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Abstract
Spatial and temporal characteristics of simulated wind field – stemming from the mesoscale numerical
weather prediction system WRF with boundary conditions from ERA5 reanalysis data – are validated against
measurements in complex terrain. In addition to finding statistical error metrics in the form of bias, RMSE,
and correlation coefficients, the study carries out spectral comparisons in the form of power spectral densities
and coherence functions. The spectral values of the WRF-generated wind speeds are lower compared to what
is seen for the measured data, while the coherence function yield higher values. However, there is a significant
improvement of the spectral characteristics of the WRF-generated wind speeds from those of the ERA5 wind
speeds.
Keywords: Mesoscale wind modeling, model validation, spectral characteristics, complex terrain

1 Introduction
Weather Research and Forecast (WRF) is a Numerical
Weather Prediction (NWP) tool that is frequently used
for mesoscale modeling of wind fields. The validation
of WRF-generated wind fields against real data has up
to now mainly been tested with respect to time-series
statistics (mean, standard deviation, etc.). Studies on the
accuracy of the representation of time and space characteristics (as cross-correlations and coherences) are less
abundant.
This study aims at validating space/time characteristics of WRF-generated wind fields, using wind conditions on the Faroe Islands as an example. This group
of small islands (surface area 1400 km2 ) is located in
the north-east of the Atlantic Ocean, surrounded by sea,
where the closest adjacent land is about 300 km away.
Currently, studies are ongoing regarding the future electrical power supply system for the Faroe Islands. Results are e.g. given by Tróndheim et al. (2021). Considerably more wind power is expected to be integrated
into the future power grid. The local power company of
the Faroe Islands, SEV, has purchased WRF model results – simulated using ERA5 reanalysis data as boundary conditions (available from the European Centre for
Medium-Range Weather Forecasts, ECMWF) – as a
tool for analyzing the effect of future wind farms to
be integrated into the power grid. A prerequisite step
is to validate the space and time characteristics of the
WRF-generated wind field – hereafter referred as WRFgenerated data. This is achieved by using available wind
∗ Corresponding author: Turið Poulsen, Faculty of Science and Technology, University of the Faroe Islands, Tórshavn, Faroe Islands, e-mail:
turidp@setur.fo
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speed measurement data in the considered region. In addition to finding the bias, RMSE, and correlation coefficients, the spectral characteristics of the wind field from
the WRF-generated data and the wind speed measurements are compared. It is important to be able to capture
the correct spectral statistics in a model used for e.g. future power supply planning, as they entail information
on the power series fluctuations at various frequencies.
Temporal fluctuations are given by the auto spectra, and
spatial correlations are given by the cross-spectra or coherence function. The study expands upon the findings
of Poulsen and Beyer (2020a).
Examples of studies from the literature, analyzing
cross-statistics using both simulated and observed wind
speeds are e.g. Mehrens et al. (2016) and Vincent et al.
(2013). Although the aim of these two studies was not
to validate the wind speed simulations – but rather to
examine the basic characteristics of the wind fields –
results from simulated and observed wind speeds were
compared. Mehrens et al. (2016) investigated mesoscale winds over the North and Baltic Seas using observations at meteorological towers with inter-site distances of 4–848 km and WRF-generated data with initial
and boundary conditions from ERA-Interim Reanalysis.
Their data were filtered to represent near-stationary conditions. They found a similarity of both power spectra
and coherence functions between results derived from
measurements and WRF-generated data. However, it
was reported that the WRF-generated data underestimated the high-frequency fluctuations in the power spectra, and overestimated the coherence function at low
normalized frequencies. It must be noted that only one
site-pair was used for calculating the observational coherence function at the low normalized frequencies.
Vincent et al. (2013) investigated the cross-spectra at
two offshore sites – one in the North Sea and one in
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the Baltic Sea – using filtered data for near-stationary
conditions. An analytical model for normalized cospectra and quadrature spectra using WRF-generated
wind speeds with inter-site distances of 12–18 km was
developed. The model was found to be in agreement
with examples of observational data for flow from the
sea. They mention that their results suggest that similar studies can be made over land, although un-resolved
subgrid-scale topographic effects could affect the outcome. In addition, a visual comparison between the
spectra of observed and modeled data was carried out,
showing that the slope of the decay of the spectra with
frequency was well modeled up to the Nyquist frequency of 20 1min . Skamarock (2004) investigated the
spectra from mesoscale NWP models using WRF. He
also found a good agreement between model-derived
spectra and observational spectra. In addition, he investigated the model’s effective resolution, showing examples where it was found to be about 7 times larger than
the horizontal grid resolution of the model.
Examples of validation studies based on time-series
statistics are e.g. given by Olsen et al. (2017) and
Mughal et al. (2017). A comprehensive study, comparing 25 NWP models with different setups, was carried
out by Olsen et al. (2017), using data at three locations
in northern Europe, one offshore site, one inland site
near the coast, and one site in flat terrain. Contrary to
the mentioned studies above, Olsen et al. (2017) carried
out their analysis in the time domain, including calculations of biases and comparing observed and modeled
normalized standard deviations. They concluded that the
models were able to reproduce observed mean vertical
wind speed profiles well. Also the relative variation of
the wind was well captured in most cases. Most of the
25 models underestimated the wind speed at the offshore
site and overestimated the wind speed at the inland site,
while a mixture was seen at the coastal site. Both the
tendency of over- and underestimations at the respective sites were evenly distributed throughout the year,
while a mixture was observed at the coastal site. Summer and spring were generally associated with larger relative mean absolute errors. Regarding the normalized
standard deviation, most models at the coastal and inland sites underestimated the normalized standard deviation, while the results of the models at the offshore site
were scattered around the measured values. Mughal
et al. (2017) analyzed WRF-generated results at a complex site in eastern Africa, having mean wind speeds
of ∼11 m/s (∼40 m a.g.l.) during the considered 14 day
period. A wind speed and direction sensitivity analysis was carried out using different WRF configurations.
The biases, RMSE, and correlation coefficients for the
optimized configuration at the complex site were found
to be in the range [−0.47; 0.34] m/s, [1.4; 1.64] m/s, and
[0.61; 0.78], respectively.
The data used in the current study are described in
Section 2 while Section 3 elaborates on the methods
applied. The results are presented in Section 4, and the
summary and conclusions are given in Section 5.

