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Abstract
The spectral characteristics of wind power output in a region with complex topography is analysed. Data
from six spatially distributed sites are used, having inter-site distances reaching up to almost 100 km. Auto-
spectra and coherence functions are calculated and compared to findings in the literature. The study proposes
an analytical coherence model, dependent on inter-distances for the complex region. The base of the model
is adapted from the literature, where coefficients are modified to fit the data of the considered region. This
coherence model together with the auto-spectra is furthermore used to estimate the spectra from lumped
power output for the spatially distributed sites, and fit very well to the average spectra for lumped power
output using empirical data, indicating that this model scheme is as well applicable for data from regions with
complex topography.
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1 Introduction

One of the fastest growing, as well as one of the most
cost competitive renewable energy sources is wind en-
ergy (REN21, 2019). The downside of wind energy is
given by its fluctuating nature. Hence, integrating a con-
siderable amount of wind energy into a power supply
grid has its challenges. Knowledge of the temporal char-
acteristics of the wind induced power fluctuations is es-
sential for both the actual operation of the systems and
the planning of the extension of a renewable production
park.

In this context, the dispersed nature of a wind park
portfolio has its advantages. Here, profit can be taken
from the fact that wind varies in both space and time,
leading to the decorrelation of the wind fluctuations with
increasing distance. Thus, the fluctuations in lumped
power from a spatial dispersed wind generation park
will be reduced when normalized to the average power
output. This smoothing effect has been discussed since
long (see e.g. Beyer et al., 1990; Beyer et al., 1993;
Giebel, 2005). Giebel (2000) shows the benefits from
distributing wind farms by analysing, in the time do-
main, the power output data calculated from reanal-
ysed data in Denmark, the Nordic countries, and other
north European countries. Others, as Beyer et al. (1990,
1993), Katzenstein et al. (2010), Nanahara et al.
(2004), look at the smoothing effect in the frequency
domain. The respective Fourier presentation has advan-
tages when assessing frequency characteristics of the
lumped power based on single site and cross statistics
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(see e.g. Beyer et al., 1990, 1993; Nanahara et al.,
2004).

In the following, we investigate the characteristics of
the fluctuations of the lumped power output from spatial
distributed sites in the Faroe Islands. This island group is
stretching over an area of about 100 km*80 km (surface
area of the islands is 1400 km2), located in the north east
Atlantic. As the closest adjacent land being ∼300 km
away, the islands’ power supply system can be expected
to remain an isolated system for long. The 18 mountain-
ous fractured islands (no point on the islands has a dis-
tance to the sea larger than approximately 5 km) reach
up to 880 m a.s.l., see Fig. 1. The vast majority of the
land cover is dominated by low grass or bare rocks. The
goal is that by 2030, the Faroese electrical power pro-
duction – currently providing electricity to ∼53000 citi-
zens (https://hagstova.fo/) – should only be supplied by
renewable energy sources (SEV, 2019). A roadmap for
achieving this goal was laid out in 2018 (Dansk Energi,
2018), where it was suggested that a wind power capac-
ity of 148 MW should be installed by 2030. Currently
the wind power capacity on the islands is 18 MW.

The aim of this study is to contribute to the charac-
terization of the expected fluctuations of the combined
power output of groups of wind farms in a region with
complex topography. The analysis will be based on mea-
sured time series of wind speed and wind farm power
output and supplementary series of modelled wind tur-
bine output. The aim is to extract analytical models for
the space/time characteristics of the data sets in the fre-
quency domain for comparison with respective models
suggested in the literature. This comparison will refer
to differences in the topographical characteristics of the
analysed regions and the considered spatial extent of re-
gions. For the Faroe Islands data sets the spatial span
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Figure 1: The left plot is generated with Google Earth Pro. See the
affiliation within the plot. The added circle marks the location of the
Faroe Islands. The right plot is a map of the Faroe Islands. Green
squares represent sites with meteorological measurements. Yellow
circles represent wind farm sites. The boxes indicate site location
initials.

is ∼91 km, represented by the site-pairs located furthest
apart, see Fig. 1; the frequency range that can be reason-
ably analysed ranges from ∼1/day up to ∼1/20 min.

To test the applicability of the models, the temporal
characteristics – as given by the spectral power density –
of the aggregated time series calculated directly from
measurements will be compared to these characteristics
as derived from single site spectra and the modelled
spatial structure given by the coherency. In Section 2
the framework on which this study is based upon is laid
out. Section 3 elaborates on the applied methodology.
The data are described in Section 4, and the results are
presented in Section 5. The conclusions are given in
Section 6.

