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Abstract. Our aim with this paper was the analysis of the influence of offshore cluster wakes on the power
of a far-distant wind farm. We measured cluster wakes with long-range Doppler light detection and ranging
(lidar) and satellite synthetic aperture radar (SAR) in different atmospheric stabilities and analysed their impact
on the 400 MW offshore wind farm Global Tech I in the German North Sea using supervisory control and
data acquisition (SCADA) power data. Our results showed clear wind speed deficits that can be related to the
wakes of wind farm clusters up to 55 km upstream in stable and weakly unstable stratified boundary layers
resulting in a clear reduction in power production. We discussed the influence of cluster wakes on the power
production of a far-distant wind farm, cluster wake characteristics and methods for cluster wake monitoring.
In conclusion, we proved the existence of wake shadowing effects with resulting power losses up to 55 km
downstream and encouraged further investigations on far-reaching wake shadowing effects for optimized areal
planning and reduced uncertainties in offshore wind power resource assessment.

1 Introduction

Wind energy utilization at sea is an increasingly important
part for the transition of the mainly fossil-based energy sys-
tem towards renewable electricity generation. By the end
of 2018 offshore wind turbines with a capacity of 6382 MW
were installed in German waters, 21 750 MW worldwide. A
massive expansion of offshore wind energy utilization is ex-
pected in many countries. Germany alone aims at an installed
capacity of 15GW by the year 2030 (Mackensen, 2019).
Most of this capacity will be installed in the North Sea and
Baltic Sea mainly in large wind farm clusters. A wind farm
cluster typically consists of several wind farms in the direct
vicinity, often operated by different parties and featuring dif-
ferent wind turbine types and geometries. Here, we call a
large accumulation of more than a hundred wind turbines a
cluster.

Wind turbines extract energy from the atmosphere form-
ing regions of reduced wind speed, so called wakes, behind
them. Wakes of single wind turbines merge to a wind farm or

cluster wake (e.g. Nygaard, 2014). We use the term cluster
wake for the merged wakes of a large number of wind tur-
bines of either the same or different type with no individual
wind turbine wake identifiable anymore. Downstream tur-
bines within a wind farm (e.g. Barthelmie and Jensen, 2010)
and in neighbouring downstream clusters (e.g. Nygaard and
Hansen, 2016) experience reduced wind speeds and reduced
power generation caused by wake shadowing effects. With
a rising offshore wind energy utilization, cluster wake shad-
owing effects will occur to an increasing degree, leading to
power losses and uncertainties in offshore wind resource as-
sessment.

Wind turbine wakes were subject of intensive research
in the last decade. Wake measurements were mainly per-
formed using the remote-sensing technique Doppler lidar
(e.g. Aitken et al., 2014; Trabucchi et al., 2017; Bodini et al.,
2017; Fuertes et al., 2018; Beck and Kiihn, 2019), power
analysis on the basis of SCADA data (e.g. Barthelmie and
Jensen, 2010) or Doppler radar (e.g. Hirth et al., 2014). Fur-
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thermore, several numerical studies investigated wind tur-
bine wakes using large eddy simulation (LES) (e.g. Church-
ficld et al., 2012; Abkar and Porté-Agel, 2015; Dorenkdmper
et al., 2015b; Lignarolo et al., 2016; Vollmer et al., 2016).
In an unstable atmosphere, e.g. in cold air over warm wa-
ter, vertical turbulence leads to a well mixed boundary layer
and causes a faster wake recovery. In stable conditions, e.g.
in warm air over cold water, wake deficits can last far down-
stream. Hansen et al. (2011), Dorenkdmper et al. (2015b) and
Lee et al. (2018) investigated wake recovery with respect to
atmospheric stability and found an increased length of wakes
in stable stratification. Optimized wind farm layouts on the
basis of the prevailing wind rose and stability distribution to
reduce wake effects are commonly used (e.g. Emeis, 2009;
Turner et al., 2014; Schmidt and Stoevesandt, 2015).
Cluster wakes are recently coming into the scientific fo-
cus with an increased offshore wind energy utilization. Due
to the large dimensions of cluster wakes experimental in-
vestigations have been made with measurement systems ca-
pable of covering large areas like satellite synthetic aper-
ture radar (SAR) (e.g. Hasager et al., 2015), research air-
craft (e.g. Platis et al., 2018) and Doppler radar (e.g. Ny-
gaard and Newcombe, 2018). Numerical studies were car-
ried out by implementing wind farms in mesoscale mod-
els (e.g. Fitch et al., 2012; Volker et al., 2015). Wakes of
large offshore wind farm clusters over distances of more
than 10 km were first observed using data from satellite SAR
(Christiansen and Hasager, 2005). Li and Lehner (2013) and
Hasager et al. (2015) analysed offshore wind farm wakes us-
ing SAR images and compared the long, visible wakes to
results of mesoscale models. Nygaard and Hansen (2016)
analysed the power production of an offshore wind farm be-
fore and after the commissioning of a wind farm located
3km to the west on the basis of SCADA data and discov-
ered power losses caused by wakes of the upstream wind
farm in the first rows of the downstream wind farm. Ny-
gaard and Newcombe (2018) used dual Doppler wind radar
to measure the inflow and the wake of an offshore wind farm
and found wind speed deficits up to the maximal achievable
downstream distance of 17 km possible with the used setup.
They analysed a case with steady wind direction and speed
and observed the cluster wake for over 1 h; stability infor-
mation was not available. Platis et al. (2018) used in situ
measurements taken with a research aircraft at hub height
behind offshore wind farm clusters in the German North Sea
and identified wakes with lengths of up to 55 km under sta-
ble atmospheric conditions, up to 35 km in neutral conditions
and up to 10km in unstable conditions. Siedersleben et al.
(2018b) used the same flight measurements as Platis et al.
(2018) to evaluate a wind farm parametrization (Fitch et al.,
2012) in the numerical Weather Research and Forecasting
model (WRF) that is well established in wind energy applica-
tions (e.g. Pryor et al., 2018b; Witha et al., 2019; Dérenkdm-
per et al., 2015a). Additionally they presented an analy-
sis of aircraft wake measurements in five different heights
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5km downwind of the cluster. The wake deficit existed in
all considered height levels, also 50m above the upper tip
height of the rotor. Siedersleben et al. (2018a) investigated
the micro-meteorological consequences of cluster wakes due
to mixing effects in the atmosphere using the flight measure-
ments from Platis et al. (2018). Pryor et al. (2018a) eval-
uated the downstream impact of large onshore wind farms
in North America using the wind farm parametrization by
Fitch et al. (2012) in convection-permitting mesoscale WRF
simulations. Lundquist et al. (2019) analysed the physical,
economic and legal consequences of wake effects between
large onshore wind farms with sizes of more than a hundred
megawatt each.

Wind farm cluster wakes in the far field of more than
20km downstream have not been measured over longer peri-
ods. Satellite SAR just offers the possibility to take snapshots
of the wind field. Doppler radar has been deployed on the
coast monitoring a nearshore wind farm (Nygaard and New-
combe, 2018) but not in an offshore wind farm to use the full
measurement range for wake analysis. Doppler lidar, which
successfully monitored wind turbine wakes, was considered
not to be able to achieve the measurement range needed to
investigate full cluster wakes. Furthermore, the influence of
cluster wakes on the power production of far downstream
wind farms has not been analysed. The influence of atmo-
spheric stability on the development and recovery of cluster
wakes has not been studied in detail.

The objective of this paper is to analyse whether offshore
cluster wakes have a significant and continuous influence on
the power generation of a far downstream wind farm and how
this influence depends on atmospheric stability. For this pur-
pose we investigated two exemplary cases of cluster wakes
approaching the 400 MW wind farm Global Tech I in the
North Sea during situations with different atmospheric sta-
bilities by means of four synchronized data sets, namely

1. large-area satellite SAR wind data,

2. continuous platform-based long-range Doppler lidar
wind monitoring,

3. operational data of the wind farm Global Tech I and

4. meteorological measurements for atmospheric stability
characterization.

We follow Platis et al. (2018) in their definition of the clus-
ter wake deficit as the difference in the wind speeds from the
manually selected wake region and a neighbouring free-flow
region since the inflow wind speed of the wake generating
cluster as reference is typically not known. Furthermore, re-
gional and temporal differences in the wind field distort a
comparison of the far-distant points in front of and far be-
hind a cluster. Therefore, the adjacent regions in and aside the
wakes are compared. Wake and free-flow regions are identi-
fied manually in this analysis.
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Figure 1. (a) Overview of the considered area in the southern North Sea with wind farms and clusters shown. (b) Close view on GT I
and neighbouring wind farm clusters. The position of the lidar in GT I on turbine GT58 (filled <) and the offshore substation (OSS) “Hohe
See” (x) and the transformer platform “BorWin gamma” (4) are marked; distances to upstream clusters are also shown. We measured wakes
of all clusters in (b) and exemplary present the wakes of the BorWin and the DolWin2 clusters in this work. Information on the wind farms

and full names are listed in Table 1.