Meteorol. Z. (Contrib. Atm. Sci.)
30, 2021

2 Data
WRF-generated data for the Faroe Islands are validated
against measured data sets from meteorological masts.
The WRF-generated data cover the two-year period
from July 2016 to June 2018. Three sites are considered, described in Table 1. As an indicator for the terrain
steepness at the considered site locations, Table 1 provides the Ruggedness IndeX (RIX) value at these sites,
here defined as the fraction of the surrounding terrain
steeper than 0.3 for an area with a radius of 3500 m centered at the respective site locations. An orography map
is given in Figure 1, where the site locations of the three
met masts are overlaid. In the following subsections, the
WRF model setup is presented, and the measured data
sets are elaborated on.

2.1 WRF model setup
The WRF-generated data are simulated by Kjeller Vindteknikk and made available via the local power company
in the Faroe Islands, SEV. The model setup is documented in Haslerud (2019).
WRF model version v3.8.1 is used for the simulations. There are 51 vertical levels, 8 of which are
in the lower 200 m. The data from the lower four
levels are used in this study (12.3 m, 36.6 m, 60.9 m,
and 85.3 m a.g.l.). The model setup comprises of three
nested domains, in which the innermost domain covers the entire Faroe Islands. The horizontal resolution
of the innermost domain is 500 m × 500 m, and data are
stored every hour in the period from 1. July 2016 to
30. June 2018. The outer domain has a resolution of
7500 m × 7500 m, while the middle domain has a resolution of 1500 m × 1500 m. ERA5 reanalysis data with
an approximate resolution of 0.25 degrees – available
from ECMWF – are interpolated onto the boundaries of
the 7500 m × 7500 m outermost domain, feeding input
into the WRF model at 3 hours interval. The Thompson scheme, the Mellor-Yamada-Janjik scheme, and the
NOAH scheme are selected for microphysics, boundary
layer mixing, and the surface, respectively. The topographical data were provided by the client, SEV, with a
resolution of 25 m × 25 m. This data were averaged onto
a resolution of 500 m × 500 m during the model set-up,
displayed in Figure 2 together with the 500 m × 500 m
roughness map used. Both the orography and roughness maps are simplified representations of the reality.
There is e.g. a lake to the right of met mast E that
is not represented in the roughness map in Figure 2.
And the elevation range of the orography in Figure 2
is 0–683 m, while the true maximum elevation on the
Faroe Islands is 880 m. Multiple output parameters are
modeled, including wind speed, which is validated in
this study. Data from the four closest WRF grid points
to the meteorological measuring sites are bi-linearly interpolated to co-locate with the meteorological mast locations. These points are shown in Figure 1. The terrain
elevation at the base of the meteorological masts and at
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Table 1: The terrain elevation at the met mast base and the four closest WRF grid points are given in column 2 and 3, respectively, for the
site locations shown in the first column. The wind speed measuring heights analyzed in this study are given in column 4. Site locations in
north and east directions within UTM zone 29V are given in column 5 and 6, respectively. The last column provides the ruggedness index
value of the terrain at the respective sites.
Site

Elevationwind
[m a.s.l.]

ElevationWRF
[m a.s.l.]

Measuring heights
[m a.g.l.]

North
[m]

East
[m]

RIX

Eiði (E)
Húsahagi (H)
Suðuroy (S)

176
328
292

79, 107, 131, 147
282, 283, 317, 322
259, 285, 290, 340

27.0
46.1 and 70.6
52.8 and 71.5

6907488
6878291
6819132

600251
613717
617539

0.12
0.05
0.14

Figure 1: Map of the Faroe Islands. Colors represent actual elevation of the terrain of the Faroe Islands. White areas are ocean. Red circles
mark met mast site locations. The panels to the left are zoomed into each individual site location, with 100 m contour lines, and light gray
dots marking WRF grid points. Two transects going through each met mast location are presented, one with constant longitude and one with
constant latitude. Blue lines are actual terrain heights. Red lines represent the WRF terrain transect with longitude/latitude closest to the met
mast locations. The vertical axis of all six transect plots range from 0 m to 500 m. The actual terrain heights used for the transect plots and
the terrain map have a resolution of 2 m and 10 m, respectively, created in Denmark from satellite data 2017, downloaded 18. Dec. 2020
through https://www.foroyakort.fo, the environment agency of the Faroe Islands.

the corresponding four closest WRF grid points are tabulated in Table 1.

2.2 Measured data
Wind speed data from three meteorological masts are
used to validate the WRF-generated wind speed data at
three sites, sites H, S, and E, see Figure 1.

2.2.1 Instrumentation setup
The wind is measured with anemometers and wind direction vanes mounted on booms extending from a meteorological mast, see pictures of the masts and their
surrounding areas in Figure 3 and 4. Wind speed data
are measured at heights 27.0 m a.g.l. at site E, 52.8 m
and 71.5 m a.g.l. at site S, and 46.1 m and 70.6 m a.g.l.
at site H. Wind direction data are measured at heights
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2.2.3 Data process
The wind speed and direction data are 10 min averages,
extracted in CSV format. Prior to the usage of the data,
they are manually quality checked. All time series cover
approximately the full period of the WRF model run.
Although, site S started logging data on 21. July 2016.
Sites E and H were logging data during the full considered period. The wind speed measurements have a
resolution of 0.01 m/s. During the two year period, the
missing wind speed data are 3.4 %, 2.8 %, 2.8 %, 0.4 %,
and 0.4 % for anemometers positioned at sites E27.0 ,
S52.8 , S71.5 , H70.6 , and H46.1 , respectively. The subscripts
indicate the corresponding measuring heights in m a.g.l.
The erroneous data were not evenly distributed over
time. At site E27.0 , all missing data are prior to 22. October 2016, none after. At S52.8 and S71.5 , excluding
one hour of missing data, all missing data are before
22. July 2016. There are two intervals with missing data
at H70.6 and H46.1 with the lengths of 2.5 hr and almost
3 days.