2 Framework – wind fields in the
frequency domain

The theory of spectral characterization of fluctuations
in the frequency domain is explained in numerous text-
books, e.g. Thomson and Emery (2014), Bendat and
Piersol (2010) and Berg et al. (2013). The auto-spectra
(see e.g. Berg et al. (2013) for a definition of the auto-
spectra) represents the fluctuations of the time series in
frequency domain, where the integral of the auto-spectra
over frequency yields half of the variance of the con-
sidered time series (in some studies, depending on the
definition of the auto-spectra, the integral represents the
total variance). In Section 2.1, examples of auto-spectra
mentioned in the literature are presented. The coherence
represents the correlation between time series at specific
frequencies, calculated from their cross-spectra. In Sec-
tion 2.2, examples of analytical coherence models men-
tioned in the literature are presented. The auto-spectra

and coherence can be used to calculate the total fluctu-
ation of aggregated time series, assuming the phase be-
tween the time series is zero.

2.1 Characteristics of auto-spectra in the
literature

One famous and much referenced spectrum is the
Van der Hoven spectrum (Van der Hoven, 1957) cov-
ering the frequency range 1.9 · 10−7 Hz–0.25 Hz based
on wind speed measurements at a meteorological mast
91–108 m a.g.l. at Brookhaven National Laboratory. He
saw two major eddy-energy contributions to the spec-
trum. One had a peak at a period of 4 days, representing
wind speed fluctuations from migratory pressure sys-
tems at a synoptic scale. The other was at the turbulent
scale.

Spectra based on wind speed or power output data are
expected to represent large scale fluctuations and local
weather conditions at measuring site. Wind or power
output spectra based on data at mid and high latitudes
are thus expected to have a peak at a period of the
time scale of migratory low-pressure systems, as seen in
Van der Hoven (1957). Table 1 summarizes examples
of auto-spectra from wind speed and power output seen
in the literature, which will be compared to the results
from the Faroe Islands. In some studies, multiple auto-
spectra are calculated, although, only the auto-spectra
which will be used for comparison to the results in the
Faroe Islands are described in Table 1.

2.2 Characterization of coherences in the
literature

The squared coherence function γ2 for pair of sets is cal-
culated based on the two smoothed auto-spectra S xx/S yy
and the smoothed cross spectrum S XY (see e.g. Berg
et al. (2013) for a definition of the auto- and cross-
spectra):

γ2 =
|S XY( f )|2

S XX( f )S YY ( f )
(2.1)

There have been numerous studies trying to model
cross-spectral characteristics. A list of examples is men-
tioned here and tabulated in Table 2. Davenport (1961)
proposed an exponential decay model for the coherence
between vertically separated horizontal wind speeds.
Since then, modified versions of the Davenport co-
herence model have been applied to horizontally dis-
persed sites. Examples of studies analysing the coher-
ence for spatial scales within the mesoscale are Beyer
et al. (1990, 1993), Woods et al. (2011), Vincent et al.
(2013) and Mehrens et al. (2016).

Beyer et al. (1990, 1993) developed a coherence
model as a function of inter-site distances using hourly
power output time series at sites with horizontally sep-
arated distances between 25 km and 130 km in north-
west Germany. Woods et al. (2011) developed analyti-
cal cross-spectral models for wind speed measurements
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Table 1: Examples of studies from the literature (column 1), where auto-spectral characteristics are investigated. The considered figures
in the respective studies are marked in the first column. Data description, site location, and site characteristics used for these figures are
described in column 2, 3, and 4, respectively.

Study Data description Site location Site characteristics

Beyer et al. (1993)
[their fig. 2]

Modelled power output data for
wind turbines 32 m a.g.l. based on
hourly wind data 10 m a.g.l.

North-West Germany Very flat coastal plain

Nanahara et al. (2004)
[their fig. 2]

1 s wind speed measurements
40 m a.g.l.

Hokkaido, Japan One simple site
One complex site

Katzenstein et al. (2010)
[their fig. 3]

15 min power output data from
20 wind plants.

Texas

Larsén et al. (2013)
[their fig. 12]

Wind speed measurements at
7 sites 24–100 m a.g.l.

On and offshore of Denmark Flat terrain; Ocean

Vincent et al. (2013)
[their fig. 4]

10 min measured and simulated
wind speed data at 62–70 m a.g.l.
and 103 m a.g.l., respectively.

North Sea and Baltic Sea Ocean

Mehrens et al. (2016)
[their fig. 8]

10 min wind speed measurements
at 13 sites 82–126 m a.g.l.

North and Baltic seas Ocean

Table 2: Examples of analytical coherence models of horizontal wind speed found in the literature. The study, the model, the fitted variables,
and the site locations are described in column 1, 2, 3 and 4, respectively.

