board QuikScat to demonstrate the added value
of regional hindcasts over the driving global reanalysis.

Wind information from satellite borne instruments such as
scatterometer or radiometer is based on measurements in the
microwave spectrum. Here the wind driven gravity and cap-
illary waves on the sea surface backscatter the radar beam
or influence the surface emissivity and hence the upwelling
radiance. Thus, the retrieved wind information is most repre-
sentative for the level directly above the sea surface (Ander-
sson et al., 2010; Winterfeldt et al., 2011).

Methods are available to estimate the wind speed at hub
heights of modern offshore turbines from the near-surface
wind speed (Sedefian, 1980; Hsu et al., 1994). Under neu-
tral atmospheric stability conditions the assumption of a log-
arithmic wind speed profile can be made. Moreover, Monin-
Obukhov theory provides empirical formulas to estimate
wind speed profiles for non-stable and stable conditions, all
showing increasing wind speed with height. However, de-
pending on the state of the atmosphere this is not always
applicable.

For example, during spring the thermal land sea contrast
and differences in surface roughness favour the occurrence
of low-level jets (LLJ) which show maximum wind speeds at
heights between 50 and 200 m (Kalverla et al., 2019). Sim-
ilarly, Rausch et al. (2022) find a maximum occurrence of
LLJ’s during spring and summer and a most frequent jet
core height of around 120 m a.g.l. (above ground level) when
analysing ground based wind lidar and radiosonde data for
coastal areas of the German Bight.

When verifying model-based data with observations care
must be taken that wake effects from individual turbines and
large-scale wake effects from wind farms are commonly not
sufficiently represented in reanalyses and climate simula-
tions. At FINO1 the commissioning and operation of nearby
wind farms leads to a significant reduction of the annual
mean wind speed after 2009 which is not seen in reanaly-
ses (Podein et al., 2022). There is multiple evidence from
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satellite imaginary, research aircraft measurements and nu-
merical model simulations that the wakes from large wind
farms can be several tens of kilometres in length under sta-
ble atmospheric stratification (Platis et al., 2018). Wakes of
more than 100 km length are seen for very large wind farms
in large eddy simulations (Maas and Raasch, 2022) under
certain meteorological conditions.

Moreover, high-resolution climate model simulations em-
ploying a wind farm parameterization that considers the wind
turbines as a sink of kinetic energy (KE) and source of turbu-
lent kinetic energy (TKE) at rotor height indicate a distinct
effect of offshore wind farms on power generation down-
stream of wind farms as well as on the near-surface wind
field and climate (Akhtar et al., 2021, 2022).

In the present study the quality of recent regional reanaly-
ses for offshore wind farm planning in Germany’s EEZ of the
North Sea is assessed and compared to the quality of simula-
tions without data assimilation by using in-situ observations
from FINO and satellite-based data products as observational
reference.

The structure of the manuscript is as follows. Section 2
introduces the reanalysis, simulation and observational data.
In addition, the statistical methods used for evaluation are
briefly discussed. Results are presented in Sect. 3 focusing
on interannual to multi-annual variability of wind speed, fre-
quency distribution of wind speed and wind direction, and as-
sessment of extreme wind speeds during wind storm CHRIS-
TIAN at near-turbine hub height using FINO1 measurements
as reference. Wind storm CHRISTIAN, 27–29 October 2013,
led to severe damage in Western and Central Europe. Fur-
thermore, the spatial variability of near-surface wind speed
using different satellite-based data products as reference is
assessed. Section 4 provides discussion of results and con-
clusions.

2 Data and methodology

In this section the used regional and global reanalyses, the
simulations without data assimilation, the in-situ observa-
tions, and satellite-based data products are described. More-
over, the methods used to process (time series manipulation,
regridding) and statistically analyse (histogram, shape pa-
rameters, box-plot) the data are briefly explained.

2.1 Reanalyses

2.1.1 COSMO-REA6

The regional reanalysis COSMO-REA6 was developed
within the Hans-Ertel-Centre for Weather Research (Kas-
par et al., 2020). COSMO-REA6 is based on DWD’s for-
mer operational NWP model COSMO. The model is well
documented and has intensively been used by the meteo-
rological community. The regional reanalysis is based on
COSMO model version 4.25 which was operational at DWD

from 26 September to 12 December 2012. The model do-
main is adjusted to match the EURO-CORDEX region. The
configuration used incorporates a horizontal resolution of
6 km with a non-hydrostatic model formulation. In the ver-
tical the terrain following hybrid coordinate system con-
sists of 40 main levels with 10 levels in the lowest 1000 m.
The top level is located at 22 700 m (∼ 40 hPa). The nu-
merical core of the model is integrated with a time step of
50 s. For data assimilation COSMO-REA6 employs a New-
tonian relaxation scheme (nudging) to combine prognostic
model variables with observations. Observations of wind,
temperature, humidity, geopotential and station pressure are
assimilated stemming from radiosondes, SYNOP stations,
ships, buoys or aircrafts. No satellite data is assimilated by
COSMO-REA6. In addition, an external analysis scheme is
used for (i) snow depth, (ii) sea surface temperature and sea
ice and (iii) soil moisture. The soil moisture scheme uses
2 m temperature observations for the derivation of optimized
soil moisture fields. It should be noted that the assimilation
of non-conventional observations such as satellite data (ra-
diances) is not always possible by the nudging technique,
as the observations have to be available in the model space
rather than the observation space (Bollmeyer et al., 2015).
Data from the global reanalysis ERA-Interim (6-hourly data)
serves as boundary for COSMO-REA6. More details on the
configuration and results of the regional reanalysis system
are specified by Bollmeyer et al. (2015). Data of COSMO-
REA6 is publicly available as part of DWD’s open data
(https://opendata.dwd.de/climate_environment/REA, last ac-
cess: 6 November 2023). An overview of evaluation studies
and application examples with a focus on renewable energy
is illustrated by Kaspar et al. (2020).

2.1.2 COSMO-REA2

COSMO-REA2 is a convective-scale reanalysis nested into
COSMO-REA6. The model domain constitutes a slightly en-
larged version of COSMO-DE thereby covering Germany
and adjacent areas. COSMO model version 5.00.2 is used.
The horizontal resolution is about 2 km. There are 50 verti-
cal levels with the model top at 22 km. In addition to the con-
tinuous nudging of conventional observations a latent heat
nudging scheme is used. A detailed description of COSMO-
REA2 is given by Wahl et al. (2017).

2.1.3 COSMO-REA6 Generation 2 (COSMO-R6G2)

In order to extend the COSMO-based reanalysis and to pro-
vide regional reanalysis data with short delay from real
time DWD is currently producing a successor of COSMO-
REA6 (COSMO-REA6 Generation 2, hereafter referred to
as COSMO-R6G2) using ERA5 as boundary conditions and
a newer model version (Kaspar et al., 2020). Hourly data
from ERA5 is used as lateral boundaries. Moreover, the
benefit of incorporating ERA5T to generate near real-time
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data has to be evaluated. COSMO model Version 5.04d was
operationally used by DWD from 12 December 2016 to
23 March 2017 and is the latest model version that was oper-
ationally used with nudging. Therefore, COSMO-R6G2 uses
COSMO model version 5.04d4. Here we present results from
a first simulation stream for 2018.