3 Method
3.1 Data preparation
In order to compare the WRF-generated and the measured wind speeds, the time series are synchronized with
respect to height and temporal resolution.

3.1.1 Synchronization of reference heights for the
WRF and measured wind speed data
Figure 2: Orography (top) and roughness (bottom) maps as used
when generated WRF results. Left panels are zoomed into each site
of interest, with lines marking the grid resolution of 500 m × 500 m.

24.0 m a.g.l. at site E, 69.3 m a.g.l. at site S, and
71.1 m a.g.l. at site H.

2.2.2 Measuring tools and calibration
All anemometers are of the type Thies First Class Advanced 4.2251.10.000, manufactured by Adolf Thies
GmbH & Co. KG, Germany. They are designed to measure the horizontal component of the wind speed up
to 75 m/s, with an accuracy of < 1 % of the measured
value (0.3–50 m/s), or ≤ 0.2 m/s. Certified calibrations
of the cup anemometers are performed by Svend Ole
Hansen ApS, following IEC 61400-12-1. The wind direction vanes are of the type NRG 200P.

The vertical levels of the WRF model set-up are different from the actual wind speed measuring heights. In
order to synchronize these heights, the WRF-generated
wind speed data are interpolated to match the heights
of the measurements, using the power law in Eq. (3.1)
and (3.2), as given in e.g. Berg et al. (2013), and the
WRF-generated wind speed time series from the closest
two vertical model levels.
 α
z
(3.1)
Uz = U1
z1
log(U2 /U1 )
(3.2)
α=
log(z2 /z1 )
Uz is the interpolated WRF-generated wind speed time
series at height z. z1 and z2 are the closest modeling
levels to z, and U1 and U2 are the corresponding WRFgenerated wind speed time series, respectively. For each
interpolated wind speed data, the α are calculated from
the two adjacent WRF-generated wind speed data.
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Figure 3: Photographs of the met masts (left) and a panorama of the surrounding areas (right) at site E (top), site H (middle), and
site S (bottom). The photographs at sites E and H are taken 2. April 2021. The photographs at site S are taken 9. April 2021. The wind
turbines seen at site S were not present during the period July 2016 to June 2018.

Figure 4: Orthophoto from 2009 around the sites given in the lower right corner of each panel. x-marks are added to pinpoint the locations
of the met masts. 2 km lines are added to illustrate the map size. The white areas in the plots are ocean. Map data are retrived as .tif format
from https://www.foroyakort.fo/ (the environment agency of the Faroe Islands, orthophoto 2009, downloaded 11. mars 2021).

3.1.2

Synchronization of the WRF and measured
wind speed sampling intervals

The measured wind speeds consist of 10 min averaged
data, while the WRF-generated wind speeds are hourly
data. In order to synchronize the time resolutions of
both data sets, one 10 min data are extracted from the
measured wind speed time series each hour. I.e. every
sixth 10 min wind speed measurements are extracted.

Missing wind speed data are linearly interpolated using
the two adjacent data points.

3.2 Spectral analysis
Spectral analysis is a method to characterize how time
series behave in the frequency domain, both in temporal
and spatial fields. It is a powerful tool that can be used
to characterize wind speed fluctuations, a crucial factor
for wind power integration into a power grid. Modeling
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the correct spectral characteristics is important if e.g. the
model results are used to solve real world challenges.
In the current study, auto-spectra, S , and squared coherence functions, γ2 , are derived for WRF-generated
as well as measured wind speed time series. The autospectrum explains how the variance – a measure of fluctuation – of a time series is distributed over a frequency
range. The amplitudes of a spectrum are a measure of
the fluctuations at specific frequencies. Cross-spectra are
used to derive γ2 as given in Eq. (3.3).
2

S XY ( f )
(3.3)
γ2 =
S XX ( f )S YY ( f )
S XX and S YY are auto-spectra from two time series, and
S XY is the cross-spectrum between these two time series. The over-bars denote smoothed spectral values. The
cross-spectrum explains how the covariance of two time
series is distributed over a frequency range. γ2 characterizes the correlation between two time series with
respect to frequency, and can be between 0 and 1. If
γ2 = 1, the two time series are expected to increase
and decrease concurrently at that frequency. If γ2 = 0,
the two time series are expected to be independent of
each other at that frequency. Here, the integral of the
auto/cross-spectra are defined to represent half of the
variance/covariance of the considered time series, as
given in Eq. (3.4).
 ∞
1 2
σ =
S XY ( f )d f
(3.4)
2 XY
0
σ2XX (X = Y) and σ2XY (X  Y) denote the variance and covariance, respectively. In order to diminish
the uncertainty of the raw spectra, the spectral results
are smoothed; Spectral values are averaged over bins
evenly distributed on the logarithmic frequency-axis. As
in Beyer et al. (1993) and Poulsen and Beyer (2020b),
no de-trending of the time series is applied. For further description on the theory of spectral analysis, see
e.g. Thomson and Emery (2014), Bendat and Piersol
(2010) or Berg et al. (2013).
3.2.1 Handling of artifacts caused by aliasing
Aliasing, where fluctuations higher than the Nyquist frequency are reflected at lower frequencies, is well known
(see e.g. Glover et al. (2011) and Kirchner (2005)).
Time averaging samples diminish the high-frequency
fluctuations. This can also be observed for the wind
speed measurement data in the Faroe Islands. Figure 5
displays the spectrum for 10 min wind speed time series
at site H at a height of 70.6 m a.g.l. The spectra from
hourly time series using instantaneous values (i.e. every
sixth 10 min data point) and time averaged values (i.e.
averaging six 10 min data points) are superimposed. The
aliasing effect is clearly seen in the spectrum of the instantaneous values, and the high frequency diminishing