The paper is structured as follows. Section 2 introduces
the experimental setup in the North Sea; measurements taken
with lidar, SAR and meteorological sensors; and data pro-
cessing. Section 3 presents two exemplary cluster wake cases
affecting the wind farm Global Tech I. In Sect. 4 we discuss
the influence of cluster wakes on the power production of a
far downstream wind farm as well as cluster wake charac-
teristics and methods for cluster wake monitoring. Section 5
concludes on the findings and closes the paper.

2 Methods

In this study different data sources have been used: meteo-
rological measurements, wind farm production data (super-
visory control and data acquisition, SCADA) and remote-
sensing data from a Doppler lidar (light detection and rang-
ing) measurement campaign, and satellite SAR (synthetic
aperture radar) data. A description of these data sources is
given in this section. Our measurement campaign started in
late July 2018 and was planned to last 1 year. The mea-
surements we present in this paper were taken on 11 Octo-
ber 2018 and 6 February 2019. All measurement data in this
study were recorded in Coordinated Universal Time (UTC).

2.1 Wind farms and SCADA data

As of early 2019, several offshore wind farms were installed
mainly in clusters in the German and Dutch North Sea. Fo-
cus of this work is on the effects on the 400 MW wind farm
Global Tech I (GT I), which is one of the world’s most dis-
tant offshore wind farms with a coastal distance of more than
100 km. We analyse the impact of two large wind farm clus-
ters, namely the 802MW “BorWin” cluster located about
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Figure 2. Layout of the wind farm Global Tech I with turbine num-
bers. The turbine GT58, where we positioned the lidar, is marked in
red (). The achievable sector for lidar measurements is drawn.

25 km southwest and the 914 MW “DolWin2” cluster 55 km
southeast on the wind farm GT L.

Figure 1 gives an overview of the region around GT I while
Fig. 2 displays its layout.

All coordinates in maps we show in the following, except
Fig. 1, were transferred to the Gauss Kriiger coordinate sys-
tem and the origin was shifted to the lidar position at tur-
bine GT58 in GT I (Fig. 2). Table 1 summarizes the main
characteristics of the wind farms and clusters in the region.
In the direct southwestern vicinity of GT I, the associated
wind farms Hohe See and Albatros were under construction
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Table 1. Overview of offshore wind farms considered in this work (as of June 2019). The wind farms Borkum Riffgrund 2 (Orsted, 2018)
and “Merkur Offshore” (Merkur Offshore, 2018) were in the commissioning phase and partly fed into the grid during our measurements;
therefore, they are marked with smaller symbols in the relevant plots in this paper. D: rotor diameter, s: hub height, P;: rated power per
turbine, No.: number of turbines per wind farm, X P;: rated power of wind farm. The numbers for the hub height are related to different
reference levels, namely lowest astronomical tide (LAT), mean sea level (MSL) or just “over water”. These differences are not further
considered here since the difference between LAT and MSL is typically around 2 m in the North Sea.

Name Short  Turbine D hu P No. Y P
(m) (m) (MW) MW)

Global Tech I GTI ADS5-116 116 92 5.0 80 400

BorWin Cluster (802 MW)

BARD Offshore 1 BOl1 BARD 5.0 122 90 5.0 80 400

Veja Mate VM SWT-6.0-154 154 103 6.0 67 402

Gemini Cluster (600 MW)
Buitengaats BG
Zee Energie ZE

SWT-4.0-130 130 89 40 75 300
SWT-4.0-130 130 89 40 75 300

DolWin 1 Cluster (1416 MW)

AD 5-116
AD 5-116

116 92 50 40 200
116 90 5.0 6 30
126 92 5.0 6 30

SWT-4.0-120 120 87 4.0 78 312
V164-8.0

164 111 8.0 56 448

Haliade 150-6 150 103 6.0 66 396

Trianel Windpak Borknom TWB
alpha ventus av

M
Borkum Riffgrund 1 BR1
Borkum Riffgrund 2 BR2
Merkur Offshore MO
DolWin 2 Cluster (914 MW)
Nordsee One N1
Gode Wind 142 GW

6.2M-126
SWT-6.0-154 154 110 60 97 582

126 90 6.15 54 332

during the period of our measurement campaign with several
transition pieces and a substation but no wind turbine tow-
ers installed. The first turbine was erected on 6 April 2019
(EnBW, 2019). The position of the Hohe See offshore substa-
tion (OSS) is marked in the following plots (x). The instal-
lation of the 900 MW high-voltage direct current (HVDC)
platform BorWin gamma in the southeast corner of Hohe See
was completed on 11 October 2018 (Petrofac, 2018); we also
mark its position (+).

For the wind farm GT I, 10 min averaged SCADA data
were available during the period of the measurements. Data
of turbines in normal operation were considered; turbines
with curtailed power below rated power were excluded from
the analysis based on a SCADA status flag, a curtailment sig-
nal and consideration of pitch angles. For the wind farms
BARD Offshore 1, Gode Wind 1+ 2 and Nordsee One we
obtained hourly production data from Fraunhofer ISE (2019)
and checked the operational status.

We analyse wind turbine power differences using the
Z score

_Pi_P_up

()‘pup

ey

Zp
with zp, being the difference in the ith turbine’s power P;

and the mean power of the turbines in the first row facing the
wind direction (upstream turbines) Py, normalized with the
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standard deviation of the power of the upstream turbines op,,
within the considered time span. Advection through the farm
is not considered. We use the upstream turbines to calculate
the z score instead of the turbines of the whole farm to avoid
distortion by inner-farm wake effects.

2.2 Lidar measurements

We used a scanning long-range Doppler lidar system of type
Leosphere Windcube 200S (serial no. WLS200S-024) in this
study. The lidar system emits laser pulses into the atmo-
sphere and analyses the light backscattered by aerosols for
a Doppler shift proportional to the radial wind velocity in
beam direction v;. The lidar is able to process wind speed in-
formation in > 200 different ranges on the beam called range
gates. For each range gate, the radial wind speed v, and the
carrier-to-noise ratio (CNR) as a measure of the signal qual-
ity are stored. The lidar’s scanner is able to point the beam
in any desired direction in the hemisphere above and partly
below the device.

We installed the lidar system on the transition piece (TP)
of wind turbine GT58 in GT I (filled ¢ in Figs. 1
and 2). The height of its scanner was approximately
24.6 ma.m.s.l. (above mean sea level), 67.0m below hub
height and 9.0 m below lower blade tip height of the turbine.
Figure 3 displays a picture of the lidar installed in GT 1.

www.wind-energ-sci.net/5/29/2020/
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Table 2. Overview of the different settings for the lidar plan position indicator (PPI) scans. Both scenarios covered different sectors of 150°
width. Range gates are listed as minimal range : spacing : maximal range. Range gates are also referred to as “measurement points” in the

following.
Scenario  Pulse  Acquisition 1) Scan Range gates (m)
length time (°s~1)  duration
(ns) (s) (s
A 400 8.0 0.25 600 1000 : 50 : 12000
B 400 2.0 1.0 150 500 : 35 : 8000

Figure 3. Lidar system Windcube 200S on the transition piece of
wind turbine GT58 in the offshore wind farm Global Tech I. On
the right side of the image the tower of the turbine is visible while
turbine GT51 northwest of GTS58 can be seen in the background
(cf. GT Ilayout in Fig. 2) (Stephan Vof3, ForWind).

The lidar performed horizontal plan position indica-
tor (PPI) scans (elevation angle ¢ was 0°) with continuous
scanner movement in different azimuthal sectors of 150°
width upstream with two different settings, A and B, as listed
in Table 2. We started with the slower scenario A aiming for
a high measurement range. Later we optimized the measure-
ments using scenario B, being 4 times faster and achieving
similar ranges. In both scenarios the laser beam is scanned
over an angle of 2° per measurement leading to spatial aver-
aging perpendicular to the line of sight direction. After per-
forming a scan, the lidar needs a few seconds to reset and
start the next scan. Every few hours it performs a homing
procedure of the scanner to assure precise orientation. The
laser pulse length used in both scenarios was 400 ns, lead-
ing to a probe volume of approximately 70 m in the beam
direction. The range gate spacing is listed in Table 2.