2.1.4 ERA5

ERA5 is the fifth generation ECMWF atmospheric reanaly-
sis and covers the period from 1940 to present. It is based
on the Integrated Forecasting System (IFS) Cy41r2 which
was operational in 2016 (Hersbach et al., 2020). The spatial
horizontal resolution is 0.28◦ or 31 km (spectral truncation
T639). In the vertical there are 137 levels from the surface
to the model top located at 0.01 hPa or 80 km. 4DVar is used
for the assimilation of a variety of conventional and satellite
based observational data. ERA5 includes information about
uncertainties for all variables at reduced spatial and temporal
resolutions. Quality-assured monthly updates of ERA5 are
published within 3 months of real time. Preliminary daily
updates of the dataset are available to users within 5 d of real
time. A detailed description and evaluation results are given
by Hersbach et al. (2020). Access to the data is provided by
Meteorological Archival and Retrieval System (MARS) and
Copernicus Climate Data Store (CDS).

2.1.5 Copernicus European Regional Re-Analysis
(CERRA)

The CERRA system builds on the HARMONIE script sys-
tem cycle 40h1.2. Several changes and optimisations in the
script system have been made, compared to the reference
version of HARMONIE, to make the model run more ef-
ficiently in a re-analysis production environment. The AL-
ADIN synoptic scale physics scheme is used including sev-
eral updates from later cycles that are backported to fit with
cy40h1.2. The model runs with a 5.5 km horizontal grid spac-
ing and with 106 vertical levels. The model domain is some-
what larger than the Euro-CORDEX domain. It runs with
a 3 h cycle producing 6 h forecasts at all analysis times ex-
cept at 00:00 and 12:00 UTC where 30 h forecasts are pro-
duced. Information about sea surface temperature and sea ice
are obtained from the Operational Sea Surface Temperature
and Sea Ice Analysis (OSTIA) database (Donlon et al., 2012;
Stark et al., 2008). The boundary information is taken from
the ERA5 output. Upper air observations are introduced into
the model through a three-dimensional variational (3D-Var)
data assimilation scheme (e.g. Gustafsson et al., 2001; Lind-
skog et al., 2001; Brousseau et al., 2008). Included obser-
vations are the conventional observations, i.e. observations
from SYNOP stations, ships, buoys aircrafts and radioson-
des, together with satellite radiances from the early Mi-
crowave Sounding Unit (MSU) to the latest Infrared Atmo-
spheric Sounding Interferometer (IASI). In addition, ground-

based Global Navigation Satellite Systems (GNSS), radio
occultation GNSS, scatterometer winds, atmospheric motion
vectors and surface observations from local sources are used
in the analyses. A new way of creating and updating the
background error covariance matrix is used in order to fol-
low the current weather regime and to allow for possible
evolutions in the weather over the reanalysis period (El-Said
et al., 2022). The surface assimilation uses an optimal in-
terpolation assimilation scheme for the surface observations
(e.g. Taillefer, 2002; Seity et al., 2011). The observations in-
cluded are relative humidity and temperature at 2 m height
obtained from SYNOP stations as well as the snow water
equivalent. Also, for the surface assimilation additional ob-
servations from local sources are included. In the present
study the 10 and 100 m wind speed and direction of CERRA
are used (Schimanke et al., 2021b, a). The following data is
used from the deterministic system (CERRA-DET). Monthly
averages of the 10 m wind speed are calculated from the 3-
hourly analyses (hereafter referred to as CERRA-an). The
hourly 100 m wind speed and direction are obtained from
forecasts (CERRA-fc) using lead time hours T + 1, T + 2
and T + 3 (T = analysis time step). Direct comparison of
CERRA-an and CERRA-fc reveals only small differences. In
addition to CERRA-DET, hourly data of 100 m wind speed
from the ensemble of data assimilations (CERRA-EDA, lead
time hours T +1, . . . , T +6 used) is analysed. CERRA-EDA
is a 10-member ensemble of 3D-Var data assimilations with
a 6 h cycle and 11 km horizontal grid spacing.

2.2 Simulations without data assimilation: climate
simulation (COSMO-CLM) and wind atlas (WRF)

2.2.1 High resolution simulation with
COSMO-CLM (HoKliSim-De)

HoKliSim-De (“High resolution COSMO-CLM climate sim-
ulation with ERA reanalysis forcing for Germany”) is a
nearly 50-year dataset which downscales the European re-
analysis datasets ERA40 (Uppala et al., 2005, for the years
1971–1978) and ERA5 (Hersbach et al., 2020, for 1979–
2019) on a higher-resolution grid for Germany. The regional
climate model COSMO-CLM (COSMO model in CLimate
Mode; Rockel et al., 2008; Steger and Bucchignani, 2020) is
used for this downscaling in a convection-permitting setup.
The COSMO-CLM is the climate version of the limited-area
weather forecast model COSMO (Baldauf et al., 2011; Doms
et al., 2013) and it is the community model of the German
regional climate research community jointly further devel-
oped by the CLM-Community (http://www.clm-community.
eu, last access: 6 November 2023). It has been proven to be
suitable for regional climate model simulations at grid scales
between 1 and 50 km in Central Europe in numerous studies
(e.g. Berg et al., 2013; Kotlarski et al., 2014; Brienen et al.,
2016; Ban et al., 2021). In a recent study by Borgers et al.
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(2023), COSMO-CLM is evaluated and used to study cluster-
scale wake effects of wind farms in the North Sea.

A horizontal grid spacing of 0.0275◦ (∼ 3 km) is used
together with 50 vertical levels and 25 s time stepping.
The simulation starts in December 1969 with 13 months
spin-up time and is extended regularly close to real-
time. Currently, the most commonly used variables of this
dataset are available for the time period 1971–2019 on the
DWD node of the ESGF (Earth System Grid Federation)
as version V2022.01 (https://esgf.dwd.de/projects/dwd-cps/
hoklisim-v2022-01, last access: 6 November 2023, Brienen
et al., 2022). The model domain covers 461x481 grid points
and is centered around Germany. The forcing at the lat-
eral boundaries has been updated every hour for the ERA5
period in a direct nesting approach. For ERA40, 6-hourly
boundary data from an intermediate nesting simulation at
0.11◦ (∼ 12 km) have been used, which had been run using
the same configuration as in the EURO-CORDEX-CMIP5
simulations with COSMO-CLM (see e.g. Kotlarski et al.,
2014; Vautard et al., 2021). For this study, the wind com-
ponents which have been interpolated inside the model to the
100 m a.g.l. are investigated.