Figure 5: Spectra of measured wind speed time series at site H
∼70 m a.g.l. for the period July 2016 to June 2018, based on 10 min
data (blue line), hourly instantaneous values (red), and hourly averaged values (yellow). Solid and dashed lines represent the spectra
before and after filtering for aliasing effect, respectively, by applying
the algorithm given by Kirchner (2005).

effect is seen in the spectrum of the averaged values. Although not plotted, the same characteristics are observed
for the measured wind speed data at the other meteorological sites and heights on the Faroe Islands.
Kirchner (2005) presents a method for filtering out
the aliasing effect for 1/ f α noise spectra, along with a
Matlab script which can be used for implementation.
This method works well for the spectra of the measured
wind speed data used in this study, as illustrated in Figure 5 for measurements at site H 70.6 m a.g.l. The spectra from hourly time series, using both instantaneous
values and time-averaged values, converge to the spectrum of the 10 min time series. In order to make sure
that the spectrum of the 10 min time series is not distorted by the aliasing effect at the frequencies resolved
by the hourly time series, this spectrum is also corrected for the aliasing effect. Although not shown, other
sites and measuring heights in the Faroe Island have the
same tendencies. All spectral results from here on are
corrected for the aliasing effect using the Matlab script
given by Kirchner (2005), with the parameters f c = 1
1
Hz.
and f _limit = 24·3600

4 Results
The first three sections validate the WRF-generated
wind speeds against measurements: 1) using the full
two year period, 2) with respect to season, and 3) with
respect to wind direction. Statistical measures are derived, as e.g. biases, root mean square errors (RMSE),
and Pearson correlation coefficients (r), as well as comparing auto-spectra and coherence functions. An additional section is added, examining ERA5 reanalysis data
around the Faroe Islands, as ERA5 data were used as
input to the WRF model.
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4.1 Validation of 2 years of WRF-generated
wind speeds

4.1.1

Validation using statistical measures

The mean (μ), the standard deviation (σ), and the coefficient of variation ( σμ ) of the hourly WRF-generated and
measured wind speed data are given in Table 2, together
with the corresponding bias, RMSE, and r.
It can be seen that the data at site E has the poorest validation statistics of the three sites, with the highest absolute bias and RMSE, and the lowest r. The
coefficient of variation at all three sites of the WRFgenerated and the measured wind speeds are in the range
[0.48; 0.59]. The bias, RMSE, and r are in the range
[−2.3; 1.2] m/s, [2.5; 3.7] m/s, and [0.86; 0.89], respectively. The biases and RMSE, as well as the r are higher
compared to the values found for a complex site in
Africa in the study by Mughal et al. (2017).

Figure 6: Blue are vertical wind profiles of WRF-generated wind
speeds spatially bi-linearly interpolated to sites E, H and S. The
bars give the standard deviation of the hourly wind speeds at each
model heights. Gray lines are vertical wind profiles at the four
closest WRF grid points. Red colors mark the average wind speed
measurements (x) and its hourly standard deviations (bars).

Site E

Site H

Site S

0.1

pdf

Average wind speeds with respect to height a.g.l., wind
speed probability density functions (pdf), scatter plots
of wind speed data, and wind roses are given in Figures 6–9, using both WRF-generated and measured data
at the three sites of interest. These are provided for
two reasons: 1) providing elementary information of the
wind field, 2) comparing the wind field of the WRFgenerated data with the measurements. From the wind
roses, it can be observed that the prevailing wind directions at sites H and S are from the south-west, a common
feature seen in the middle latitudes. However, at site E,
the prevailing winds are from south, which is understood
as that the wind field at site E is much influenced by the
surrounding topography controlling the flow. The modeled WRF-generated wind rose is similar to measurements, although tilted some degrees counter-clockwise.
No validation of the vertical wind profile can be
made with only one or two measuring heights. However, from Figure 6 as well as Figure 7, it can be observed that the averaged WRF-generated wind speeds
at sites H and S are close to measured values, while
the WRF-generated wind speeds at site E are underestimated. Even though the model resolution is high,
500 m × 500 m, the complex topography of the region
has been smoothed, as seen e.g. from the cross-sections
given in Figure 1. It is speculated that the underestimation at site E is a consequence of the lack of resolving
the very complex topography – a lack of modelling the
speed up effect at this specific site, as the true elevation
at the met mast base at site E is higher than the elevation
at all four surrounding WRF grid points, see Table 1. As
seen in the scatter-plots in Figure 8, the Pearson correlation coefficient between the time series at the various
sites of interest are high, r ≥ 0.86, meaning that a large
fraction of the fluctuation in the measured wind speeds
are captured by the WRF-generated wind speed data.

0.05

0
0

10

20

0

10

20

0

10

20

u [m/s]
Site E
WRF data

Site H

Site S
Measurements

Figure 7: Pdf of WRF-generated (solid lines) and measured (dashed
lines) wind speed data at the three sites of interest (title). Two heights
are considered at sites H and S, thus, although compressed, four lines
are in these two panels.

4.1.2 Validation of spectral characteristics
The spectra from the wind speed data at sites H, S, and
E are given in Figure 10 after correcting for the aliasing effect. Prior to the correction, the spectra from both
the WRF-generated and the hourly measured data display an evident aliasing effect, yielding too many highfrequency fluctuations at and close to the Nyquist frequency. The spectral shapes of the WRF-generated wind
speed data resemble the spectral shapes of the measured
wind speed data. However, the spectral values of the
1
,
WRF-generated data are in general lower for f > 1 day
meaning that the WRF-wind speed data contain less
fluctuations compared to measurements. This is consis-
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E27.0

H70.6

u WRF [m/s]

40 r = 0.86
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S71.5

r = 0.89

r = 0.89

20

0
0

20

40 0

20

40 0

20

40

u wind [m/s]
Figure 8: Scatter-plots between vertically interpolated hourly WRFgenerated wind speeds and measurements at the sites given in the
title of each panel and heights in m a.g.l. given in corresponding
subscripts. r is the Pearson correlation coefficient.