Study Model Fitted variables Site location

Davenport (1961) γ = e
−k Δz· f

V1

Beyer et al. (1990, 1993) γ2 = a · e−b f a = 0.98 − 1.15 · 10−6 m−1 · d
b = 2.7 · 104 s + 0.58 s

m · d
North-West Germany

Woods et al. (2011)* γ = e− f ·da1 (a2+a3σn) Region a1 a2 a3

E 0.718 0.722 −0.895
S 0.75 0.50 −0.81
T 0.94 0.257 −0.32
Merged 0.76 0.54 −0.80

South-Eastern Australia

Vigueras-Rodríguez et al. (2012)
[their fig. 4]**

γ = e−a d· f
V a = 4.3 Nysted, Baltic Sea

Vincent et al. (2013) Con = e
a f d

V cos
(
b f d

V

)

Qun = ea f d
V sin

(
b f d

V

) a = 1.8 cos
(

2πα
180

)
− 5.9

b = 2π cos
(
πα
180

) North Sea and Baltic Sea

* They use the units [km] and [h] in the presentation of their results
** This specific analytical model was found for d = 2400 m, V ∈ [8, 10] m/s and α ∈ [0°, 6°]
γ2: squared coherence
γ: root coherence
f : frequency
d: inter-site distance
k: decay factor
Δz: vertical separation
V1: mean velocity 10 m a.g.l.
V : mean wind speed
α: inflow angle
Con: normalized co-spectra
Qun: normalized quadrature spectra
σn: standard deviation of normalized wind speed time series with its mean temporal value
cos/sin: cosine and sine of the argument in radians
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in south-eastern Australia using 10 min data with inter-
site distances between 1 km and 30 km. The coherence
part of their cross-spectral models depends on inter-site
distances and the standard deviation of normalized wind
speed. Expressions were found for three different re-
gions in south-eastern Australia having different topo-
graphical and synoptic conditions. In addition, one ag-
gregated expression was found for a combination of the
three regions. A map of the investigated regions, in-
cluding areas with mountains is shown. Vincent et al.
(2013) calculated the co-spectra and quadrature spectra
for 10 min wind speed using pairs of measurement data
and pairs of Weather Research and Forecasting (WRF)
data in the North Sea and Baltic Sea. An analytical co-
herence model was outlined dependent on inflow an-
gle (the angle between the wind direction and the line
connecting the two sites), inter-site distance and mean
wind speed, for which the coefficients were found based
on WRF data with horizontal separations of 12–18 km.
Their model was in good agreement with the coherence
of observed data coming from the sea. Mehrens et al.
(2016) look at the coherence from pairs of wind speed
measurements with horizontally separated distances be-
tween 4 and 848 km, and WRF simulations in the North
Sea and Baltic Sea. They do not include dependence on
inflow angle, due to the large spatial scale, making it dif-
ficult to find one constant wind direction. No analytical
model is given in their study. However, the coherence
was plotted, and was found to have similar behaviour
to an analytical coherence model for longitudinal case
with inter-site distances of 2400 m and wind speeds be-
tween 8–10 m/s in Vigueras-Rodríguez et al. (2012).
Vigueras-Rodríguez et al. (2012) analysed the coher-
ence for power fluctuations in a wind farm. The co-
herence model of Vigueras-Rodríguez et al. (2012) –
with the just mentioned conditions – was in between the
coherences found for WRF simulations and measure-
ments in Mehrens et al. (2016). Although, the coher-
ence based on measurements at low normalized frequen-
cies in Mehrens et al. (2016) was only represented by
one site pair with a short inter-site distance.

This study focuses on the spectral characteristics at
complex topography for spatial distances up to 91 km
at mid to high latitudes, using time series from one
full year of data. None of the examples above are as-
sumed to be fully represented by the specific conditions
considered in this study. Beyer et al. (1990, 1993) and
Mehrens et al. (2016) include the right inter-site dis-
tances at mid latitudes, although Mehrens et al. (2016)
have much larger spatial range. Both studies considered
sites with simple topography. Woods et al. (2011) and
Vincent et al. (2013) include mesoscale wind speeds,
although their spatial range is smaller compared to this
study. In addition, Vincent et al. (2013) and Mehrens
et al. (2016) filtered their data for stationary meteoro-
logical conditions, which has not been done in this study.
To the knowledge of the authors, there currently is not
any analytical coherence model for complex topography
with large inter-site distances.

3 Tool and methods used for spectral
analysis

Spectra and cross spectra are derived using the software
MATLAB (a more detailed description is given in Ap-
pendix 1). Here the spectral values are extracted for fre-
quencies f > 0.