The offset in the azimuthal direction between geographic
north and the lidar’s north was corrected by scanning distant
wind turbines in GT I with known positions (‘“hard target-
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ing”). The resulting error in the azimuthal orientation Ag
was smaller than 0.1° and is therefore neglected.

The lidar was well aligned on the pitch and roll axis; errors
were checked using the method of sea surface levelling (Rott
etal., 2017). The resulting maximal error in the elevation A
was less than 0.1°. An additional error in the elevation angle
of the lidar measurement occurs from a small movement of
the TP due to the thrust on the rotor with a maximum of 0.1°.

When regarding the height of the measurement locations,
the curvature of the earth must be taken into account for the
ranges achieved. The error introduced raises quadratically
with range and reaches Ahg = 5.02 m for a distance of 8 km
and of Ahjg = 7.85m for a distance of 10 km. The measure-
ment errors we describe here can be neglected for the mainly
qualitative analysis in this work.

2.3 Lidar data processing

Lidar scans were individually filtered on CNR minimal and
maximal thresholds, a maximum range, and a minimal data
density in the v,—CNR plane (similar to Beck and Kiihn,
2017). For each PPI scan, the mean wind direction was de-
termined by fitting a cosine function to all radial speeds v, of
the scan over their azimuth angles ¢. All v, were then trans-
formed back to the absolute wind speed v, in mean wind di-
rection assuming the perpendicular wind component to van-
ish using

Uy = Ur/ COS (@dif) )

with ggifr being the difference angle between the beam direc-
tion and the mean wind direction. Sectors with measurement
ranges almost perpendicular to the wind direction (|@giff| >
75°) were excluded from the analysis because of an increas-
ing error due to an overestimation of flow components per-
pendicular to the wind direction. We plot single lidar scans
on their original polar grid. To obtain averaged lidar wind
fields, we transferred the v,-lidar data of each regarded scan
to a Cartesian grid with a resolution of 50 m x 50 m, triangu-
lating the data points and on each triangle performing linear
barycentric interpolation to the grid points. We then calcu-
lated the cubic (or power) average on each grid point. Due
to slightly changing wind directions in the averaging inter-
val, points at the border of the scans were just included in the
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Table 3. Classification of atmospheric stability as suggested by Sor-
bjan and Grachev (2010).

Stability category Range
Very stable 0.6 <¢ <20
Stable 02<t¢<0.6
Weakly stable 0.02<¢ <02
Near neutral —0.02 <¢ <0.02
Weakly unstable -02<¢<-0.02
Unstable —0.6<¢<-02
Very unstable —-20<¢<-0.6

further analysis if no scan (scenario A) or less than 10 scans
(scenario B) did not contribute at the grid point.

2.4 Atmospheric stability and meteorological data

Meteorological measurements of atmospheric stability are
uncommon in offshore wind farms. Different methods for
the derivation of stability exist (see Rodrigo et al., 2015 for
an overview). We applied the bulk Richardson method from
profile measurements according to Emeis (2018) based on
the tropical observations of Grachev and Fairall (1997). We
used the wind speed vTp, the temperature TTp on the height of
the transition piece ztp, and the difference in the virtual po-
tential temperatures at the height of the TP and at sea level,
A®, =0, 1p — O, ssT (see Appendix A), to derive the di-
mensionless bulk Richardson number

g zTPAOBy

Rip, = 3

2
Oy TP vip

where g is the gravity acceleration. The dimensionless sta-
bility parameter,

10Riy
= 1-5Riy,
10Riy

Rio =2 @
Ri, <0,

and the stability classification in Table 3 were chosen for sta-
bility categorization.

To be able to estimate ¢, we operated sensors for air pres-
sure (Vaisala PTB330) as well as temperature and relative hu-
midity (Vaisala HMP155) on the TP of turbine GT58. In one
case (see Sect. 3.2.1) we used meteorological measurements
from the nacelle of turbine GT58 provided by the wind farm
operator as a second source of data to derive the stability pa-
rameter at height of the nacelle ¢pac using the same method-
ology as described above. A buoy for the measurement of
the sea surface temperature Tsst was available from 9 Au-
gust 2018 until 31 January 2019. We compared the measure-
ments with the OSTIA data set (Donlon et al., 2012), both re-
sampled to a 30 min interval (mean values for the buoy data,
linear interpolation for the daily available OSTIA data set),
and found a mean difference of 0.19 K. Since the buoy was
not available during the whole lidar measurement campaign,
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we use Tsst from the OSTIA data set to derive ¢. The wind
speed on the height of the TP, vTp, for the purpose of atmo-
spheric stability analysis was calculated from horizontal lidar
PPI scans as described in Sect. 2.3 using data with a mea-
surement range less than 3000 m. These measurements took
place within the approaching cluster wakes, when present.
This influences the calculation of the stability parameter but
we see the wake as part of the inflow and do not try to correct
for it. We averaged meteorological measurements to 30 min
intervals. Table 4 shows an overview of the available meteo-
rological data.

For a comparison of the potential power Pyt in the wind
with the power harvested by free-flow turbines, we had to
transfer wind speeds from measurement heights (zsar =
10 m, zTp = 24.6 m) to hub height zpp = 91.6 m. Following
Emeis (2018), we used the logarithmic wind profile

u@) =" <1n = - wm(z/L>> 5)
K 20

with a correction function ¥,,(z/L) to account for the at-
mospheric stability to calculate the vertical wind profile.
We used mesoscale data with a setup very similar to the
production runs of the New European Wind Atlas (NEWA;
see Witha et al., 2019; NEWA, 2019) internally deriving the
roughness length zp using Charnock’s relation. We obtained
the Obukhov length L from the stability parameter { =
zrp/ L. The von Karmén constant reads as k = 0.4. The fric-
tion velocity u, was then calculated for the given pair of wind
speed and height, e.g. ztp and utp from Eq. (5). The wind
speed on hub height was afterwards converted to the theoret-
ical potential power Ppoc using a power curve Peg(v) = c- v3
with the constant ¢ derived from power data in the partial
load range. We do not curtail P, at rated wind speeds al-
lowing it to be larger than rated power.

2.5 SAR wind data

Satellite SAR remotely measures the roughness of the sea
surface. Using a geophysical model to estimate wind direc-
tion, wind speeds over the ocean can be derived. In this work,
we use publicly available already processed wind data from
the Copernicus SAR satellite Sentinel-1A. The algorithm for
wind field processing is described in Mouche (2011), an
overview of its performance is given in ESA (2019) and the
data product including quality flags is described in Vincent
et al. (2019). Wind data at 10 m height are processed on a
grid with a spatial resolution of 1km x 1 km. Wind speed es-
timates are in range from 0 to 25ms~! with a root mean
square error (RMSE) smaller than 2.0 m s~ and wind direc-
tion estimates have an RMSE below 30°. The spatial cov-
erage of the SAR images and the processed wind fields is
170km x 80km minimum with a revisit time of the order
of days. A quality flag for the wind estimate (owiWindQual-
ity, 0: high quality, 1: medium quality, 2: low quality, 3: bad
quality; see Vincent et al., 2019) is provided within the data

www.wind-energ-sci.net/5/29/2020/



J. Schneemann et al.: Cluster wakes

35

Table 4. Overview of the available meteorological quantities to derive the stability parameter ¢. Availabilities disregard shorter data gaps. If
no end time is stated, measurements are ongoing with date of 1 August 2019. Additional data from mesoscale simulations similar to the New
European Wind Atlas (NEWA) data set were available but not listed in this table.

Quantity Symbol Sensor or source Height Auvailability period

Air temperature Ttp HMP155 zrp =24.6 ma.m.s.l. 23 Jul 2018

Air humidity RHTp HMP155 zrp = 24.6 ma.m.s.l. 23 Jul 2018

Air pressure Prp PTB330 zrp =24.6 mam.s.l. 23 Jul 2018

Wind speed VTP, lidar lidar PPI scans zrp = 24.6 ma.m.s.l. 17 Aug 2018 (dep. on scan scenario)
Sea surface temperature  7SST, buoy buoy next to GT58  sea surface 9 Aug 2018-31 Jan 2019

Sea surface temperature ~ TssT,0sTIA  OSTIA data set sea surface 2018-2019

product. We use data with a quality flag < 2. For the calcula-
tion of the potential power on hub height (see Sect. 2.4), we
added constant wind speed values within the measurement
accuracy to the SAR wind data to match the actual power
production.