Table 2: Mean (μ), standard deviation (σ), and coefficient of variation (σ/μ) of hourly WRF-generated (wrf) and measured (wind)
wind speed data, as well as their biases, root mean square errors (RMSE), and Pearson correlation coefficients (r) for the sites
displayed in the first row at the heights given in the subscripts
in m a.g.l.

μu,wrf
μu,wind
σu,wrf
σu,wind

[m/s]
[m/s]
[m/s]
[m/s]

bias
RMSE
r

[m/s]
[m/s]

σu,wrf
μu,wrf
σu,wind
μu,wind

E27.0

S71.5

S52.8

H70.6

H46.1

7.1
9.4
4.2
5.5
0.59
0.58
−2.3
3.7
0.86

11.1
10.0
5.3
5.0
0.48
0.50
1.2
2.7
0.89

10.5
9.7
5.0
4.9
0.48
0.50
0.9
2.5
0.89

10.6
10.2
5.5
5.8
0.52
0.56
0.4
2.7
0.89

9.9
9.9
5.2
5.6
0.52
0.57
0.0
2.5
0.89

tent with the fact that model results are a simplified version of reality, and thus providing smoother outputs, as
also seen in e.g. Mehrens et al. (2016). The underestimation of the spectral values are especially evident at
site E, and is evident at all resolved frequencies. It is
speculated that the reason is because of the lack of modeling the complex topography at site E. It has already
been shown that the WRF-generated mean wind speeds
at site E are underestimated, as a possible consequence
of a lack of modeling the correct speed up effect. The underestimation of the average mean wind speed is likely
linked to the underestimation of the standard deviation
seen in Table 2. Thus, resulting in lower spectral values,
as the integral of the spectra equals half of the variance
of its time series.
The coherence functions for site pair H-S at heights
∼50 m and ∼70 m a.g.l. for both hourly measured and
hourly WRF-generated data are displayed in Figure 11.
The shapes of the coherence functions of the WRFgenerated wind speeds are similar to those seen for the
measured wind speeds. For f > 1/8 h, the coherence
functions for both the WRF-generated and the measured wind speed data are zero or close to zero. This

Figure 9: Wind rose of WRF-generated data (right) and measurements (left) at the sites of interest. WRF-gererated wind speed data
are interpolated as explained in Section 3.1. WRF-generated wind
direction time series are from the closest WRF grid points. Site
names and heights in m a.g.l. of both wind speeds (u) and wind directions (dir) are given in the subscript of the boxes above each wind
rose.

means that the usage of the WRF-generated data would
give correct spatial dependencies at these frequencies
for this site-pair. However, at the lower frequencies,
the WRF-generated wind speeds overestimate the coherence, meaning that the usage of the WRF-generated
wind speeds would give too high spatial dependencies
between these two sites for f < ∼1/8 h. One explanation could be that the WRF model is a simplified representation of reality, not taking all physical parameters
into account that could potentially decrease the coherence between sites. Another explanation could be the
resolution of the model, e.g. the smoothing of the ter-
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Figure 10: Spectra after filtering for aliasing effects as described in section 3.2.1. Colors, solid lines, and dashed lines represent site
locations, WRF-generated data, and measured data, respectively.

3 days

1

1 day 8 hours
70 m a.g.l.

density at mid-latitudes for frequencies from 5 · 10−6 Hz
to 10−3 Hz, following Eq. (4.1).

2

S ( f ) = a1 f −5/3 + a2 f −3
0.5

0
1

2

50 m a.g.l.

0.5

0
10 -6

10 -5

10 -4

f [Hz]
Figure 11: Coherence functions for site pair H-S at the measuring
height given in top right corner. Solid and dashed lines are based on
WRF-generated and measured wind speed data, respectively.

rain leads to less speed up/down effects. However, data
from one site-pair is not enough to explain the general
characteristics of the coherence functions for the entire
WRF-generated wind speed data set. A similar feature –
overestimation of the coherence function at low frequencies – was observed in Mehrens et al. (2016). Although,
they also had only one observational site-pair at the frequency range where this feature was observed.
4.1.3

Modeling of the spectra

Larsén et al. (2013) investigated the spectral structure
of mesoscale winds at sites around Denmark. They
found universal characteristics for the power spectral

(4.1)

where a1 = 3 · 10−4 m2 s−8/3 and a2 = 3 · 10−11 m2 s−4 .
They mentioned that the universality of their analytical
model at mountainous areas still needs to be examined.
The f −3 and f −5/3 behaviours of the spectra can be
interpreted as the enstrophy cascade from large scale to
small scale and the energy cascade from small scale to
large scale, respectively, see e.g. explanations in Larsén
et al. (2013), Kang and Won (2016), or Vallis (2017).
Figure 12 displays the spectra of the WRF-generated
and the measured wind speed data for the inspected
sites in the Faroe Islands for frequencies in the range
1
Hz. Fitted lines to Eq. (4.1) are
5 · 10−6 Hz < f < 7200
superimposed and confirm the applicability of the analytical model to the wind speed spectra in the Faroe
Islands. The extracted coefficients, a1 and a2 , are given
in Table 3 and are higher than those derived in Larsén
et al. (2013). The reason is likely because the climate
in the Faroe Islands is more windy, consequently containing more energy in the mesoscale range. At site S,
the a1 parameters from the WRF-generated wind speeds
are underestimated while the a2 parameters are overestimated, which can be interpreted as that the WRFgenerated wind speeds at this site contain too little energy from the small scale turbulence. As seen in Figure 9, the prevailing wind at site S is from the southwest. Looking at the map on Figure 1, one can speculate that the WRF model lacks the modeling of the small
scale turbulence created as the wind blows over the hilly
area south-west of the met mast. At the other two sites –
sites E and H – the ratio between the a1 and a2 parameters of the WRF-generated data are comparable to
those determined from the measurements. This can be
interpreted as that the proportion of the two turbulence
cascades that the two parameters represent are correctly
modeled, although the amplitude at site E is clearly underestimated.
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1
Figure 12: The calculated spectra and its fitted curve to Eq. (4.1) for the frequency range 5 · 10−6 Hz < f < 7200
Hz for the sites and heights
given in the upper right corner of each panel using WRF-generated (red) and measured (blue) wind speed data.