2.2.2 NEWA (New European Wind Atlas)

The New European Wind Atlas (NEWA) covers the 30-year
period from 1989 to 2018. The Weather Research and Fore-
casting (WRF) model was used together with ERA5 as driv-
ing reanalysis for a series of one-way nested simulations. The
simulation’s design is optimised to represent wind speed dis-
tributions in complex terrain. Three nested domains with a
resolution of 27, 9 and 3 km were used. Spectral nudging
was applied in the outer domain to incorporate the observed
large-scale atmospheric patterns. The simulations consist of
7 d periods using a spin-up of 24 h to achieve equilibrium of
the mesoscale flow with the terrain. In the vertical the model
incorporates 61 levels with the model top at 50 hPa. Data is
available for 30 min intervals for wind energy relevant pa-
rameters. Details are given by Hahmann et al. (2020) and
Dörenkämper et al. (2020). Data for 2005–2018 is publicly
available via the website https://map.neweuropeanwindatlas.
eu/ (last access: 6 November 2023). The WRF model output
was further downscaled to create the microscale atlas. In the
present study the mescoscale data at 3 km resolution is used.

2.3 FINO observations

2.3.1 FINO (Ger. Forschungsplattformen in Nord- und
Ostsee)

The FINO research platforms facilitate the exploration of off-
shore conditions and help to determine the effects of off-
shore wind energy development on marine flora and fauna.
Masts have been erected on the working platforms of FINO1,
FINO2 and FINO3, on which the most important meteoro-
logical parameters, in particular wind speed and direction at

different heights, are measured. In addition, a complete set of
hydrographic data is collected. Moreover, the forces induced
by wind and waves are measured in the foundation area (Lei-
ding et al., 2016).

In the present study measurements of wind speed and di-
rection at FINO1 are used. Wind direction data is taken from
the highest measurement level available for this parameter at
91 m a.m.s.l. (above mean sea level). The wind speed time se-
ries stems from the top anemometer at 102 m a.m.s.l. At this
height the effect of the mast on the wind speed measurement
is assumed to be small. The mast effect is corrected by apply-
ing a mast correction to the wind speed data (Leiding et al.,
2016). The mast correction depends on the wind direction.
The simultaneous wind direction measurement of the wind
vane at 91 m is included in each corrected wind speed value
in order to be able to carry out the mast correction (UL Inter-
national GmbH, personal communication, 2022). Moreover,
measurements are influenced by a lightning protection cage
which leads to slightly lower wind speeds in 4 narrowly pro-
nounced wind direction sectors (Leiding et al., 2016). Here
we estimate the overall error for all wind directions to be less
than 1 %. The time series of wind speed and direction con-
sist of 10 min averages. Hourly data at full hours is used to
enable comparability with available model output data. Ad-
ditional information on measurement uncertainties and data
availability is indicated by Leiding et al. (2016).

2.4 Satellite observations

2.5 Copernicus Marine Environment Monitoring Service
or Copernicus Marine Service (CMEMS)

Monthly averaged near-surface wind speed is
obtained from CMEMS. The CMEMS wind
product WIND_GLO_PHY_L4_MY_012_006,
https://doi.org/10.48670/moi-00185, is used. The prod-
uct incorporates scatterometer observations to correct for
persistent biases in hourly ERA5 model fields. Bias correc-
tions are based on scatterometer observations from Metop-A,
Metop-B, Metop-C ASCAT (0.125◦) and QuikSCAT Sea-
Winds (0.25◦). The bias corrections are calculated over 20 d
centered around the time of interest. Therefore, averaging
hourly wind speeds from this product over a month includes
some observations (10 d) from both the previous and next
month (PUM, CopernicusMarineService, personal com-
munication, 2023). The product provides stress-equivalent
Level-4 wind components at 10 m at 0.125 and 0.25◦

horizontal spatial resolution and covers the period from
August 1999 to February 2023. The stress-equivalent
wind does not rely on the assumption of neutral stability
(de Kloe et al., 2017). In the present study data at 0.125◦

horizontal spatial resolution is used. Hourly near-surface
wind speed is calculated from components. Monthly values
are obtained from the hourly wind speed by arithmetic
averaging. In a previous version of the manuscript the
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Metop/ASCAT based monthly average wind speed of the
WIND_GLO_PHY_CLIMATE_L4_REP_012_003 product
was used. The WIND_GLO_PHY_CLIMATE_L4_REP
_012_003 product was withdrawn in the Novem-
ber 2022 release of CMEMS and was replaced by
WIND_GLO_PHY_CLIMATE_L4_MY_012_003 (Coper-
nicusMarineService, personal communication, 2023). This
new product contains monthly averaged ERA5 stress-
equivalent wind fields (components), corrected for persistent
biases based on scatterometer observations. These bias
corrections are calculated for the wind components and have
been demonstrated to provide improved surface wind fields.
Bias corrections for wind speed have been calculated as well,
but compared to the vector components, their statistical and
physical interpretation is more complex and requires further
study. For this reason, wind speed has not been included
in the monthly product (yet) (CopernicusMarineService,
personal communication, 2023). As is documented in the
WIND_GLO_PHY_CLIMATE_L4_MY_012_003 product
QUID for the vector components, differences between the
hourly and the monthly bias correction are small (QUID,
CopernicusMarineService, personal communication, 2023).
Therefore, the present study uses the hourly wind speed com-
ponents provided by WIND_GLO_PHY_L4_MY_012_006,
https://doi.org/10.48670/moi-00185, to calculate monthly
averaged wind speed as outlined above.

2.5.1 Hamburg Ocean Atmosphere Parameters and
Fluxes from Satellite Data (HOAPS),
version 4.0+extension

This dataset contains gridded Thematic Climate Data
Records (TCDR) (1987–2014, Andersson et al.,
2017)+ extension (2015–2020) of wind speed at 10 m
from the Hamburg Ocean Atmosphere Parameters and
Fluxes from Satellite Data (HOAPS) climatology compiled
by the Satellite Application Facility on Climate Monitor-
ing (CM SAF). HOAPS is a completely satellite-based
climatology of precipitation, evaporation, freshwater budget,
latent heat flux, total column water vapour, near-surface spe-
cific humidity and near-surface wind speed over the global
ice-free oceans. All variables are derived from recalibrated
and intercalibrated measurements from SSM/I and SSMIS
passive microwave radiometers, except for the SST, which is
taken from AVHRR measurements (Andersson et al., 2010).
The near-surface wind speed is retrieved with a 1D-Var
retrieval scheme. The data is provided as monthly averages
on a regular latitude/longitude grid with a spatial resolution
of 0.5× 0.5◦.

2.6 Methodology

Model grid points used for evaluation with FINO measure-
ments are selected according to a nearest neighbour approach
(Table 1). For comparison with the mast measurements the

Table 1. Coordinates of grid point assigned to FINO1, nominal hor-
izontal resolution and model of different products are shown. More-
over, coordinates of FINO1 station tower are shown. NA stands for
not applicable.