Following Beyer et al. (1990, 1993) no detrending of
the time series were applied, and all power output time
series were scaled to yield an annual mean power pro-
duction of 1 MW. For perspective, the power capacity of
the wind farms in the Faroe Islands is about 35 % for the
windfarm data considered in this study. Due to the in-
herent uncertainty of spectral estimates from finite time
series, a smoothing scheme is applied to the raw out-
come of the spectral estimation. The selected smooth-
ing scheme is chosen based on the best visualization
effect. For the presentation of auto-spectra, 10 equally
distributed spectral values in the logarithmic scale are
found for every decade of the raw spectrum. For the cal-
culation of the coherence, 256 adjacent spectral values
from the raw auto- and cross-spectrum are averaged.

4 The datasets analysed

This study is basing its analysis on six 10 min power
output time series distributed over six sites on the Faroe
Islands, spanning spatial inter site distances from 0.8 km
to 91.3 km. The time series are acquired from two
datasets:

• Wind farm power output data at two sites (site N and
site V)

• Wind speed measurements at four sites (site H, site E,
site P and site S)

Both wind and power are used in order to repre-
sent a larger spatial area of the considered region. See
Fig. 1 and Table 3 for site locations. Sites are labelled
after the initials of their location names. The wind speed
measurements are modelled to wind turbine power out-
put time series using the power curve of an Enercon
E-44 wind turbine shown in Fig. 2 (Enercon, 2012).
In total, this thus provides six power output time se-
ries – four modelled and two measured. The considered
time-period is from 14 September 2018 to 13 September
2019, a time duration of 1 year. Gaps in the time series
are treated with linear interpolation using adjacent data
points.

4.1 Power output data

Currently, there are three wind farms in operation on
the Faroe Islands, see Fig. 1 for site location. 1 min
power output data are available for all three wind farms.
However, at one windfarm (location H) a battery storage
is in operation to smooth short-term fluctuations. As
details of the storage operation are unknown, this wind
farm is excluded from the dataset. The wind farm sizes
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Table 3: Information of the sites shown in Fig. 1.

N (Neshagi) V (Vestmanna) E (Eiði) H (Húsahagi) S (Suðuroy) P (Porkeri)

Latitude 62° 03′ 56′ ′N 62° 09′ 59′′ N 62° 17′ 49′ ′N 62° 01′ 11′′ N 61° 29′ 17′′ N 61° 29′ 39′′ N
Longitude 6° 42′ 10′′ W 7° 05′ 57′′ W 7° 04′ 08′′ W 6° 49′ 37′′ W 6° 47′ 33′′ W 6° 47′ 09′′ W
Elevation at tower/turbine base
[m a.s.l.]*

117 401 185 321 281 223

Wind farm rated peak power
[kW]

4650 1980 — — — —

Mean wind speed [m/s] — — 9.2 9.6 9.3 8.9
Wind speed measuring height
[m a.g.l.]

— — 37.2 45.8/46.1 52.1/52.8 46.5/46.5

* Approximated elevations extracted from Google Earth Pro.

0 5 10 15 20 25 30 35
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Figure 2: The power curve of an Enercon E-44 wind turbine
with storm control function. Values are based on Enercon product
overview (Enercon, 2012).

vary, see Table 3. All wind turbines have a hub height of
45 m a.g.l. except one 150 kW wind turbine which has a
lower hub height.

The 1 min power output data are averaged to 10 min
power output data. For each 10 min interval an average
value is calculated if there exists at least six one-minute
data points. On average 17 % of the 1 min power out-
put data are missing. A significant part of this is due
to 1 min gaps in the logging of the data (corresponding
to ∼9 %). When averaging the 1 min power output data
to 10 min time series, the averaged missing value de-
creases to about 8 %. The data availability for the 1 min
power output and the 10 min averaged power output are
given in Appendix 2, Fig. 14 and Table 4. There is no
information on the wind at the two wind farm sites avail-
able to us.

4.2 Wind speed measurements

There are four sites on the Faroe Islands where one me-
teorological mast is placed logging 10 min wind speeds
at heights close to 45 m a.g.l. See Fig. 1 and Table 3
for site locations and measuring heights. The mean wind
speed is approximately 9 m/s for the given height at all
four sites. Other measuring heights were available but
are not used in this study. Measuring heights close to
45 m a.g.l. are chosen in order to match the hub height

of the wind turbines. Details on data quality and avail-
ability are given in Appendix 2.

5 Results

5.1 Spectral characteristics of measured wind
speed and its modelled power output

Due to the nonlinear response of wind turbine power
output to the wind speed (see Fig. 2) differences in the
shape of the respective spectra could be expected. As
shown in Fig. 3 (corresponding to data for site H) the
shape of the auto-spectra of the modelled power output
is not changed significantly compared to the shape of
the auto-spectra of the wind speed time series. The same
resemblance is seen at all four meteorological sites. The
spectra have a peak around a period of 3 days, associated
with moving low-pressure systems in the mid and high
latitudes. No pronounced diurnal peak is seen.