Table 3: The fitted coefficients a1 and a2 to Eq. (4.1) of the spectra from the WRF-generated and the measured wind speed data shown in
Figure 12.
E27.0
a1,wrf
a1,wind
a2,wrf
a2,wind

2 −8/3

[m s ]
[m2 s−8/3 ]
[m2 s−4 ]
[m2 s−4 ]

S71.5
−4

3.9 · 10
6.4 · 10−4
4.2 · 10−11
6.3 · 10−11

S52.8
−4

3.4 · 10
5.1 · 10−4
10 · 10−11
6.2 · 10−11

4.2 Seasonal validation
Here, the seasonal variations of the wind speeds are examined. First, statistical measures in the time domain are
calculated. Then, the spectral characteristics from the
WRF-generated and the measured data are compared.
The full period from July 2016 to June 2018 is considered, where the time series are divided up with respect
to time of the year.
4.2.1 Seasonal statistical measures
The mean, the standard deviation, and the coefficient of
variation of the hourly WRF-generated and measured
wind speed time series are illustrated in Figure 13 with
respect to time. The values are calculated using a moving window of ±45 days. The WRF-generated wind
speed data contain the seasonal variation of the mean
wind speed and the standard deviation seen in the measured data, with higher/lower values in winter/summer.
Although, it must be mentioned that the seasonality is
already provided by the ERA5 data used as an input to
the WRF model, and does thus not give any information
on the performance of the WRF model itself.
The mean and the standard deviation of the WRFgenerated data display a height dependency at sites H
and S throughout the year that is not evident in the
measured wind speeds (∼50 m and ∼70 m a.g.l.). For
the coefficients of variation, no clear dependency is seen
with respect to height or season for both the WRFgenerated and the measured wind speed data.
The bias, RMSE, and r between the WRF-generated
and the measured wind speed time series at sites E, H,

H70.6
−4

3.2 · 10
5.3 · 10−4
8.9 · 10−11
5.6 · 10−11

H46.1
−4

4.8 · 10
5.9 · 10−4
8.1 · 10−11
8.4 · 10−11

4.4 · 10−4
5.3 · 10−4
6.7 · 10−11
8.0 · 10−11

and S are plotted in Figure 14 with respect to time. Also
here, the values are calculated using a moving window
of ±45 days. No clear seasonal variation is seen for the r.
However, a seasonal signal can be detected for the biases and the RMSE, with higher/lower absolute values in
winter/summer. The highest absolute biases and RMSE
are seen at site E throughout the year, together with the
lowest r. The underestimation of the mean wind speeds
at site E is evenly distributed over the year. As mentioned earlier, the underestimated values are speculated
to be a result of the lack of the modeling of the speed up
effect at site E, as the met mast is located on a hill that
is not resolved in the WRF model, see Figure 1. The
data at sites H and S show similar RMSE, but the biases
are lower at site H. There is a height dependency on the
Bias at sites H and S, consistent with the fact that the
average WRF-generated wind speeds are more dependent on height compared to measurements (∼50 m and
∼70 m a.g.l.).
Olsen et al. (2017) also analyzed the seasonal variation of the relative mean absolute errors for 25 NWP
models, using data at three sites in Northern Europe (one
offshore, one inland near the coast, and one in flat terrain). They detected that larger deviations were generally observed in spring and summer. They mention that
spring and summer are associated with more meso- and
thermally induced phenomena, which is more difficult
for the models to capture correctly. Although not shown,
larger deviations in relative mean absolute error in summer can also be glimpsed from the wind speed data at the
three sites in the Faroe Islands. Even though the mean
absolute errors are larger in winter compared to summer,
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Figure 13: Mean, standard deviation, and coefficient of variation of hourly WRF-generated (solid lines, uppermost panels) and measured
(dashed lines, lowermost panels) wind speed data with respect to time. The values are calculated using a running window of ±45 days.
Colors represent site locations, see the legend. Sites S and H both have data from two measuring heights (∼50 and ∼70 m a.g.l.), hence two
lines are drawn in each panel, representing these sites. Site E has data from one measuring height (27 m a.g.l.).
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Figure 14: Bias, root mean square error, and the Pearson correlation coefficient between the WRF-generated and the measured wind speed
data with respect to time. The values are calculated using a running window of ±45 days. Colors represent site locations, see the legend.
Sites S and H both have data from two measuring heights (∼50 and ∼70 m a.g.l.), hence two lines are drawn in each panel, representing
these sites. Site E has data from one measuring height (27 m a.g.l.).

the average wind speeds are higher in winter, yielding
lower relative mean absolute errors. The order of magnitude of the relative mean absolute errors is comparable
to those observed by Olsen et al. (2017).
4.2.2