3 Results

In this section we present an analysis of wake situations of
the BorWin cluster on 6 February 2019 and of the DolWin2
cluster on 11 October 2018 based on Sentinel-1 SAR wind
data, lidar measurements and SCADA power data of the wind
farm GT L.

3.1 BorWin cluster wake on 6 February 2019

The BorWin cluster is located approximately 24 km upwind
of GT I in southwesterly direction. We measured wakes from
the cluster approaching GT I in stable stratified situations
during our measurement campaign. Here we present a stably
stratified situation in late winter 2018/2019 with low varia-
tion in the wind direction allowing us to analyse lidar scans
of the same situation over a period of a couple of hours.

3.1.1 Meteorological conditions

In Fig. 4 we plot the measured wind speed and direction,
air pressure, temperature and humidity, and the sea surface
temperature from the OSTIA data set and the derived sta-
bility parameter ¢ during 6 February 2019. On that day the
frontal system of a cyclone southwest of Iceland crossed the
German Bight. The warm front passed GT I in the morning,
bringing air temperatures of about 6.9 °C in the warm sector
over the 6.1 °C cold sea stabilizing the boundary layer. With
decreasing humidity and disappearing fog, good lidar avail-
ability was achieved starting at approximately 10:00 UTC
(short humid or foggy period of bad measurements around
12:00 UTC) with clear wakes of the BorWin cluster visible in
the lidar scans. In the afternoon we choose a period with rel-
atively constant wind direction from 13:35 to 16:12 UTC for
analysing the averaged wake effects over a longer period of
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about 2.5 h. The period with stable stratification ended with
the passage of the cold front at approximately 17:15 UTC.

3.1.2 SAR wind data

Figure 5 displays the analysis of a wind field derived from the
measurement of the Copernicus satellite Sentinel-1A, which
passed the German Bight at the end of the stable stratified
period on 6 February 2019 as an overview of the wind field
in the region around GT I. The wake of the BorWin cluster is
clearly visible and extends approximately 24 km downstream
until it partially hits the wind farm GT 1. Further downstream
of GT I an even higher wake deficit of the merged wakes of
the BorWin cluster and GT I can be observed. The virtual
wake cut (Fig. 5c) reveals a sharp transition from higher to
lower wind speeds at the edge of the wake; a deficit in the
SAR wind speed of 0.9ms™! is observed. Since the wake
just partially hits GT 1, it separates the farm into two regions:
one in free flow and one affected by the wake. The turbines
in free flow in the northwestern and southern corner of GT I
produce significantly more power (> 2o0p) than the first up-
stream row of turbines produce on average (Fig. 5b). We con-
firm this result with the comparison of the 10 min power of
the upstream-row turbines with the potential power on hub
height derived from the inflow wind speed (Fig. 5d) which
agrees well. Within the wake-affected region in GT I, typical
inner-farm wake effects are visible through a power decrease
in downstream direction (e.g. Barthelmie and Jensen, 2010,
Fig. 5b) which are different in the northern and southern parts
of the farm due to different turbine spacings in wind direc-
tion.

3.1.3 Lidar wind fields

In Fig. 6 we present the analysis of a single lidar scan of
the inflow of GT I. We observe a clear edge between high
wind speeds in the undisturbed flow and lower wind speeds
in the wake of the BorWin cluster, causing a clear separation
of power production in the wind farm GT I in a free-flow
and a wake region (Fig. 6b). The virtual wake cut in Fig. 6¢
illustrates the sharp transition region of just a few hundred
metres width and highlights the wake deficit of 3.9ms™! or
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Figure 4. Meteorological data at the lidar location on the height of the TP (24.6 ma.m.s.l.) of turbine GT58 on 6 February 2019. Top
to bottom: wind direction ¢rp jidar, Wind speed vTp Jidar, air pressure Prp, air and sea surface temperature Ttp and TssT, 0STIA, Telative
humidity RHtp, and the dimensionless stability parameter {Tp. Measurement times are marked as follows: vertical dashed line represents
the SAR image (Fig. 5), vertical solid line represents the single lidar scan (Fig. 6), and shaded interval represents the averaged lidar wind
field (Fig. 7). Mean wind speed and direction in the averaged lidar interval are marked by red horizontal dotted lines. Dashed lines in wind
speed and direction indicate moist or foggy periods with reduced lidar data availability.

40.5 %. The potential power on hub height derived from the
inflow wind speed corresponds well with the power gener-
ated by the upstream row of turbines in the regarded 10 min
interval (Fig. 6d). The two northerly upstream turbines are
in the region of free flow and produce, with > 20p, signifi-
cantly more power than the turbines being influenced by the
BorWin wake.

In Fig. 7 we present an averaged lidar wind field calculated
from 60 consecutive scans like the one in Fig. 6 in a period
of approximately 157 min with relatively constant wind di-
rection (see shaded areas in Fig. 4) to demonstrate the steadi-
ness of the BorWin wake and its influence on power pro-
duction. The wind speed along the virtual cut through the
wind field in Fig. 7c reveals a strong average wake deficit of
2.3ms~!, equivalent to 24.7 %. The transition region from
wake flow to free flow is about 3 km wide resulting from the
small changes in wind direction and thus the slightly differ-
ent positions of the wake during the averaging time. Aside
from the clear visible northerly edge of the BorWin wake,
the southerly edge can be observed in the southerly corner
of the lidar wind field and correspondingly in the wake cut
(Fig. 7c). Wind speeds recover on both sides of the wake to
similar values just above 9 ms™!. The average power of the
GT I turbines reveals a clear reduction in the wake-affected
region (Fig. 7b). The turbines in free flow produce (> 20p)
above the average. Comparing the potential power on hub
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height along the wake cut together with the average power
of the upstream-row turbines (Fig. 7d), we find a slight over-
estimation of the potential power in the wake region and an
overestimated increase in the turbine power in the transition
region. The position of the transition onset in the estimated
power from the wind field and the measured power from the
turbines agree well.

3.2 DolWin2 cluster wake on 11 October 2018

The DolWin2 cluster is approximately 55km upstream of
GT I in southeasterly direction. We regularly have indica-
tions in our measurements for wakes from the cluster ap-
proaching GT I in stably stratified situations. Here we present
a situation in autumn 2018 with a change of stability over the
course of the day. We present a single lidar scan and an av-
eraged lidar wind field from a period with low variation in
the wind direction in stable stratification. A complementary
SAR scan from the morning of the day during weakly unsta-
ble stratification is available as well and analysed here.

3.2.1 Meteorological conditions

In Fig. 8 we plot the measured meteorological quantities
on 11 October 2018. Since the lidar for measurements of
wind speed and direction and the data of air temperature,

www.wind-energ-sci.net/5/29/2020/



J. Schneemann et al.: Cluster wakes 37

(a)

Copernicus Sentinel-1A

(b)
Power average: 17:10 -17:20

30
2019-02-06 17:11:42

N
o

[
o

£ £
~ ~
o 0 o
£ £
£ N o
5 5
2 "10 B F4
=20
-30
-10 30 -10 -5 o] 5 10
Easting / km Easting / km
o o o . . . . .
4 5 6
Vsar / ms-1 -2 -1 ;.P 1 2
- © 0.5 G)) -
v 6 Mean wake deficit 0.9 ms™’ I
€ or15.9% 304 " Poot
~ = 2
£ PR o o3 *x
o a
a5 x* %
g 0.2 ¢ :
-10 -5 o] 5 10 -10 -5 ] 5 10
d/km d/km

Figure 5. Sentinel-1A Ocean Wind Field (Copernicus Sentinel data (2019)), measurement taken 6 February 2019 17:11:42 UTC.
(a) Overview of the BorWin cluster and Global Tech I. (b) Close look on the BorWin wake hitting GT I. The solid line marks a virtual
wake cut 2000 m upstream of turbine GT58 on which the wind field is evaluated. Marked distances correspond to the x axis of (c) and (d).
The z score of the turbine power zp, (see Eq. 1) is shown in greyscale for the relevant 10 min period (17:10-17:20 UTC); markers scale
with z — zyin. Numbers of upstream turbines to calculate the z score are 1, 9, 16, 23, 30, 37, 44, 51, 58, 64, 69, 73, 76, 79, and 80. Turbines
not operating the full period or operating at curtailed power are excluded and marked (Y-shaped marker). (¢) Wind speeds along the wake
cut from (b). Wake and the free stream are shaded (regions selected manually). (d) Potential power on hub height along the wake cut (solid
line) together with the power produced by the upstream turbines in GT I within the regarded 10 min interval with turbine positions projected
to the wake cut. A constant value of 1.0ms ™! was added to USAR,10m for the calculation.