Product Lon [◦] Lat [◦] 1x [km] Model

FINO1 6.5876 54.0149 NA NA
COSMO-REA6 6.6151 54.0033 6 COSMO
COSMO-REA2 6.5864 54.0161 2 COSMO
CERRA-fc 6.5731 53.9950 5.5 HARMONIE
ERA5 6.5000 54.0000 31 IFS
HoKliSim-De 6.6018 53.9604 2.8 COSMO-CLM
NEWA 6.5662 54.0156 3 WRF

model data is vertically interpolated to a height of 100 m
above mean sea level (a.m.s.l). Linear vertical interpolation
is used for COSMO-REA6.

To enable direct comparability with available model out-
put data 10 min averages of the FINO measurements at full
hours are used (results for time period 2004–2009 presented
in Sect. 3.1). Moreover, the dates of the model data are cho-
sen to match the available FINO observations, i.e. data at
dates where observations are missing are discarded in the
model data base.

Distribution parameters of the hourly wind speed data are
obtained by fitting a Weibull distribution function to the wind
speed histogram (1 m s−1 histogram bins used). For compar-
ison with the satellite-based reference data 10 m wind speed
from models is used. All model-based products are regridded
to the geographical grid of the reference data used. Box-plots
are created for monthly averages of the grid box data.

3 Results

Results are presented separately for the evaluation using in-
situ measurements of FINO1 and satellite-based data as ref-
erence. Evaluation using FINO data concentrates on assess-
ment of temporarily high resolved data at heights near 100 m.
Evaluation using satellite-based data focuses on monthly av-
erages of gridded data for an investigation area around the
German EEZ of the North Sea.

3.1 Evaluation using in-situ measurements at FINO1 as
reference

The quality of the different reanalyses is assessed by com-
parison with in-situ measurements of the wind speed and
wind direction at FINO1. For the wind speed the measure-
ments of the top anemometer at 102 m a.m.s.l. are used.
Wind direction is measured at 91 m a.m.s.l. The FINO1 re-
search platform is located in the southern part of Germany’s
EEZ in the North Sea, ca. 45 km (ca. 24 nautical miles)
north of the Isle Borkum in a water depth of about 30 m
of the shelf sea. The exact coordinates are 54◦00′53.5′′ N,
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6◦35′15.5′′ E (https://www.fino1.de/en/location.html, last ac-
cess: 6 November 2023).

3.1.1 Interannual to multi-annual variability

The wind speed at heights near 100 m shows considerable in-
terannual variability. During the period from 2004 to 2017
the observed annual mean wind speed at FINO1 ranges
from a maximum of 10.29 m s−1 in 2007 to a minimum of
8.56 m s−1 in 2016 (Fig. 1a). The mast corrected data is not
available for January 2018 to August 2019. Therefore, ob-
servations 2018 onwards are not shown. The commission-
ing of the wind farms Alpha Ventus in the direct vicinity
east of FINO1 in 2010, Borkum Riffgrund I (2015) to the
southeast and Trianel Windpark Borkum (2015) to the north-
west led to a reduction of the wind speed at FINO1 (Podein
et al., 2022). For this reason, the evaluation of the reanal-
yses and other model-based products using FINO1 in-situ
measurements as reference focuses on the undisturbed pe-
riod from 2004 to 2009. For this period the data availabil-
ity of the mast corrected wind speed measurements is 95 %
or higher for every individual year. Here the observed an-
nual mean wind speed ranges from 9.65 m s−1 in 2004 to
10.29 m s−1 in 2007 (Fig. 1b). All model-based products
capture the interannual variability during the undisturbed
period. Contrary to the observations all model-based prod-
ucts including the global and regional reanalyses, the re-
gional downscaling simulation with COSMO-CLM and the
wind atlas product show maximum wind speed in 2008
and only second highest wind speed in 2007. Biases of in-
dividual years range from −0.47 m s−1 (2007) for NEWA
to 0.44 m s−1 (2008) for COSMO-REA2 (Table 2). ERA5
shows a negative bias of −0.24 m s−1 for 2004–2009. The
bias is consistently negative over the individual years. A neg-
ative bias of −0.10 m s−1 is found for HoKliSim-De for the
same time period. Again, the bias is consistently negative but
smaller than for ERA5 for every individual year (Table 2).
On the other hand, COSMO-REA6 shows a positive bias of
0.13 m s−1 which is predominantly positive for the individual
years. The smallest bias of only 0.01 m s−1 for 2004–2009 is
found for CERRA. Likewise, the bias is smallest for most
of the individual years. For the years 2004 to 2009 there is
no evidence for any systematic change of the bias over time
for any of the products (Table 2). With regard to the analysis
of the undisturbed time period it is concluded that the ob-
servations are within the uncertainty range of the reanalyses
(COSMO-REA6, CERRA, ERA5). Moreover, the regional
downscaling simulation HoKliSim-De shows a smaller bias
compared to the driving ERA5 dataset.

Besides interannual variability the time series indicate
multi-annual variations of the wind speed. Higher than av-
erage wind speed values are seen for years 1998 to 2000
which are consistently represented by regional reanaly-
ses (COSMO-REA6, CERRA), HoKliSim-De and ERA5
(Fig. 1a). A larger offset between ERA5 and the higher res-

olution products CERRA and HoKliSim-De is seen for 1992
to 1995. Likewise, the offsets between the different products
are not necessarily stable over time. For example, COSMO-
REA6 shows a positive offset for most years, except for 1995,
1996 and 2017, 2018 where COSMO-REA6 shows lower
wind speed values than other products.

3.1.2 Frequency distribution of wind speed and wind
direction

The frequency distribution of wind speed for 2004–2009
from FINO1 measurements at 102 m shows maximum val-
ues betwen 8 and 11 m s−1, as indicated by the grey his-
togram in Fig. 2. The regional reanalyses COSMO-REA6
and CERRA, the global reanalysis ERA5 and the regional
downscaling simulation HoKliSim-De (model-based prod-
ucts shown in blue) resemble the observed frequency dis-
tribution of wind speed (observations shown in grey) for
FINO1. For better readability of the following discussion the
statistical parameters of the pdf’s shown in Fig. 2 are sum-
marised in Table 3. The distribution obtained from COSMO-
REA6 shows a slight shift towards higher values compared
to the observations, which is manifested by a marginally
higher mean value of 10.05 m s−1 compared to the observed
valued of 9.93 m s−1, likewise a marginally higher median
(9.75/9.6 m s−1), 99th percentile value (22.63/22.02 m s−1)
and scale parameter (11.35/11.21 m s−1). COSMO-REA6
and the observations show a nearly perfect match for
the shape parameter (2.25/2.26), which confirms the good
agreement seen for the other parameters (Fig. 2a). CERRA
shows a very good agreement with the observed mean value
(9.95/9.93 m s−1) and a marginally larger median value
(9.7/9.6 m s−1). The underestimation of the 99th percentile
value seen for CERRA (21.75/22.02 m s−1) is slightly more
pronounced than for COSMO-REA6. The shape parameter
(2.3/2.26) and the scale parameter (11.23/11.21 m s−1) of
CERRA are in good agreement with observations for the
time period considered here (Fig. 2b). The frequency dis-
tribution of ERA5 is slightly shifted towards lower values
compared to observations. This shift is reflected by a slightly
lower mean (9.69/9.93 m s−1), median (9.43/9.6 m s−1),
99th percentile value (21.09/22.02 m s−1), and scale parame-
ter (10.94/11.21 m s−1) (Fig. 2c). The frequency distribution
of HoKliSim-De is characterised by a slight underestimation
of the mean (9.83/9.93 m s−1), median (9.51/9.6 m s−1), and
scale parameter (11.10/11.21 m s−1). The underestimation
of these parameters is less pronounced than for ERA5. The
99th percentile value (22.14/22.02 m s−1) is in good agree-
ment with observations indicating that the higher resolu-
tion improves the representation of extreme wind speeds
(Fig. 2d). All model-based products show a slight underes-
timation of the 1st percentile value compared to the observa-
tions.