Seasonal spectral characteristics

The spectra for the WRF-generated and the measured
time series at site H 70.6 m a.g.l. and the coherence functions for site pair H-S ∼70 m a.g.l. are plotted in Figure 15 and 16, respectively, with respect to time of the
year. The full period from July 2016 to June 2018 is considered, but the time series are divided up into 8 smaller
periods, each with a length of 3 months (July 2016
to September 2016, October 2016 to December 2016,
etc.). It can be seen that both the spectra and the coherence functions are lower during the summer months
compared to the winter months, also captured by the
WRF-generated wind speeds. The lower spectra during the summer months are consistent with less migratory low pressure systems during summer. It must be

mentioned that the seasonality captured by the WRFgenerated wind speeds is already provided by the ERA5
data used as input to the WRF model. No clear dependency on season can be detected for how well the spectra and coherence functions of the WRF-generated wind
speeds represent those from the measurements.
4.2.3 Modeling the spectra with respect to season
In Figure 17, the fitted coefficients a1 and a2 in Eq. (4.1)
to the spectra in the frequency range 5 · 10−6 Hz <
1
Hz for the WRF-generated and measured wind
f < 7200
speed time series at sites E, H, and S are displayed with
respect to time. The values are calculated using a moving window of ±45 days. Both coefficients are seasonal
dependent, with higher values in winter compared to
summer, consistent with the more frequent migratory
low pressure systems during winter. The fitted parameters during the summer are comparable to those reported
in Larsén et al. (2013).

f.S [m 2 /s 2 ]
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Figure 15: The spectra for the wind speed at site H at height 70.6 m a.g.l. Grey lines represent the spectra for the full period from July 2016
to June 2018. Colors represent 3 months of data. Solid and dashed lines represent the spectra from WRF-generated and measured wind
speeds, respectively.
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Figure 16: The coherence functions for site pair H-S at height ∼70 m a.g.l. Grey lines represent the coherence functions for the full period
from July 2016 to June 2018. Colors represent 3 months of data. Solid and dashed lines represent the coherence from WRF-generated and
measured wind speeds, respectively.

During the summer months, the WRF-generated
wind speeds at the investigated sites underestimate the
a1 parameter, while the a2 parameter is similar or
slightly overestimated. This can be interpreted as that
the cascade from the small scale turbulence is not fully
captured by the WRF-generated wind speeds during
these months. The winter seasons display a more complicated pattern of the a1 and a2 parameters, in which the
capability of the WRF-generated wind speeds to capture
the correct turbulence cascades is site dependent as well
as differs between the two winters.

4.3 Validation with respect to wind direction
As the topography of the Faroe Islands is very complex,
it is likely that the WRF model performs better when
wind is coming from wind directions where the topography along the path of the air is more simple compared
to other wind directions. For this reason, statistical measures are calculated with respect to measured wind direction at sites E, H, and S. 0° is defined as the wind
direction coming from north, increasing clockwise. Biases, RMSE, and r are displayed in Figure 18. No sim-
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Figure 17: Fitted coefficients a1 and a2 to Eq. (4.1) with respect to time using spectra of WRF-generated and measured wind speed data in
1
the frequency range 5 · 10−6 Hz < f < 7200
Hz. The values are calculated using a running window of ±45 days. Colors indicate site location,
see legend. Sites S and H both have data from two measuring heights (∼50 and ∼70 m a.g.l.), hence two lines are drawn in each panel,
representing these sites. Site E has data from one measuring height (27 m a.g.l.).
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Figure 18: Bias, root mean square error, and the Pearson correlation coefficient between the WRF-generated and the measured wind speed
data with respect to measured wind direction. The values are calculated using all wind speed data coupled to wind directions within a window
of 22.5°. Overlapping windows are used. Colors represent site locations, see the legend. Sites S and H both have data from two measuring
heights (∼50 and ∼70 m a.g.l.), hence two lines are drawn in each panel, representing these sites. Site E has data from one measuring height
(27 m a.g.l.).

ple pattern is seen for the biases or RMSE with respect
to wind direction. However, there is an evident minimum in the correlation coefficient at site E for wind
directions of 77° being the east by north (EbN) direction using a 32-wind compass rose. As displayed on the
map in Figure 1, the area in the EbN direction from the
met mast at site E consists of tall mountains, including
the tallest mountain on the Faroe Islands with an elevation of 880 m. The low correlation between the WRFgenerated and measured wind speed at the EbN direction gives the impression that the terrain has a significant impact on how well the WRF model performs. Consequently concluding that the validations carried out at
sites E, H, and S can not be used to generalize the performance at more complex sites.

4.4 ERA5 wind speed data (Hersbach et al.,
2018)
In this section, ERA5 reanalysis data around the Faroe
Islands are examined, as this data-set was used as boundary conditions to the outermost domain of the WRF
model. Correlation coefficients are calculated between
hourly wind speeds of ERA5 single level data-set (Hersbach et al., 2018), WRF-generated, and measured time
series. In addition, spectra and coherence functions of
single level ERA5 and WRF-generated wind speeds
are compared using the period from July 2016 to June
2018. Figure 19 displays the average ERA5 wind speeds
100 m a.g.l. during this period.
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Table 4: Pearson correlation coefficients between measurements,
WRF-generated data, and ERA5 data at the closest grid points.

ERA5100 -WRF
ERA5100 -measurements
WRF-measurements

Figure 19: Mean of ERA5 wind speed 100 m a.g.l. during the period
July 2016 to June 2018. The land-sea borders of the Faroe Islands are
superimposed.

Figure 20: Red squares mark met mast site locations. Black dots
mark grid points of available hourly ERA5 reanalysis data around
the Faroe Islands. Gray color mark area of land, constructed from elevation data from GEBCO Compilation Group (2020) GEBCO 2020
Grid (DOI:10.5285/a29c5465-b138-234de053-6c86abc040b9).

The horizontal resolution of the ERA5 data-set
is 0.25° in both latitude and longitude. The grid points
around the Faroe Islands are shown in Figure 20, together with the locations of the met masts used for validation of the WRF-generated wind speeds in the previous sections.
The Pearson correlation coefficients between the
closest ERA5 wind speeds 100 m a.g.l. and the WRFgenerated and measured wind speeds at various sites and
heights are given in Table 4. All of the correlation coefficients are high, ≥ 0.85. Although the height a.g.l.