pressure and humidity at TP height were not available dur- the same day. A weak inversion with temperatures of ap-
ing the whole day we added the mesoscale data from the proximately 13.5°C up to 300 m height appears in the pro-
New European Wind Atlas (NEWA) and measurements from file at Bergen, 04:00 UTC, with a stronger temperature in-

the nacelle of turbine GT58 to the plots. A cyclone south- version above. At the Ekofisk site the temperature profile
west of Iceland and a strong high-pressure area over Rus- at 11:00 UTC shows a similar behaviour with the upper in-
sia dominated the weather during the day. The North Sea version being less pronounced and sunken to approximately
was positioned in the warm sector of the cyclone between 230 m height. This allows for dry adiabatic convection up to

the cold front over the UK and the warm front spanning heights between 200 and 300 m for the prevailing sea surface
from Iceland to Norway. Southeasterly winds prevailed in temperature.

the southern North Sea raising the air temperature in GT 1 We found a good general agreement between the NEWA
between 12:00 and 14:00 UTC above the temperature of the data and the values measured in the wind farm. Especially the
still quite warm North Sea (approximately 16 °C) stabiliz- derived stability parameter ¢ agrees well. For the differences
ing the boundary layer. In the morning a shallow (weakly) in the other quantities the different reference heights have to
unstable boundary layer of some hundred metres height oc- be considered. Half-hourly values of wind speed and direc-
curred because the surface layer over land cooled down dur- tion from the NEWA data are not expected to cover small-
ing the night to temperatures below sea surface temperature scale fluctuations and to perfectly match a local measure-

and moved with the prevailing flow over the sea. Aside from ment.
the stability obtained from NEWA (weakly unstable) and the
nacelle measurements (unstable), this finding is further sup-
ported by temperature profiles sounded with radiosondes at
the stations in Bergen (no. 10238) and Ekofisk (no. 1400)
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Figure 6. Lidar scan (scenario B from Table 2) on 6 February 2019 16:58—17:01 UTC: (a) overview of the situation in the German Bight
with lines parallel to the wind direction retrieved from the lidar scan from the corners of the upstream wind farm cluster BorWin. Lidar wind
speed is colour coded (left colour bar). (b) Close view of the lidar wind field and the wind farm GT I. The z score of the not curtailed wind
turbines’ power in the current 10 min interval (16:50-17:00 UTC) is in greyscale (right colour bar), curtailed or non-operating turbines are
marked (Y -shaped marker). Markers scale with z — zpi,. Turbine numbers to calculate the z score as in Fig. 5. The substation Hohe See (x)
is marked. The solid line marks a virtual wake cut 3000 m upstream of turbine GT58 on which the wind ficld is evaluated and drawn in (c).
Areas of wake and free stream are shaded manually, the resulting wake deficit is stated. (d) Available power on hub height along the wake
cut from (b) together with the power achieved from the upstream turbines in GT I with their positions projected to the wake cut.

3.2.2 SAR wind data

Figure 9a shows the wind field from the Copernicus satellite
Sentinel-1A, which passed the German Bight in the morn-
ing of 11 October 2018, as an overview of the wind field
in the region between GT I and the DolWin2 cluster. The
stratification during the SAR snapshot was weakly unstable.
Wakes of the Gemini, DolWinl and DolWin2 clusters with
lengths of at least 20, 40 and 55 km, respectively, are clearly
visible. The wake originating in the DolWin2 cluster splits
into two parts generated by “Gode Wind 14 2” (GW) and
Nordsee One (N1); see Fig. 1. The GW wake extends far
downstream until it hits the wind farm GT I after approx-
imately 55km. Further downstream a merged wake of the
DolWin2 cluster and GT I can be observed extending out of
the visible range after approximately 30 km. All wakes have
the approximately same width as the generating cluster and
become narrower downstream.

The virtual wake cut 9000 m upstream of GT58 reveals
regions of different influence (Fig. 9¢). On the southwest
side of the cut we see a region of undisturbed flow (d ~
—15km, d is the distance on the wake cut from Fig. 9c) with

Wind Energ. Sci., 5, 29-49, 2020

wind speeds decreasing towards northeast. The deficit be-
tween —5km < d < 0km originates in the wake of the wind
farm N1 followed by the stronger deficitat O km < d < 10km
of the GW wind farm. This wake deficit centrally hits GT I
and affects its power production. Further east the wind speed
remains approximately constant until it rises from d > 20 km
due to regional differences in the wind field. Regarding the
marked wake and free-flow regions in Fig. 9c, we observe a
wake deficit of 0.6 ms™! or 7.2 % in the SAR wind speed for
the DolWin2 wake in 10 m height.

Differently from the wake situation of the BorWin clus-
ter (Sect. 3.1), the wind farm GT I is affected by the Dol-
Win wake centrally; therefore, we do not observe separated
regions of power production within the farm. Nevertheless,
the outer turbines on the western and northeastern corner
of the wind farm produce significantly more power (2.6 and
1.70p above average) than the average of the upstream row
(Fig. 9b). Looking at the potential power on hub height cal-
culated from the virtual wake cut (Fig. 9d), we find the in-
creased power to result from the higher wind speeds at the
sides of the DolWin2 wake deficit. This highlights the effect
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Figure 7. As in Fig. 6 but averaged over 60 consecutive lidar scans (scenario B) corresponding to a period of 157 min (13:35-16:12 UTC);
power data averaged over 170 min (13:30-16:20 UTC). Red lines in (a) indicate minimal and maximal wind directions within the averaging

interval.

of the wake on the power production even in weakly unstable
conditions.

3.2.3 Lidar wind fields

In Fig. 10 we show a single lidar scan of the flow southwest
of GT I. The stratification during the scan was stable (Fig. 8).
We do not observe a sharp transition from wake to free-flow
regions like for the BorWin wake (Fig. 6) but a steady de-
crease in wind speeds southwest to northeast, similar to the
DolWin2 wake situation we found in the SAR data from
the same morning in weakly unstable stratification (Fig. 9).
Three more wakes appear in the wind field: one originating
from a ship close to GT I, another one from the OSS Hohe
See (x) and the third from the platform BorWin gamma (+).
The latter wake extends at least 9 km downstream.

The virtual wake cut (Fig. 10c) highlights the differ-
ent flow regions with lower wind speeds near GT I. The
Hohe See OSS wake is located at d ~ —4km and the
BorWin gamma wake between —6km < d < —5.5km. The
wake deficit of the DolWin2 cluster amounts to 3.3ms™!
or 26.4 %. Comparing the potential power in the wind field
with the power produced by the turbines of the upstream row,
we find most turbines producing approximately rated power
(Fig. 10d). The potential power in the west of the wind farm
is slightly lower than the power of the upstream turbines.
Even though during this lidar scan with high wind speeds the
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wind farm’s power is not influenced by the DolWin2 wake
due to the turbines curtailing power production above rated
speed, we find clear indications for wake effects with reduced
wind speeds at the position of GT I 55km downstream the
DolWin2 cluster.

Figure 11 highlights the steadiness of the DolWin2 wake
situation on 11 October 2018. We averaged 16 consecutive
lidar scans in a period of approximately 162 min (15:44 to
18:26 UTC; cf. shaded interval in Fig. 8) with a relatively
constant wind direction. As for the single lidar scan we ob-
serve the same behaviour in the wind field with a wind speed
decreasing along the virtual wake cut from southwest to
northeast. The wake deficits of the Hohe See OSS and Bor-
Win gamma are clearly visible in the averaged wind field
(Fig. 11c¢). The relative wake deficit of the DolWin2 cluster is
similar for the single and the averaged lidar scans (Fig. 10).
Since the average wind speed within the averaging period is
smaller than that at the time of the single scan (Fig. 8), the
absolute deficit is smaller, too. The course of the potential
power in the wind field (Fig. 11d) is continued by the power
of the upstream-rows turbines. The wake effect of the Dol-
Win2 cluster on the power of GT I is evident. The potential
power in the wind about 4 km southwest of the wind farm
reaches rated wind speed.