Wind roses consisting of 16 pre-defined sectors (N, NNE,
NE, ENE, E, ESE, SE, SSE, S, SSW, SW, WSW, W, WNW,
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Figure 1. Annual mean wind speed at 100 m for model based products at FINO1 grid points. Results are shown for (blue solid curve)
COSMO-REA6, (blue dashed curve) COSMO-REA2, (purple dotted curve) CERRA-fc, (cyan solid curve) ERA5, (cyan dashed curve)
HoKliSim-De and (red solid curve) NEWA. Results obtained from FINO1 measurements at 102 m are additionally shown (bold black dashed
curve). The time period is (a) 1979–2020 and (b) 2004–2009.

Table 2. Bias of annual mean wind speed [m s−1
] at 100 m for model based products at FINO1 grid cells. FINO1 anemometer measurements

at 102 m are used as reference. NA stands for not available.

Bias of annual mean wind speed [m s−1
] at 100 m at FINO1 for different products

Year 2004 2005 2006 2007 2008 2009 2004–2009

COSMO-REA6 −0.03 0.22 0.16 0.14 0.22 0.04 0.13
COSMO-REA2 NA NA NA 0.35 0.44 0.18 NA
CERRA-fc −0.01 −0.07 0.00 −0.08 0.19 0.01 0.01
ERA5 −0.22 −0.32 −0.31 −0.28 −0.08 −0.21 −0.24
HoKliSim-De −0.08 −0.07 −0.13 −0.13 −0.01 −0.17 −0.10
NEWA NA −0.38 −0.29 −0.47 −0.19 −0.26 NA

NW, NNW), where each sector covers an angle of 22.5◦, are
used to analyse the frequency distribution of the wind direc-
tion at heights near 100 m. The analysis is performed for the
time period 2004 to 2009. First, results for the whole year
are discussed (Fig. 3). In a second step, the statistics of the

four seasons (DJF, MAM, JJA, SON) are briefly addressed
(Fig. A1).

The wind rose of the observations at FINO1 shows a max-
imum relative frequency of nearly 10 % at the SW sector and
slightly lower relative frequencies of about 9 % at the neigh-
bouring sectors SSW and WSW (Fig. 3e). Lower relative fre-
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Figure 2. Frequency distribution of hourly wind speed at 100 m for model based products at FINO1 grid points (blue). Results are shown for
(a) COSMO-REA6, (b) CERRA-fc, (c) ERA5 and (d) HoKliSim-De. Results obtained from FINO1 measurements at 102 m are additionally
shown (grey). Values indicate the number of observations (n), the average [m s−1], median [m s−1], 1st and 99th percentile value [m s−1].
Moreover, the shape parameter (dimensionless) and scale parameter [m s−1] of the estimated Weibull distribution are shown. Histograms
display absolute numbers. The time period is 2004–2009.

Table 3. Satistical parameters of the pdf’s of hourly wind speed [m s−1
] at 100 m for model based products at FINO1 grid cells. FINO1

anemometer measurements at 102 m are used as reference. The time period is 2004–2009. The values correspond to the histograms shown in
Fig. 2.

Statistical parameters of pdf’s of hourly wind speed [m s−1
] at 100 m at FINO1 for different products

Parameter Mean Median 1st percentile 99th percentile Shape Scale

FINO1 9.93 9.60 1.43 22.02 2.26 11.21
COSMO-REA6 10.05 9.75 1.32 22.63 2.25 11.35
CERRA-fc 9.95 9.70 1.24 21.75 2.3 11.23
ERA5 9.69 9.43 1.36 21.09 2.34 10.94
HoKliSim-De 9.83 9.51 1.27 22.14 2.22 11.10

https://doi.org/10.5194/asr-20-109-2023 Adv. Sci. Res., 20, 109–128, 2023



118 T. Spangehl et al.: Intercomparing the quality of recent reanalyses for offshore wind farm planning

Figure 3. Wind rose of hourly wind speed and direction at 100 m for model based products at FINO1 grid points. Results are shown
for (a) COSMO-REA6, (b) CERRA-fc, (c) ERA5 and (d) HoKliSim-De. Results obtained from (e) hourly FINO1 measurements (10 min
averages) of wind speed at 102 m and wind direction at 91 m are additionally shown. The time period is 2004–2009.

quencies are apparent decreasing from 6 % at W to about 5 %
at NNW. Most of the sectors from N over E to S show relative
frequencies of less than 5 %. Here only the S sector and the
E sector show values slightly above the 5 % level. Sector E
depicts a secondary maximum of about 6 %.

The wind rose of COSMO-REA6 (Fig. 3a) is in line with
observations (Fig. 3e). Differences of less than 1 percent
are seen for most sectors. COSMO-REA6 slightly underesti-

mates the frequent occurrence of the south-westerly wind di-
rections seen in observations, especially for sector SSW. By
contrast, the occurrence of wind directions at sectors W to
NNW is somewhat more frequent in COSMO-REA6. In ad-
dition, the relative maximum at sector E is less pronounced
in COSMO-REA6 and shifted to sector ESE. Wind speeds
above 15 m s−1 are predominately found for south-westerly
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wind directions in COSMO-REA6, which is consistent with
the measurements (Fig. 3e).

Similarly, the wind roses of CERRA, ERA5 and
HoKliSim-De are in good agreement with observations. The
underestimation of the wind directions at south-westerly sec-
tors (WSW, SW, SSW) and overestimation at the sectors W
to NNW is somewhat more pronounced in CERRA (Fig. 3b)
than in COSMO-REA6. However, CERRA shows the ab-
solute maximum at sector SW which is consistent with ob-
servations. Moreover, CERRA resembles but underestimates
the observed secondary maximum at sector E. ERA5 shows
a clear underestimation of the relative frequency at sector
SSW. On the other hand, populations at sectors W to NNW
are slightly overestimated when compared to measurements.
The relative maximum at sector E is only weakly pronounced
in ERA5 (Fig. 3c). HoKliSim-De shows a slight underesti-
mation at sectors SSW to WSW, which is most pronounced at
sector SSW (Fig. 3d). By contrast, populations at sectors W
to NNW are noticeably overestimated by HoKliSim-De. The
secondary maximum at sector E is captured by HoKliSim-
De but less pronounced than in the FINO1 observations
(Fig. 3e).