E27.0

S71.5

S52.8

H70.6

H46.1

0.85
0.88
0.86

0.93
0.89
0.89

0.92
0.88
0.89

0.91
0.90
0.89

0.91
0.91
0.89

of the ERA5 wind speeds is different than those of the
WRF-generated and measured wind speeds, it is not expected that this has a significant impact on the correlation coefficients, as the correlation coefficients between
the ERA5 wind speeds 10 m a.g.l. and 100 m a.g.l. are
0.99 at the grid points closest to the three met masts. It is
noteworthy, that the correlation coefficients between the
WRF-generated and measured wind speeds are similar
to those between the ERA5 and measured wind speeds.
The spectra for all ERA5 wind speed time series at
100 m a.g.l. around the Faroe Islands are shown in Figure 21, displaying similar spectral shapes at all locations, including at the grid points above and close to
the terrain. In addition, Figure 21 displays the spectra
of the WRF-generated wind speeds at multiple heights
at sites E, H, and S together with the spectra of the
closest ERA5 wind speeds at 10 m and 100 m a.g.l. The
spectra of the two data-sets are comparable at the lower
1
. At the higher frequenfrequencies, up to around 1 day
1
cies, f > 1 day , the spectral slope of the ERA5 wind
speed data are steeper than that of the WRF-generated
wind speeds. The spectra at the higher frequencies of the
ERA5 wind speeds are proportional to f −3 , which can be
interpreted as that the ERA5 wind speeds do not contain
the cascade from the small scale turbulence discussed in
Section 4.1.3. These small scale turbulence characteristics are seen in the WRF-generated wind speeds and are
also present in the spectra of the measured data as shown
in previous sections.
The coherence functions of the WRF-generated wind
speeds at site-pair H-S and the ERA5 wind speeds at the
two closest grid points are given in Figure 22. It is evident that the coherences of the ERA5 wind speeds are
higher compared to those of the WRF-generated wind
speeds. This is consistent with the fact that the WRF
results are derived from a finer model containing more
detailed information at the region, thus including more
fine scale conditions that could potentially de-correlate
the time series at various frequencies. Although the
WRF-generated wind speeds are lacking some of the
de-correlation seen in the measurements – as observed
in the previous sections –, the coherence function of the
WRF-generated wind speeds is considerably improved
compared to the one from the ERA5 wind speed data.
Meaning that the spatial field of the WRF-generated
wind speeds is significantly improved compared to the
ERA5 data in this region.
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Figure 21: Spectra of ERA5 (Hersbach et al., 2018) and WRF-generated wind speed data. Top left panel displays all spectra from ERA5
wind speed time series 100 m a.g.l. in the region confined in Fig. 19 (gray colors) and the region confined in Fig. 20 (black colors). Top right
panel and bottom panels display the spectra of WRF-generated wind speeds with respect to height (see color-bar) at the sites marked in the
top left corner of each panel, as well as the spectra from the ERA5 (Hersbach et al., 2018) wind speed data 10 m and 100 m a.g.l. at the grid
points closest to the site locations, see Fig. 20.

Figure 22: The coherence functions of WRF-generated wind speeds
with respect to height (see color-bar) for site-pair H-S, as well as
the coherence functions for the ERA5 (Hersbach et al., 2018) wind
speed data 10 m and 100 m a.g.l. at the grid points closest to the
locations of the site-pair, see Fig. 20.

5 Summary and conclusions
In this study, spatial and temporal characteristics of two
years of hourly WRF-generated wind speed data – using ERA5 reanalyses data as boundary condition – at a

region with complex topography are validated. Meteorological data at three sites at various heights are used for
this purpose.
The bias, RMSE, and r are found to be in the range
[−2.3; 1.2] m/s, [2.5; 3.7] m/s, and [0.86; 0.89], respectively, during the considered two-year period. The shape
of the spectra and the coherence function of the WRFgenerated wind speed data resembles the behaviour seen
for the measured data. However, the spectral values are
somewhat lower and the coherence function is somewhat higher compared to those of the measured data.
Meaning that the WRF-generated wind speeds are somewhat smoothed in both the spatial and temporal space.
Nonetheless, the spectral results of the WRF-generated
wind speeds are considerably improved compared to
those observed from the ERA5 wind speed data.
The spectral characteristics of the WRF-generated
and measured wind speeds are analytically modeled in
the frequency range from 5 · 10−6 Hz up to the Nyquist
frequency of 21h . The analytical model consists of the
components a1 f −5/3 and a2 f −3 , which are interpreted
as small scale and large scale turbulence cascades, respectively. The capability of the WRF-generated wind
speeds to capture the energy cascade from the small
scale turbulence is considerably better compared to the
ERA5 wind speed data, although, it varies with respect
to site as well as with respect to time.
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The WRF-generated wind speeds at one of the three
sites, site E, display poorer statistical estimates compared to the wind speeds at the other two sites. It has
been speculated that the reason is because of the unresolved orography at this site location. The met mast at
site E is located on a hill which is not resolved in the
modeled orography. The errors are consistent with the
lack of modeling the speed up effect. In addition, a wind
direction analysis has been carried out. Although results
show a variation of the biases with respect to wind direction, no clear pattern is detected. However, an evident
minimum of the Pearson correlation coefficient is seen
at site E for wind speeds coming from east by north direction, an area consisting of tall mountains.
Although the WRF model has a high resolution,
500 m × 500 m, our results give an indication that not
all complexity of the region is resolved in the model.
A user of the WRF-generated data-set needs to have this
in mind. Especially if using time series at more complex
sites. It is worth repeating that the spectra of the WRFgenerated wind speed data are corrected for aliasing effects. Thus, one also needs to keep in mind that if no
such aliasing corrections are carried out, the time series
will contain too many high frequency fluctuations. The
aliasing is seen for frequencies higher than about 1/8 h
and up to the Nyquist frequency of 1/2 h.
As the WRF-generated wind speed time series are
validated in this study, they can be applied in future
studies, including the usage of time series at sites with
no available wind speed measurements – e.g. in a study
investigating the effect of future wind farms integration
into the power grid of the Faroe Islands – having in
mind the temporal and spatial deviations and similarities
observed in this study. In addition, the results can be
used as references in other similar studies.
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