In addition, the squared coherences of pairs of wind
speed data and pairs of modelled power output data are
compared. Fig. 4 illustrates examples of the respective
squared coherence functions for site pair H-P and site
pair H-E. The largest deviation is seen at low frequencies
for site pair H-E. Nanahara et al. (2004) also showed
resemblance between the squared coherences from mod-
elled wind power output and wind speed data, although
their study represented data at smaller spatial scale – up
to 2 km. This favours the point of view that studies using
wind speed data should give similar auto-spectral shape
and coherence functions as if they would have used wind
power output data.

5.2 Spectra in the Faroe Islands

The auto-spectra of the power output time series at all
six sites are illustrated in Fig. 5. Both 1 min and 10 min
averaged time series are used at the wind farm sites. No
differences are observed using the two different time res-
olutions for periods longer than about 1–2 hours. All six
spectra have the same spectral characteristics as seen in
Fig. 3, i.e. a peak around a period of 3 days, and no
pronounced diurnal peak. In the high frequency range,
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Figure 3: Auto-spectra for wind speed (blue line, left y-axis) and
scaled modelled power (red line, right y-axis) at site H.

Figure 4: Squared coherences for site pairs H-P (upper plot) and H-E
(lower plot). Blue and red lines represent the squared coherences
from modelled power output data and wind speed data, respectively.

f > 1
20 min , the spectral shapes at site N and site V are

dissimilar. It is speculated that different site topogra-
phies could be an explanation. Due to the low number of
sites with high temporal resolution measurements, only
f < 1

20 min is considered for further analysis of the power
output fluctuations.

Figure 5: Auto-spectra based on the modelled power output
data (blue), 1 min measured power output data (red) and 10 min av-
eraged measured power output data (yellow). Upper red/yellow lines
are at site V, lower red/yellow lines are at site N. All the time series
are scaled to yield an annual power output mean of 1 MW.

For a qualitative visual comparison of the shapes
of these spectra to those from the studies listed in
Table 1, those spectra are digitized by a dedicated
software (PlotDigitizer.exe, version 2.6.8, downloaded
from https://sourceforge.net/projects/plotdigitizer/). The
quality of this process may not be perfect but considered
to be acceptable for visual comparison. Section 5.2.1
and 5.2.2 make qualitative comparisons of auto-spectra
from power output time series and wind speed time se-
ries, respectively.

5.2.1 Qualitative comparison of the spectra for
power output times series in the Faroe
Islands with findings in the literature

The auto-spectra which are based on power output time
series in Table 1 are displayed in Fig. 6, together with
the averaged auto-spectra derived for the Faroe Islands.
For the comparison, the spectra from the literature are
scaled. The auto-spectrum from Beyer et al. (1990,
1993) is scaled by 0.5, since their definition of the spec-
trum is different to the one on this study. The integral
of their spectrum represents the total variance of their
scaled time series, while the integral of the spectra used
in this study represents half of the total variance of the
scaled time series. Only the shape of the auto-spectrum
seen in Katzenstein et al. (2010) can be directly com-
pared to the spectra seen for the Faroe Islands, since
their power output time series are not scaled as in this
study, as well as no unit is given. Their auto-spectrum
is thus plotted with a separate unitless logarithmic axis.
All three auto-spectra show similar shapes. The spec-
trum given in Beyer et al. (1990, 1993) shows more
fluctuations at all frequencies compared to the averaged
spectrum for the Faroe Islands. A possible explanation
could be due to different measuring heights (higher in
the Faroe Islands).

https://sourceforge.net/projects/plotdigitizer/
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Figure 6: Site-averaged auto-spectra referring to 10 min power out-
put time series as handled in Fig. 5 (Blue), scaled spectrum from
Beyer et al. (1993) (grey) and Katzenstein et al. (2010) (pink).
Left y-axis corresponds to blue and grey lines. Right y-axis is loga-
rithmic and corresponds to the pink line.

5.2.2 Qualitative comparison of the spectra for
wind speed times series in the Faroe Islands
with findings in the literature

The auto-spectra based on wind speed time series in
Table 1 are displayed in Fig. 7 together with the auto-
spectra for the wind speed in the Faroe Islands. The
spectra are displayed in shaded areas, representing mul-
tiple spectra from one of the figures in the respec-
tive studies. No scaling is applied. The general shape
of the auto-spectra in the Faroe Islands is similar to
all of these studies, excluding the auto-spectra seen in
Hokkaido, Japan (Nanahara et al., 2004). The spectra
in Hokkaido were based on data from one day governed
by monsoon conditions - conditions distinctly differ-
ent from the conditions on the Faroe Islands. The auto-
spectra seen in Larsén et al. (2013) and Mehrens et al.
(2016) have less fluctuations for periods shorter than
4 days, which could possibly be explained by simpler re-
gions (ocean and flat terrain). However, the auto-spectra
seen in Vincent et al. (2013), which is also based on
data from a simpler region (ocean), are consistent with
the spectra seen for the Faroe Islands. Although, the do-
main of their spectra is much larger.