Further quality assessment is provided by analysis of the
different seasons (Appendix A). One outstanding feature is
the systematic underestimation of south-westerly wind di-
rections by the model based products. A systematic under-
estimation of south-westerly wind directions is also reported
by Hahmann et al. (2020) for NEWA simulations with WRF.
A more detailed interpretation of results is beyond the scope
of the present study.

3.1.3 Windstorm CHRISTIAN

The correct representation of extreme wind speeds in the re-
analysis systems is shown for storm CHRISTIAN as an ex-
ample: CHRISTIAN developed over north-western and cen-
tral Europe in late October 2013 and, with a travelled dis-
tance of 1200 km in 12 h, was classified as a fast-moving
storm (Deutscher Wetterdienst, 2013). Across Europe, there
were at least 15 deaths, severe destruction and traffic chaos.
Affected areas were around the English Channel, in the
Netherlands, north-western Germany, parts of Denmark and
southern Sweden (CEDIM, 2013). On 26 October, CHRIS-
TIAN developed as a secondary cyclone, of the low-pressure
system BURKHARD over the western Atlantic (Deutscher
Wetterdienst, 2013). On 27 October, the first gusts with wind
speeds of up to 133 km h−1 were recorded along the Bre-
ton coast. On 28 October, CHRISTIAN continued to track
north-eastward and crossed the south of Great Britain with
a core pressure of 977 hPa. With a further decrease in pres-
sure to 968 hPa, CHRISTIAN then moved towards the north-
west coast of Denmark, triggering the highest wind speeds
in the North Sea between 13:00 and 14:00 UTC (Deutscher
Wetterdienst, 2013). Peak wind speeds in northern Germany
and Denmark exceeded 190 km/h. In the course of 29 Oc-

tober, CHRISTIAN continued as winter storm with hurri-
cane strength and moved towards southern Sweden and Fin-
land. The extreme wind speeds at noon on 28 October in
the North Sea are also reflected in the various reanalyses in
Fig. 4. It shows a comparison of hourly wind speed at 100 m
at FINO1 between COSMO-REA6, CERRA and CERRA-
EDA, ERA5, HoKliSim-De, NEWA and the observations.
The time series of 7 d in Fig. 4a emphasizes that except
NEWA all products are very well able to represent ampli-
tude and phase of the storm passage. NEWA significantly un-
derestimates the maximum wind speeds and also reaches the
peak too early. Figure 4b shows 28 October in more detail.
Here, the 10 min observations show that there is a short-term
wind decrease to 30 m s−1 between the peaks at 11:00 and
13:00 UTC. This pattern cannot be reflected by the reanal-
yses because of the only hourly temporal resolution of the
available data. The maximum wind intensity is best repro-
duced by the regional products COSMO-REA6 and CERRA,
where COSMO-REA6 even slightly overestimates the maxi-
mum wind speeds. ERA5 and HoKliSim-De, however, show
a slight underestimation. Figure 4b also points out a 1 h tem-
poral shift between the deterministic and ensemble-based
CERRA product, that has to be investigated further.

3.2 Comparison against satellite-based products

Biases of monthly mean near-surface wind speed are anal-
ysed using a selection of grid points embedded in a geograph-
ical area covering the German EEZ of the North Sea (3.0 to
8.5◦ E, 53.5 to 56 degrees North). 10 m wind speed is used
from models. Two different satellite-based data products are
used as observational reference. The approach enables an as-
sessment of the near-surface wind field.

The first product (WIND_GLO_PHY_L4_MY_012_006,
hereafter referred to as Scatterometer and Model (e5)) incor-
porates scatterometer observations used to correct for persis-
tent biases in hourly ERA5 model fields. The second prod-
uct (HOAPS version 4.0+ extension, hereafter referred to
as HOAPS, CMSAF) is based on passive microwave sensor
measurements. Due to coarser spatial resolution and missing
data near the coast the HOAPS dataset does not cover the
complete study area chosen for this analysis. For the covered
area HOAPS shows a slightly lower 10 m wind speed average
when compared to the Scatterometer and Model (e5) refer-
ence dataset from CMEMS (−0.18 m s−1 for 2008 to 2017).

Biases are calculated and discussed separately for the ten
year period 2008 to 2017 and for the year 2018. The analysis
for 2018 incorporates in addition results for COSMO-R6G2.
The year 2018 is characterized by a comparably low value
of the annual mean wind speed at FINO1 as indicated by
reanalyses (cf. Sect. 3.1).
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Figure 4. Hourly wind speed at 100 m for model based products at FINO1 grid points during windstorm CHRISTIAN. Results are shown
for (blue solid curve) COSMO-REA6, (purple solid curve) CERRA-fc, (purple solid thin curves) CERRA-EDA, (cyan solid curve) ERA5,
(cyan dashed curve) HoKliSim-De and (red solid curve) NEWA. Results obtained from FINO1 measurements at 102 m (10 min averages)
are additionally shown (bold black dashed curve). The time period is (a) 25–31 October 2013 and (b) 28 October 2013.

3.2.1 Distribution of biases

For the ten-year time period comparison against the Scat-
terometer and Model (e5) (CMEMS) dataset the median
bias is nearly zero for ERA5 and COSMO-REA6 (Fig. 5,
top left panel). In 50 % of the cases (lower to upper quar-
tile range indicated by the blue boxes) the bias is within
−0.2 to 0.2 m s−1. Larger biases are found as indicated by
the whiskers.

The maximum negative bias of ERA5 is −3.1 m s−1 in
contrast to the maximum positive bias of 0.9 m s−1 (Table 4).
A systematic shift towards positive bias values is found for
CERRA as indicated by the median bias of 0.2 m s−1 and
the lower to upper quartile ranging from 0.05 to 0.35 m s−1.

Compared to ERA5 a similar maximum negative bias of
−3.1 m s−1 is found compared to a larger maximum posi-
tive bias of 2.0 m s−1. Larger maximum negative and pos-
itive biases of −3.7 and 2.2 m s−1 are found for COSMO-
REA6 (Table 4). Contrary to CERRA the bias distribution of
HoKliSim-De shows a shift towards negative values with the
median bias of about −0.2 m s−1 (Fig. 5, top left panel).