Wind Energ. Sci., 5, 29-49, 2020
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Figure 8. Meteorological data at the lidar location (turbine GT58) on 11 October 2018. Top to bottom: wind direction ¢Tp jidar, Wind
speed vTP lidar, air pressure Prp, air temperature 71p, sea surface temperatures 7sst,08TIA @nd 7sST,buoy- relative humidity RHrp, and the
dimensionless stability parameter {Tp on the height of the TP of GT58 (24.6 ma.m.s.l.). Since the measurements are not available during
the whole day, we added the 10 m wind speed v1gom NEwA and direction ¢19m NEWA, 2 and 50 m temperature 75 ; NEWA and 750 m NEWA
and the stability parameter {Ngwa from the NEWA data set (see Witha et al., 2019) as well as the temperature 792 iy nacelle and the derived
stability parameter {97 m pacelle On hub height of turbine GT58. Measurement times are marked as follows: vertical dashed line represents
the SAR image (Fig. 9), vertical solid line represents the single lidar scan (Fig. 10), and shaded interval represents the averaged lidar wind

field (Fig. 11). Mean wind speed and direction in the averaged lidar interval are marked by red horizontal dotted lines.

4 Discussion

We found evidence of cluster wakes in the form of wind
speed deficits with clear transition regions between slower
wake flow and faster undisturbed flow in many lidar scans
upstream of GT I for all neighbouring wind farm clusters
in southeasterly to westerly wind directions, namely the
DolWin2 (approximately 55km), DolWinl (approximately
42 km), Gemini (approximately 54 km) and BorWin (approx-
imately 24 km) clusters. In some of the cases with avail-
able large-area SAR wind data, these alternative measure-
ments supported the lidar cluster wake measurements. Power
deficits in the wind farm agree with the wake regions found
in lidar and SAR data. In this paper we present two exem-
plary wake cases: one for the BorWin cluster 24 km upstream
and one for the DolWin2 cluster 55 km upstream, and both
wake effects occurred steadily over more than 2.5 h and influ-
enced the power production of GT I. We found cluster wakes
mainly for positive values of the stability parameter ¢ (sta-
ble stratification) but also for ¢ slightly below zero (weakly
unstable stratification, shallow boundary layer).

Wind Energ. Sci., 5, 29-49, 2020

4.1 Influence of cluster wakes on power production of
far downstream wind farms

The effect of cluster wakes on the operation of far down-
stream wind farms has not been investigated before. Nygaard
and Hansen (2016) report about short-distance effects in the
power production of wind farms in the direct vicinity (3.3 km
gap) based on SCADA analysis. Nygaard and Newcombe
(2018) analyse a cluster wake at hub height up to 17km
downstream a wind farm with dual Doppler radar from the
coast. Platis et al. (2018) find long-reaching wake effects
(wind speed difference of more than 0.1 ms~! considered
wakes) up to 55 km downstream in flight measurements but
could not analyse their impact on distant wind farms. Here,
our findings from combined satellite SAR and lidar measure-
ments of cluster wakes existing over distances of up to 55 km
downstream agree with the observation of Platis et al. (2018).
Additionally, we confirm the assumption of negative effects
of cluster wakes on the power production of a far downstream
wind farm.

The evidence of the wake influence on wind farm power is
obvious for the BorWin case where we find a clear distinc-
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Figure 9. Sentinel-1A Ocean Wind Field (Copernicus Sentinel data (2018)); measurement taken 11 October 2018 05:44:10 UTC. We show
power data of the upstream turbines in the interval 05:40-05:50 UTC, as in Fig. 5; positions of downstream turbines are marked (hexagon).
In (d) we added an offset of 2.0ms™! to the SAR wind speeds on the virtual wake cut 9000 m upstream of GT58 before we transferred them
to hub height and calculated the potential power. Numbers of considered upstream turbines to calculate the z score are 8, 15, 22, 29, 36, 43,

50, 68, 72, 80, 79, 76, 73, 64, 58, and 51.

tion of wake and free stream in the lidar and SAR wind mea-
surements agreeing with the findings of Platis et al. (2018),
who present a wake situation with a high wind speed gradi-
ent at one side of the cluster wake. In the BorWin case this
edge of the wake continues in a separation of the wind farm
turbines’ power production (Figs. 5-7). In the DolWin2 case
we could argue whether the higher power of the outer tur-
bines (Fig. 9b) result from flow effects at the farm corners
leading to higher turbine efficiencies as found by Barthelmie
and Jensen (2010) but the comparison of the potential power
in the inflow with the turbine power (Fig. 9d) reveals a good
agreement, suggesting that at least most of the effect origi-
nates in the wake-affected inflow conditions with the highest
deficit reducing the power of the central turbines, while the
outer turbines profit from higher wind speeds at the sides of
the wake.

Wakes are expected to exist far downstream in stable strat-
ifications but to recover much earlier in the unstable case.
Platis et al. (2018) report about 41 measurement flights
(24x stable, 12x unstable, 5x neutral stratification) and
find evidence for cluster wakes in stable boundary layers
55 km downstream, while the furthest evidence in an unsta-
ble case is found 10 km downstream. In our lidar measure-
ments we find the most pronounced cluster wakes in stable
situations supporting these findings. But we have evidence
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for far-reaching wakes in neutral and weakly unstable con-
ditions, too. All lidar measurements we present in this work
were measured in stable situations but the SAR image of the
DolWin2 case (Fig. 9) was taken earlier the same day in a
shallow, weakly unstable boundary layer with cluster wakes
appearing downstream of many clusters. Vertical momen-
tum transport was possible in lower heights but was hindered
by an inversion appearing at approximately 200 to 300 m.
The rotor area of the GT I turbines extends up to 150m
height. The DolWin2 wake reaches 55km downstream un-
til it hits the wind farm GT I where the power production of
the upstream-row turbines follows the potential power cal-
culated from the inflow SAR wind. This finding proves the
existence of long-reaching cluster wakes and their influence
on power production of far downstream wind farms even in
cases with weakly unstable stratification. In future work we
plan to publish an analysis of the whole data set of the, at the
time of writing, still ongoing lidar measurement campaign
focusing on wakes in unstable conditions. Nevertheless, the
DolWin2 case highlights the necessity to carefully character-
ize the boundary layer for stability analysis, since the unsta-
ble stratified layer in the boundary layer could be thin and
limited by an inversion just above temperature measurement
height and still within the rotor area.

Wind Energ. Sci., 5, 29-49, 2020
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Figure 11. Wake of the DolWin2 cluster on 11 October 2018 as in Fig. 6 but averaged over 16 consecutive lidar scans (scan scenario A) in
a period of 162 min (15:44-18:26 UTC); power data of upstream turbines averaged over 170 min (15:40-18:30 UTC); downstream turbines
marked (hexagon). Turbine numbers to calculate the z score are 8, 15, 22, 29, 36, 43, 50, 68, 72, 78, 80, and 79.

Wind Energ. Sci., 5, 29—49, 2020 www.wind-energ-sci.net/5/29/2020/



J. Schneemann et al.: Cluster wakes

In addition to the influence of a cluster wake on the wind
farm GT I, we still observe inner-farm wake effects (Figs. 5
and 6) with decreasing power production downstream. Clus-
ter wake and wind turbine wakes in the farm overlap. This
supports the assumption of the cluster wake being a region
of reduced wind speeds with no special characteristics of
the original single turbine wakes remaining. We do not per-
form turbulence analysis comparing cluster wake turbulence
to free-flow turbulence in this study. Platis et al. (2018) report
a slender wake of increased turbulent kinetic energy (TKE)
originating in one corner of the cluster. It was aligned with a
stronger horizontal wind speed gradient at the border of the
wake. The TKE was reduced in the wake deficit due to the
lower wind speeds.

The influence of cluster wakes on the current power pro-
duction of downstream wind farms could not easily be related
to their influence on the annual energy production (AEP). To
achieve this, a detailed assessment of the total influence dur-
ing at least 1 year has to be conducted using, for example,
validated wind farm parameterizations in mesoscale mod-
els. The local distribution of wind speed, direction and at-
mospheric stability has to be considered as well as farm and
cluster geometries.

In many wake cases the wind speed in the wake deficit
still exceeds rated wind speed of the downstream turbines
without an effect on their power production. If the upstream
cluster’s turbines operate in wind speeds above rated speed,
their thrust coefficient, ct, decreases additionally, resulting
in reduced wake deficits. We expect the total influence of
cluster wakes on AEP to be smaller than wake effects from
neighbouring wind farms (see Nygaard and Hansen, 2016)
due to cluster wake recovery and a smaller wake-influenced
wind direction sector. Our findings do not question wind en-
ergy utilization of any kind. Nevertheless, a detailed assess-
ment of the influence of cluster wakes on AEP of downstream
wind farms during their whole operational life time consid-
ering all planned wind energy activities in the region should
be conducted in the future. This can improve power produc-
tion, offshore resource assessment and consequently reduce
the uncertainties in financing large offshore wind projects es-
pecially in regions with a high level of (planned) wind en-
ergy utilization. Therefore, further research is necessary to
validate wind farm parameterizations in mesoscale weather
models with appropriate wake, power and atmospheric mea-
surements. Especially the influence of atmospheric stability
on cluster wake recovery has to be investigated.