5.3 Analysis of coherences

5.3.1 Coherences of power series from the Faroe
Islands

The coherences of the power output time series for all
possible combinations of the six sites on the Faroe Is-
lands, are given in Fig. 8 with respect to their inter-site
distances. The longest inter-site distance being 91.3 km
is between site E and S. The shortest inter site distance
being 0.8 km is between site S and P. There is a clear
relationship between the coherences and inter site dis-
tances, where the closest sites have in general higher co-
herences, as expected.

Figure 7: Spectra from wind speed data. Colours represent different
studies, see legend. The spectra are displayed in shaded areas, rep-
resenting multiple spectra from one of the figures in the respective
studies, see Table 1. The shaded area for the Faroe Islands is based
on the auto-spectra from 10 min wind speed time series. The spectra
are displayed in two plots for visual clarity.

Figure 8: The squared coherences for all possible combinations of
the 6 scaled power output time series (see Table 3). Colours represent
the inter-site distances given in the colour bar. The tendency that
the coherence decreases with increasing inter-site distances can be
remarked.
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5.3.2 Modelling the coherences

The coherence model as used in Beyer et al. (1990,
1993) is adapted and reprinted in Eq. (5.1).

γ2 = a · e−b· f (5.1)

The coefficients of a and b are fitted for all 15 coherence
functions in Fig. 8. In general, the quality of the fit is
acceptable. The standard errors for the fitted coherences
lie within the range of 0.007 to 0.013 for all possible
site-pairs, except for the pair S-P, where the standard
error is 0.095.

The fitted coefficients a and b are plotted in Fig. 9
with respect to their inter-site distances. A clear linear
relationship is seen between the coefficient b and inter-
site distance with a slope significantly different from
zero when referring to a confidence interval of 95 %. The
relationship between the coefficient a and inter-site dis-
tance is less clear, and the slope is not significantly dif-
ferent from zero when referring to a confidence interval
of 95 %. From linear regression, the coefficients a and
b are found, resulting in the proposed coherence model
shown in Equation (5.1), (5.2) and (5.3).

a = c1 + c2 · d
c1 = 0.76

c2 = −2.3 · 10−7 [m−1]

(5.2)

b = c3 + c4 · d
c3 = 3.5 · 104 [s]

c4 = 0.68
[ s
m

]
(5.3)

This model represents the Faroe Islands, with a spatial
distance up to 91 km. It is imaginable that similar sites,
i.e. sites with complex topography at high latitudes, ex-
perience similar behaviour. For comparison to a simpler
site, the coherence model by Beyer et al. (1990, 1993)
at inter site distances of 25, 60 and 90 km is plotted to-
gether with the coherence model found for the Faroe
Islands in Fig. 10. As expected, the coherences for the
Faroe Islands are lower at all considered frequencies and
reach zero faster with respect to increasing frequency.

5.3.3 Qualitative comparison to studies reported in
the literature

Here the analytical coherence model for the Faroe Is-
lands – Equation (5.1), (5.2) and (5.3) – will be com-
pared to four models from the literature presented in
Section 2.2 and Table 2. However, it must be empha-
sized that none of these studies represent areas with sim-
ilar characteristics as in the Faroe Islands, e.g. an islands
group with complex topography surrounded by ocean at
inter-site distances up to 91 km. See Section 2.2 for fur-
ther descriptions of the studies. Fig. 11 illustrates the
coherences for the four studies as well as the coherences
of the proposed analytical model found for the Faroe
Islands at inter-site distances of 10, 25, 60 and 90 km.

Figure 9: The parameters a and b in Eq. (5.1) with respect to inter-
site distances. The parameters are found by fitting the measured
coherences in Fig. 8 to Eq. (5.1) for all possible site-pairs.

Figure 10: The coherence model based on this study (blue), and
the study by Beyer et al. (1990, 1993) (red), for inter-site distances
of 25 km (dotted lines), 60 km (dashed lines), and 90 km (solid lines).

When required by the models, an input value of 0.55 is
set for the standard deviation of the normalized time se-
ries and a mean wind speed of 9.2 m/s is assumed. Both
values are fixed according to the average meteorological
conditions at the four meteorological sites in the Faroe
Islands. When inflow angle is required as an input to the
models, both 0° and 90° are used.
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Figure 11: The squared coherences for the analytical models described in Table 2 and the model for the Faroe Islands shown in
Eq. (5.1)–(5.3) using inter-site distances of 10, 25, 60 and 90 km. Vincent et al. (2013): the area marks the coherences using inflow angles
of 0° and 90°. Woods et al. (2011): the area marks the coherence range using model parameters from all regions in their study, see Table 2.
Vigueras-Rodríguez et al. (2012): the model is based on Fig. 4 of their study, see Table 2.