A slight shift of the bias distribution towards positive
values is seen for ERA5 and COSMO-REA6 when using
the HOAPS dataset as reference (Fig. 5, right panels). For
CERRA the shift towards positive bias values seen earlier
is confirmed. HoKliSim-De shows a marginal shift towards
negative bias values. Results confirm that HOAPS shows
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Figure 5. Bias distribution of near-surface wind speed [m s−1] for grid points embedded in geographical area covering the German Exclusive
Economic Zone of the North Sea. The spatiotemporal bias distribution is illustrated by (top row panels) Box–Whisker plots for the two
different satellite based reference data sets (left panel) Scatterometer and Model (e5) from CMEMS and (right panel) HOAPS from CMSAF.
Values outside the whiskers (whisker length never exeeds 1.5 IQR (interquartile range)) not shown. All calculations are based on monthly
data. Geographical area is 3–8.5◦ E, 53.5–56◦ N. Maps of the multi-year averaged bias of (from 2nd to 5th row panels) ERA5, COSMO-
REA6, CERRA and HoKliSim-De compared to (left panels) Scatterometer and model (e5) from CMEMS and (right panels) HOAPS from
CMSAF for the considered geographical area are additionally shown. Black contours display the geographical position of the German
Exclusive Economic Zone. FINO1 is additionally shown. The time period is 2008–2017.
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Figure 6. As Fig. 5 (top row panels), but for year 2018. Results for COSMO-R6G2 are shown in addition.

Table 4. Maximum and minimum bias of monthly mean near-surface wind speed [m s−1
] of grid boxes embedded in geographical area

covering the German Exclusive Economic Zone of the North Sea. Biases are calculated for the various model-based products using two
satellite based data products as reference. The time period is 2008–2017.

Product Scatterometer and Model (e5), HOAPS, CMSAF
CMEMS

ERA5 1min =−3.1, 1max = 0.9 1min =−1.5, 1max = 1.9
COSMO-REA6 1min =−3.7, 1max = 2.2 1min =−1.5, 1max = 2.5
CERRA-an 1min =−3.1, 1max = 2.0 1min =−1.2, 1max = 3.0
HoKliSim-De 1min =−3.7, 1max = 1.9 1min =−1.4, 1max = 2.3

slightly lower mean near-surface wind speeds when com-
pared to the other reference data set thereby favouring more
positive bias values (Fig. 5, Table 4). The HOAPS dataset
does not cover the full study area due to the coarser spatial
resolution and missing values near the coastline.

The CMEMS dataset combines scatterometer measure-
ments with ERA5 and is therefore not purely based on mea-
surements. HOAPS is purely satellite-based and therefore
provides independent data, e.g. for evaluation of COSMO-
REA6 where no satellite data is assimilated. However,
HOAPS is subject to sampling uncertainties due to sparser
data coverage which is clearly reflected by the larger range of
biases (Fig. 5, top row panels and Table 4). Maps of the spa-
tial bias distribution facilitate the interpretation of the Box-
Whisker plots. The multi-year average bias shows only mod-
erate spatial variations (Fig. 5, row 2 to 5 panels). Larger
biases are seen along the coast for the Scatterometer and
Model (e5), CMEMS dataset. As noted earlier HOAPS does
include missing data near the shore. From the spatiotemporal
analysis we conclude that consistent results are found for the
median bias indicating comparably small deviations of the
near-surface wind speed for ERA5 and COSMO-REA6 from
the satellite-based reference datasets, a slight shift of the bias
distribution towards positive values for CERRA and a minor
shift towards negative values for HoKliSim-De.

3.2.2 Evaluation of bias for 2018

Results for 2018 partly confirm findings for 2008–2017.
For example, CERRA shows a tendency towards positive
bias values. Moreover, a shift towards negative bias val-
ues is clearly seen for HoKliSim-De (Fig. 6). Compared to
the analysis for 2008–2017 the median bias of ERA5 and
COSMO-REA6 is slightly more negative when using Scat-
terometer and Model (e5) (CMEMS) as reference (Fig. 6,
left panel). The median bias of both ERA5 and COSMO-
REA6 is close to zero when choosing the HOAPS dataset
as reference (Fig. 6, right panel). Note that both ERA5 and
COSMO-REA6 show comparatively low annual mean wind
speed values at 100 m when compared to other model-based
products at the position of FINO1 (cf. Sect. 3.1).

Results for COSMO-R6G2 are similar to COSMO-REA6
for both reference datasets (Fig. 6). The median bias of
COSMO-R6G2 is slightly negative for the Scatterometer
and Model (e5) (CMEMS) reference and close to zero
when choosing HOAPS as reference. Therefore, results for
COSMO-R6G2 provide first indication of the suitability of
the new product.
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4 Discussion and conclusions

Detailed meteorological data and information is required to
assess the potential wind farm profitability. In this study, new
model-based regional reanalyses and a regional downscaling
simulation are investigated with regard to their applicabil-
ity for offshore wind farm planning. Different reference data
sets are used for quality assessment. In-situ measurements
of the wind speed and wind direction at heights near 100 m
of the research platform FINO1 are used to analyse data of
high temporal resolution. The analysis focuses on the time
period from 2004 to 2009 prior to the installation of sur-
rounding wind farms to avoid the influence of wake effects
on the FINO1 measurements (e.g. Podein et al., 2022). Con-
sistent biases are found for this undisturbed period that do not
vary much over time. Larger variations between the different
products are evident for other time periods. Here the ques-
tion arises how uncertainties on longer time-scales and fur-
ther back in time can be addressed (e.g. Krieger et al., 2021).
In summary, the choice of the analysis period provides a pro-
found basis for further quality assessment.

The observed annual mean wind speed varies between
9.65 m s−1 in 2004 and 10.29 m s−1 in 2007 during the anal-
ysis period. Such a difference in wind speed translates to
a 21 % difference in wind energy density since wind en-
ergy content of the air flow increases with the third power
of the wind speed. ERA5, COSMO-REA6, CERRA and
HoKliSim-De capture the interannual variations of the wind
speed during this period. The regional reanalyses COSMO-
REA6, CERRA and the regional downscaling simulation
HoKliSim-De show only small biases and resemble the dis-
tribution of the hourly wind speed measurements (10 min
averages used). By contrast, ERA5 slightly underestimates
the wind speed measurements near 100 m at FINO1. The re-
gional downscaling simulation HoKliSim-De shows smaller
biases than ERA5 and reveals added value with respect to the
representation of extreme wind speeds.

Wind direction and its variability are known to affect
wind-farm power output (Porté-Agel et al., 2020). Wind
roses are used to analyse the representation of the wind di-
rection and respective wind speed. All model-based products
tend to slightly underestimate southwesterly wind directions
and to overestimate wind directions from West to Northwest.
The same systematic deviation is reported for wind atlas sim-
ulations with WRF (Hahmann et al., 2020). COSMO-REA6
is comparatively close to the observed wind roses and shows
only small directional biases.