Aside from influence on power, the effect on additional
wind turbine loads can be relevant. We did not perform anal-
ysis of the turbulence in the wake in this study or load simu-
lations on wind turbines affected by far cluster wakes. Since
we find sharp edges between wake flow and free stream con-
tinuing in the wind farm’s power production (Fig. 6), future
research should analyse turbine loads dependent on the clus-
ter wake dynamics, e.g. when a turbine on the wake border
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has to speed up and slow down fast caused by cluster wake
dynamics.

4.2 Cluster wake characteristics

Wind turbines are sensitive to the wind conditions over a
wide range of heights defined by the swept rotor area. There-
fore, the investigation of cluster wakes should cover the
whole vertical wind profile at least from lower to upper tip
height. Satellite SAR measurements at the sea surface are
typically transferred to 10 m height. Platis et al. (2018) inves-
tigates cluster wakes at hub height with a research aircraft in
stable stratification, and Siedersleben et al. (2018b) addition-
ally presents measurements in five different height levels (60,
90, 120, 150, 220 m) from the same flight, revealing wake
deficits in all regarded levels. This highlights a vertical ex-
pansion of the wake far above the rotor area (upper tip height:
150m). We find evidence for cluster wake effects in SAR
images (roughness measurement on the sea surface, interpo-
lation to 10 ma.s.l. — above sea level), lidar measurements
(~24.6ma.m.s.l., 67.0 m below hub height and 9.0 m below
lower blade tip height) and from the turbines’ power produc-
tion (rotor swept area spans from 33.6 m to 149.6 ma.m.s.L.).
A quantitative comparison of the measured wake strengths
is not possible with our data due to the very different type
of the measurements. Nevertheless we obtain evidence for
wake effects in the boundary layer from the sea surface to
the upper tip height 24 and 55 km downstream, agreeing with
the observed vertical wake extension closer to the generating
cluster presented by Siedersleben et al. (2018b). For a future
campaign we suggest the assessment of the development of
the atmospheric boundary layer from the inflow through a
cluster and in the cluster wake by means of, for example, li-
dar profilers, lidar range height indicator scans (RHI) or flight
measurements for a better understanding of cluster wake de-
velopment and recovery.

All previous investigations of cluster wakes with satellite
SAR suffer from the fact that just one snapshot of the wake
is available for a given situation and no wake dynamics or
their steadiness could be analysed. Nygaard and Newcombe
(2018) investigate a cluster wake at hub height up to 17km
downstream of a wind farm with dual Doppler radar from the
coast and present a 1 h average wake field. The aircraft mea-
surements performed by Platis et al. (2018) cover the whole
area of the wake along the flight path taking several hours,
indicating a constant behaviour of the wake. We find steady
wake conditions in both presented examples for more then
2.5h in the lidar data supported by the corresponding power
data. This proves the existence of steady wake effects with a
steady influence on the downstream wind farm for constant
wind directions. Wake cases with changing wind directions
are much harder to analyse since the wake just shortly influ-
ences the farm and will probably not even be detectable in
wind measurements.
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We did not find any evidence for single wind turbine
wakes in the lidar inflow measurements of GT I. This is sup-
ported by the results by Nygaard and Newcombe (2018), who
present dual Doppler radar cross stream flow cuts through a
cluster wake at different downstream distances with disap-
pearing signatures of the single turbines from 6 km down-
stream (unknown stability).

The shapes of the wakes we find could give further hints
on the wake recovery process. While shorter wakes (i.e. from
the BorWin cluster, Fig. 5) are as wide as the generating clus-
ter, wakes originating further away often appear narrower in
the lidar measurements as if they already recovered from the
sides or if the whole wake widened with a resulting decrease
in maximum wake deficit. This is supported by the shapes
of the wakes seen in the SAR wind data in Fig. 9b where
the highest wake deficits are narrower further downstream.
A detailed analysis of this effect is difficult due to changes in
the mesoscale wind field and wakes of neighbouring clusters
overlapping with the cluster wake.

The width of the transition region between free flow and
wake seems to (at least partly) depend on the downstream
position of the wake. In the BorWin wake we sometimes find
high wind speed gradients at the wake’s border about 20 km
downstream (Fig. 6), while in the DolWin wake 50 km down-
stream the transition region was several kilometres wide
(Fig. 10).

The longevity of wakes in stable conditions is further sup-
ported by the investigation of two different converter plat-
form wakes in our lidar measurements ranging at least 9 km
downstream in one case (Fig. 10). Platform wakes have been
observed before, e.g. Chunchuzov et al. (2000) reported a
more than 60km long wake of a 164 m tall offshore plat-
form in very stable atmospheric conditions analysed with
satellite SAR measurements. We did not investigate the ef-
fect of the wakes of wind farm converter platforms on the
power of neighbouring or distant wind turbines but expect it
to be fairly small compared to a wind turbine wake due to the
lower heights and smaller cross sections of the platforms.

4.3 Cluster wake monitoring

Due to the large areas the cluster wakes take up, their inves-
tigation was mainly based on long-ranging remote-sensing
techniques. Satellite SAR covers large areas and has been
widely used to analyse cluster wakes (Hasager et al., 2015).
Our analysis adds the potential power as a computed local
quantity to the SAR analysis (Fig. 5d), confirming the wake
shape acquired by SAR with turbine power data. This is an-
other hint for the ability of satellite SAR to resolve flow
structures, agreeing with the findings of Schneemann et al.
(2015), who compared structures in concurrent SAR and li-
dar measurements indicating the general ability of SAR to
resolve flow structures with the size of a few hundred me-
tres.
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Cluster wakes have not been measured with long-range li-
dar. With an achievable maximum range of 10 km with com-
pact devices, lidar seemed not to be appropriate to measure
far cluster wakes behind a wind farm. We used lidar to mea-
sure incoming far cluster wakes. As opposed to SAR, lidar al-
lows for continuous measurements with scan repetition times
in the order of a few minutes (2.5 and 10 min here). In some
cases the lidar results are clear (e.g. Fig. 6) but in other cases
it is difficult to interpret whether the wind field is influenced
by a wake or not. Here, satellite SAR, when available, proves
very useful to interpret wind monitoring by lidar offering the
possibility to regard the lidar wind field in a wider context
(e.g. the DolWin2 case, Sect. 3.2). Nevertheless, absolute
wind speed measurements by satellite SAR are comparably
imprecise. For the comparison of the shapes of the poten-
tial power in the inflow with the turbines’ power, we had to
correct individual offsets in the SAR wind speeds within the
given measurement accuracy. Schneemann et al. (2015) had
to correct for an offset in SAR winds, comparing it with li-
dar, as well. This inaccuracy could be possibly reduced by a
SAR analysis tuned to the special case. We did not perform
SAR wind calculations ourselves but used already processed
wind data.

The analysis of SCADA data on power losses due to clus-
ter wakes without additional flow information from remote
sensing is difficult since obvious gradients in wind farm
power (Fig. 6) due to cluster wakes are rare and not exactly
stationary (e.g. washed out transition region in averaged lidar
wind field, Fig. 7b). In the DolWin2 case (Fig. 9) it is hardly
possible to judge the contributions of wake effects and effect
of higher turbine efficiency at the farm corners (Barthelmie
and Jensen, 2010) on the higher power of the turbines at the
eastern and western corners of the farm.

For future research on cluster wakes and their influence
on power generation, we propose a combination of differ-
ent measurement techniques complementing with their ad-
vantages, namely satellite SAR, long-range lidar and flight
measurements (aircrafts and drones). Doppler radar and non-
compact lidar systems offering ranges larger than 15 km are
available but have not been deployed in offshore wind farms
so far due to high costs and technical hurdles in the deploy-
ment, orientation and operation of the container-size systems
on offshore structures.

Another important aspect of measurements from offshore
platforms like transition pieces of offshore wind turbines to
be considered is platform movement and the resulting errors
in measurement locations. We found platform tilts of up to
0.1° due to turbine thrust depending on wind speed and di-
rection using the method of sea surface levelling (Rott et al.,
2017). This value might be even higher for turbines on a
commonly used monopile foundation compared to the tri-
pod foundation used in GT 1. With increasing measurement
ranges, the location error in the measurements grows further.

www.wind-energ-sci.net/5/29/2020/



J. Schneemann et al.: Cluster wakes

5 Conclusions

This paper investigates the question of whether offshore clus-
ter wakes have an influence on power generation of far down-
stream wind farms considering atmospheric stability. There-
fore we analysed two different cases of 24 and 55 km long
cluster wakes approaching the 400 MW offshore wind farm
Global Tech I (GT I) by means of satellite SAR measure-
ments, lidar wind monitoring and analysis of atmospheric
stability and GT I power production.