For inter-site distances of 10 km and 25 km, the co-
herences in the Faroe Islands have lower values com-
pared to the other four models in the literature. For inter-
site distances of 60 km and 90 km, the coherences in the
Faroe Islands are comparable to the coherence seen in
Vincent et al. (2013) for the latitudinal case (inflow an-
gle of 90°). The other three models gave higher coher-
ences.

5.4 Spectral characteristics of the lumped
power output for spatially dispersed wind
generation

Studies, e.g. Beyer et al. (1993) and Katzenstein et al.
(2010), aim to show the benefit of using spatially dis-
tributed wind power production sites for the reduction of
the relative fluctuations in the lumped power output. The

following will show the magnitude of this effect for the
Faroe Islands case. In Fig. 12, spectra for lumped power
output time series are given. One plot is given based on
calculations from empirical power output time series.
Another plot is given where calculations are based on
the proposed coherence model together with the aver-
age auto-spectra for the Faroe Islands by applying Equa-
tion (5.4) where the phase Φ is set to be zero.

S Σ =
∑

i

∑
j

√
S iS jγ2 · cos(Φij) (5.4)

The spectra refer to the combined wind power out-
put from one to six sites, using all possible combina-
tions, scaled to represent an annual wind power out-
put of 1 MW. The averaged spectra from the empirical
power data for each number of aggregated time series
fit very well to the spectra calculated from the analyt-
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Figure 12: The spectra for aggregated power output using all pos-
sible combinations of the sites described in Table 3. Colours rep-
resent the number of aggregated time series as given in the legend.
All spectra are scaled to represent a power output time series with
an annual mean of 1 MW. Upper plot: Spectra calculated from mea-
sured and modelled power output time series. Thin lines represent
different combinations. Thick lines are the average of the thin lines.
Lower plot: Spectra calculated from the analytical coherence model
found in this study and the average spectra found for the Faroe Is-
lands using Eq. (5.4), where Φ is set to be zero. The average spectra
from the upper plot (thick lines) are replicated in the lower plot for
comparison.

ical coherence model. However, the scatter seen in the
spectra from the empirical aggregated time series is not
represented by the model. The decrease of fluctuations
due to combining time series is most prominent in the
high frequencies, as it can be expected from the given
coherences.

6 Conclusion

In this study the temporal and spatial structures of dis-
tributed wind power generation in an islands group with
complex topography and land-sea borders are analysed.
Shapes of the power spectral densities of measured and
modelled power output data are discussed, based on
wind farm data and wind speed measurements, respec-
tively. Additionally, the spectral shapes of the power

output as well as measured wind speed time series are
compared to examples from the literature. Concerning
the spatiotemporal structures, a modelling scheme for
pairwise coherences (spatial range here: up to 100 km
is applied) for the given power output data affected by
a complex topography has been set up. The extracted
coherences are compared to respective data reported in
the literature, taking into account the differences in the
spatial and temporal coverage of the underlaying data
sets. It is found that the coherences of the power output
time series for the Faroe Islands show a faster decay than
those reported for e.g. northwest Germany. It is believed
that the complex topography in the Faroe Islands is caus-
ing an increased smoothing of the fluctuations in the
lumped power output of distributed wind farms, com-
pared to wind farms in the flat northwest Germany with
the same settings of distances. There is a good agree-
ment between the smoothing seen from combining time
series of empirical data, and the smoothing seen when
using the analytical coherence model together with the
average auto-spectra for the power output in the region.
This suggests that the analytical model can be used to
estimate the total power output fluctuations for arbitrary
configurations.

The spectra for lumped power output calculated for
up to six of the empirical power output times series gave
a scatter depending on the choice of site combinations.
However, using the analytical coherence model together
with the average auto-spectrum, for the calculation of
the lumped spectra, resulted in a loss of this scatter.
The coherences are extracted for a full year of time
series data and are modelled only depending on inter-
site distances. A first suggestion for improvement of
the proposed coherence model at complex sites could
be to include inflow angle as an additional predictor, as
other studies have shown that the inflow angle affects
the coherence. Other candidates for additional predictors
are e.g. the mean wind speed or a variability index on
an hourly time scale. In addition, possible drawbacks
caused by ignoring the phase information may require
further attention.
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Appendix 1

Details on the Matlab scheme used for
calculating the spectra

Auto- and cross spectra are derived using the software
MATLAB R2017b, with the following commands:

Sxy=conj(fft(x)).*fft(y)*dt/N
Sxy=S(2:N/2+1);