Wind power plants are shut down when cut-out wind
speeds are exceeded to reduce maintenance costs and to
avoid damage (Gliksman et al., 2023). Analysis of the wind-
storm CHRISTIAN, which led to extreme wind speeds of
more than 35 m s−1 on 28 October 2013 at FINO1, illustrates
how far the model-based products are able to capture such an
extreme event. The amplitude and timing of the peak is cap-
tured by COSMO-REA6, CERRA-fc, ERA5 and HoKliSim-

De. COSMO-REA6 slightly overestimates the maximum
wind speed whereas ERA5 shows a slight underestimation.
In CERRA-EDA the peak is shifted by 1 h but the amplitude
is within the ensemble spread. While HoKliSim-De captures
the timing and amplitude of the peak, NEWA fails to capture
the windstorm at FINO1. Therefore, the choice of the down-
scaling area might affect the quality of the results, besides
data assimilation methods and model formulation.

Finally, various satellite-based gridded data products are
used for the evaluation of the near-surface wind speed. The
analysis is performed based on monthly averages for an area
around the German EEZ of the North Sea. The analysis fo-
cuses on the ten-year time period from 2008 to 2017. In
addition, the year 2018 is analysed. Consistent results are
found using two different reference dataset from CMEMS
and CMSAF. For the ten-year period the median of the bias
distribution is close to zero for ERA5 and COSMO-REA6.
A systematic shift towards positive bias values is analysed
for CERRA. By contrast, HoKliSim-De shows a shift to-
wards negative bias values. Analogue biases are found for
2018. Here evaluation results for COSMO-R6G2 are simi-
lar to COSMO-REA6 which provides first indication for the
applicability of the new product. Large biases are found for
monthly averages at individual grid boxes indicating that fur-
ther aspects such as the sampling and retrieval methods and
associated uncertainties of the satellite data needs to be con-
sidered for a more detailed evaluation. Also, wake effects
need to be considered (e.g. Akhtar et al., 2022) which are not
explicitly accounted for by the reanalyses and simulations
we use. Moreover, additional analysis of the vertical wind
profile is required. For example, as shown by Spangehl and
Tinz (2021) for wind farm site investigations near FINO1,
the vertical wind speed profiles obtained for COSMO-REA6
and ERA5 are in good agreement but the ERA5 median of
the wind speed shows slightly lower values at higher levels.
Future evaluation work should therefore make use of avail-
able data from measurement campaigns with ground-based
lidar instruments (https://pinta.bsh.de, last access: 6 Novem-
ber 2023) to improve our knowledge on the vertical wind
profile.

Appendix A: FINO1 windroses for DJF, MAM, JJA,
SON

The wind roses of the model-based products (COSMO-
REA6, ERA5, CERRA, and HoKliSim-De) are similar to the
observed wind roses for all four seasons (Fig. A1), yet there
are some systematic differences. In DJF the south-westerly
wind directions occur most frequently in the model-based
products, which is in accordance with the FINO1 observa-
tions. However, all model-based products tend to slightly
underestimate the occurrence of south-westerly wind direc-
tions. By contrast they show a slightly too frequent occur-
rence of the wind directions from sector W to sector NNW
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when compared to observations. A similar behaviour is ev-
ident for MAM. Here the observations show maximum oc-
currences at sector E and sector SW. The maximum at sec-
tor SW seen in observations is shifted to sector WSW in
all model-based products. The maximum at sector E is cap-
tured by the model-based products though slightly underes-
timated. This underestimation goes along with slightly too
frequent occurrences of wind directions in sector ESE. In
JJA the observations show a clear maximum at sector WSW.
Here only COSMO-REA6 shows maximum occurrences at
the same sector. In CERRA and HoKliSim-De this maximum
is shifted to sector W. In DJF observations show maximum
occurrences at sector SSW. A similar maximum is apparent
in COSMO-REA6 and HoKliSim-De. In ERA5 this maxi-
mum is shifted to sector SW. The seasonal variations shown
(Fig. A1) are similarly represented by marine observations
(ships, buoys, platforms) for the North Sea (Bundesamt für
Seeschifffahrt und Hydrographie, 2023a).

Figure A1. Wind rose of hourly wind speed and direction at FINO1 for heights at or near 100 m. Results are shown for seasons (column 1
to 4 panels) DJF, MAM, JJA and SON. First row panels show results obtained from hourly FINO1 measurements (10 min averages) of wind
speed at 102 m and wind direction at 91 m. Consequtive rows show results at FINO1 grid points of model-based products (row 2 panels)
COSMO-REA6, (row 3 panels) ERA5, (row 4 panels CERRA-fc and (row 5 panels) HoKliSim-De. The time period is 2004–2009.
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Data availability. FINO data was downloaded from
http://fino.bsh.de (last access: 6 November 2023). Data was
made available by the FINO (Forschungsplattformen in Nord-
und Ostsee) initiative, which was funded by the German Federal
Ministry of Economic Affairs and Climate Action (BMWK)
on the basis of a decision by the German Bundestag, organised
by the Projekttraeger Juelich (PTJ) and coordinated by the
German Federal Maritime and Hydrographic Agency (BSH).
FINO data is now available via the new Insitu-Portal of BSH
https://www.bsh.de/EN/TOPICS/Monitoring_systems/MARNET_
monitoring_network/FINO/fino_node.html (Bundesamt für
Seeschifffahrt und Hydrographie, 2023b).

NEWA data is obtained from the New European Wind Atlas, a
free, web-based application developed, owned and operated by the
NEWA Consortium. For additional information see https://www.
neweuropeanwindatlas.eu/ (NEWA Consortium, 2023).

This study has been conducted using EU Copernicus Marine
Service Information. The WIND_GLO_PHY_L4_MY_012_006,
https://doi.org/10.48670/moi-00185 (EU Copernicus Marine Ser-
vice, 2023), product is used in the final version of the manuscript.

The ERA5 reanalysis data are publicly and freely available from
the producers at the Copernicus Climate Data Store (CDS; Hers-
bach et al., 2023, https://doi.org/10.24381/cds.adbb2d47), or via
ECMWF’s Meteorological Archival and Retrieval System (MARS).

The COSMO-REA6 reanalysis data are publicly available
at DWD’s Open Data Server (https://opendata.dwd.de/climate_
environment/REA/COSMO_REA6/, Deutscher Wetterdienst,
2023).

The Hamburg Ocean Atmosphere Parameters and Fluxes
from Satellite Data – HOAPS – 4.0 (Andersson et al., 2017,
https://doi.org/10.5676/EUM_SAF_CM/HOAPS/V002) are avail-
able from EUMETSAT Satellite Application Facility on Climate
Monitoring (CM SAF) via https://wui.cmsaf.eu, © (2023) (EU-
METSAT, 2023).

Selected parameters of HoKliSim-De are available via
https://doi.org/10.5676/DWD/HOKLISIM_V2022.01 (Brienen
et al., 2022).

Date from the Copernicus European Regional Re-
Analysis (CERRA) are publicly and freely available from
the producers at the Copernicus Climate Date Store (CDS;
https://doi.org/10.24381/cds.38b394e6, Schimanke et al., 2021a,
https://doi.org/10.24381/cds.622a565a, Schimanke et al., 2021b).
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