In the second line the spectral values are extracted for
frequencies > 0. x and y represent time series, dt is the
sample interval, and N is the length of the time series.
If x = y, Sxy is the auto-spectra, otherwise Sxy is the
cross-spectra. The corresponding frequencies are:

f = [1:N/2]/(dt*N);

Appendix 2

Data quality

Wind measurements were made at four meteorologi-
cal sites, labelled after the initials of their site name.
Measuring heights of approximately 45 m a.g.l. are
used. At this height, all meteorological masts, except
site E, had two anemometers at approximately the same
height, no more than 0.7 m apart vertically, located
on booms mounted on the meteorological masts and
oriented 180° apart. In order to avoid flow distortion
from the masts, data from one anemometer was used
at times when the wind direction was pointing towards
the boom direction where that anemometer was located
on ±90°. The data from the other anemometer was used
at times when the wind direction was pointing towards
the boom direction where the other anemometer was lo-
cated on ±90°. Wind direction data were available for all
wind speed measurements. In the cases where no data
were available for the anemometer at times when the
wind direction was pointing towards the corresponding
boom orientation where that anemometer was located
on ±90°, the data from the other anemometer was used,
if available. This was the case for only eleven datapoints
at site S. For all eleven cases, the wind direction was not
in the direction of the boom orientation, hence the effect
from flow distortion caused by the mast is expected to
be small, see Fig. 13.

Data availability

Data availability for wind speed and power output time
series used in the main text are shown in Fig. 14 and
Table 4.

In January 2019, 53 % of the wind speed data at site P
were missing. The missing data were not continuous,
which is why it is not evident from the compressed
plot in Fig. 14. These noncontinuous missing data in
January 2019 occurred at all measuring heights at site P
(not shown here). However, the available data tends to

Figure 13: Blue dots represent the fraction of wind speed mea-
surements at height 52.8 and 52.1 m a.g.l. at site S with respect to
wind direction measurements at height 69.3 m a.g.l. Data points at
times when either of the two anemometers measured u ≤ 4 m/s are
not included. Black vertical dashed lines represent boom orienta-
tion where the anemometers were mounted on. Arrows mark two
wind directions, in which a few data points were missing for the
anemometer that was mounted on the boom having the boom orien-
tation of the wind direction ±90° (11 data points: 7 around 39° and
4 around 187°).

Figure 14: Data availability plot for wind speed and produced wind
power time series. The lines represent times with valid data. The
corresponding sites are shown in the left axis, where the initials
represent site names. The subscripts of W and P represent wind and
power data, respectively.

follow the general wind speed time series of the other
three meteorological masts at approximately the same
height, see Fig. 15, indicating that the available data in
this period are valid.

The longest continuous time gap with missing wind
speed data was at site H and lasted for about 12 days,
from 26 July 2019 to 7 August 2019. The second longest
time gab was also at site H and lasted for about 4 days.

The power output data are extracted from an online
logging system of the local power company in the Faroe
Islands, SEV. The extracted temporal resolution is 1 min.
No correction of the time series due to e.g. curtailment
or turbine malfunction has been made. Many small time
gaps are seen for the 1 min power output time series,
which are somewhat cancelled out when averaging to
a 10 min power output time series. Some longer gaps
are also seen. The longest continuous time gap of the
power output time series lasted for about 13 days, from
7 November 2018 to 20 November 2018. The second
longest lasted about 2.5 days.



438 T. Poulsen & H.G. Beyer: Spectral characteristics and spatial smoothing of wind power Meteorol. Z. (Contrib. Atm. Sci.)
29, 2020

Table 4: Missing data in percentage for the time series at sites shown in the first column. The subscript shows whether the time series
are wind farm power output data (P), wind speed measurements (W), 1 min data (1) or 10 min data (10). The first row refers to months
from September 2018 to September 2019. Months are shown by their initials. The last column shows the total number of missing values in
percentage.

S O N D J F M A M J J A S Tot

EW10 2.4 — — 0.0 — — — — — — — — — 0.1
HW10 — — — — — — — — 0.0 — 18 20 30 4.4
PW10 — — — — 53 — — — — — — — — 4.5
SW10 — — — — 0.4 — — — — — — — — 0.0
NP1 15 13 51 21 12 12 12 15 11 6.0 15 21 25 17
VP1 14 13 51 21 12 12 11 15 10 5.8 15 21 25 17
NP10 3.6 1.8 45 11 1.4 1.9 2.0 6.3 3.8 1.1 5.6 11 18 8.4
VP10 3.5 1.7 45 11 1.3 1.8 2.0 6.2 3.7 1.1 5.5 11 18 8.3

Figure 15: Wind speed time series for January 2019 at approxi-
mately 45 m a.g.l. at site H, E, S and P. The wind speed time series
at site P is highlighted with blue colour. The other time series are
shown with grey colour.
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