Long-range Doppler lidar supported by satellite SAR
proves to be a good combination for cluster wake measure-
ments with the lidar providing accurate wind speed monitor-
ing over long periods and SAR contributing with large-area
wind fields for the overall picture.

We find that long-distance wake effects of a wind farm
cluster exist at least 55 km downstream in stable and weakly
unstable stratification. They persist for more than 2.5 h. Dur-
ing this measurement period the average wake deficits are
23ms~! or 25% approximately 24km downstream and
2.2ms~! or 21 % approximately 55 km downstream. Single
lidar scans (2.5 min duration) reveal stronger wake deficits of
up to 3.9ms~! or 41 % approximately 24 km downstream.

Clear transition regions like edges in the wind separate
wake and free flow 24 km downstream and continue in the
affected wind farm, splitting it into regions of higher power
in undisturbed flow and reduced power in the wake deficit.
Free-flow turbines produce more then two standard devia-
tions, op, more than the average of the upstream turbines.
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This contribution proves the existence of steady power re-
ductions in a far downstream wind farm caused by cluster
wakes. We encourage further investigations on far-reaching
wake shadowing effects for optimized areal planning at sea
and reduced uncertainties in offshore wind power resource
assessment.

Data availability. Lidar data and meteorological data are pub-
lished (Schneemann et al., 2019). GT I SCADA data are confiden-
tial and therefore not available to the public. SAR wind data are
available from https://scihub.copernicus.eu/ (last access: 13 Decem-
ber 2019; Scihub, 2019). Hourly power data for several wind farms
are available from https://www.energy-charts.de/ (last access: 19
December 2019; Fraunhofer ISE, 2019). The New European Wind
Atlas is published at https://map.neweuropeanwindatlas.eu/ (last ac-
cess: 19 December 2019; NEWA, 2019). The OSTIA data set can be
obtained from http://marine.copernicus.eu/ (last access: 13 Decem-
ber 2019; Copernicus marine service, 2019) and radiosonde sound-
ings are available at

http://www.meteociel.fr/ (last access: 13 December 2019; meteo-
ciel.fr, 2019) or

http://weather.uwyo.edu (last access: 13 December 2019; Univer-
sity of Wyoming, 2019).
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Appendix A: Calculation of virtual potential
temperatures

We derived the virtual potential temperature used in Sect. 2.4
from the available measurements on the TP. We adapted the
following methodology mainly from Etling (2008). We need
the following:

— Rq=287JK kg~ (specific gas constant of dry air);

- Ry =461JK 'kg™! (specific gas constant of water
vapour);

- €= % =0.622 (ratio between the specific gas con-
stants for dry air Ry and water vapour Ry);

— kp = 0.286 (Poisson constant in dry air).

The saturation vapour pressure in pascals (Pa) dependent on
the temperature in kelvin (K) follows from the Magnus equa-
tion,

7.45(T—=273.15)
T-38.15

es(T) = 100.0-6.1 - 1ol (A1)

The partial pressure of water vapour in the air dependant
on the relative humidity RH reads as

e =RH-es/100.0, (A2)

while the mixing ratio is

e
rV=€~< ) (A3)
p—e
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With the specific humidity

ry

= A4
=1 (A4)
and the potential temperature

100000 Pa\
O=T(——) . (AS)
p

we approximate the virtual potential temperature as
®,=0-(1.0+0.61-q). (A6)

While the virtual potential temperature at the TP, ®y Tp,
could be derived directly from the available measurements,
we assume the relative humidity and the air temperature di-
rectly above the sea to be RHg = 100 % and Ty = Tssr, Te-
spectively, to derive the virtual potential temperature at sea
level, ®, sst. Furthermore we calculate the air pressure at
sea level as
T 7
SST V'ZTP)V ¢ (A7)

Po = PTP "
< Tsst

assuming a polytropic atmosphere and using the air temper-
ature gradient

Tsst — Trp
y= SSTT TR (A8)
ZTP
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Abstract. As part of the ongoing X-Wakes research project, a 5-month wake-measurement campaign was con-
ducted using a scanning lidar installed amongst a cluster of offshore wind farms in the German Bight. The main
objectives of this study are (1) to demonstrate the performance of such a system and thus quantify cluster wake
effects reliably and (2) to obtain experimental data to validate the cluster wake effect simulated by the flow
models involved in the project. Due to the lack of free wind flow for the wake flow directions, wind speeds
obtained from a mesoscale model (without any wind farm parameterization) for the same time period were used
as a reference to estimate the wind speed deficit caused by the wind farm wakes under different wind directions
and atmospheric stabilities. For wind farm waked wind directions, the lidar data show that the wind speed is
reduced up to 30 % at a wind speed of about 10ms~!, depending on atmospheric stability and distance to the
wind farm. For illustrating the spatial extent of cluster wakes, an airborne dataset obtained during the scanning
wind lidar campaign is used and compared with the mesoscale model with wind farm parameterization and the
scanning lidar. A comparison with the results of the model with a wind farm parameterization and the scanning
lidar data reveals a relatively good agreement in neutral and unstable conditions (within about 2 % for the wind
speed), whereas in stable conditions the largest discrepancies between the model and measurements are found.
The comparative multi-sensor and model approach proves to be an efficient way to analyze the complex flow
situation in a modern offshore wind cluster, where phenomena at different length scales and timescales need to
be addressed.

1 Introduction

Offshore wind energy, i.e., the use of wind farms built off-
shore or on the continental shelf to harvest wind energy for
electricity generation, is playing an important role in achiev-
ing a low-carbon future of economic prosperity. In 2020,
6.1 GW was commissioned worldwide. The total offshore
wind capacity has now passed 35 GW, representing 4.8 %
of the total global cumulative wind capacity. In particular,
Germany represents a 22 % contribution (7.8 GW) of the to-
tal installed power (Lee and Zhao, 2021). In the North Sea,

the available offshore area for wind energy is becoming in-
creasingly scarce. In order to contribute to the planned tar-
get of 30 GW by 2030 (long-term goal recently approved by
the German government) and to make wind energy extrac-
tion economically profitable, wind farms need to be installed
relatively close to each other. While this may be beneficial
in terms of infrastructure sharing, it may also be detrimental
to the overall energy extraction due to the influence of the
wakes generated by the upstream wind farms.

Therefore, knowledge of the prevailing wind conditions is
one of the crucial parts not only in the first phase of a po-
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tential offshore wind farm to accurately assess the wind re-
source, but also during the operation phase of the wind farm.
Although numerical simulations and the detailed analysis of
experiments in wind tunnels can provide good insight into
the actual conditions, high-quality in situ measurements in a
real environment are essential.

As the size of offshore wind farms increases and they are
grouped into larger arrays, also called clusters, wake effects
take on greater importance, not only affecting the surround-
ing wind conditions but also reducing the efficiency of power
generation for downstream wind farms. In the North Sea, for
example, the large size of wind farms and their proximity
affect not only the performance of single downstream tur-
bines but also that of whole neighboring downstream farms
(Canadillas et al., 2020; Ahsbahs et al., 2020), which may
reduce the capacity factor by approximately 20 % or more as
suggested by Akhtar et al. (2021). The effect of atmospheric
stability on the extension of the wakes behind wind farms
has been intensively studied in recent years through a num-
ber of analytical and experimental studies (Christiansen and
Hasager, 2005; Emeis, 2010, 2018; Djath et al., 2018; Ahs-
bahs et al., 2018; Nygaard and Newcombe, 2018; Cafadil-
las et al., 2020; Ahsbahs et al., 2020; Platis et al., 2020), as
well as numerical investigations (Patrick et al., 2014; Sieder-
sleben et al., 2018b). For instance, Cafadillas et al. (2020)
analyzed data from a series of flights collected within the
wakes at several downstream distances of two offshore wind
farm clusters located in the North Sea during different at-
mospheric stability conditions. They found that stable strat-
ification leads to significantly longer wakes with a slower
wind speed recovery compared to unstable conditions. Their
results reveal that the average wake length (defined as the
downstream distance where the wind speed has recovered to
95 % of the free-stream wind speed) under stable conditions
exceeds 50 km, while under neutral/unstable conditions, the
wake length amounts to around 15 km.

The analysis of wind farm cluster wake interaction is a
complex task, as different interacting processes on multiple
scales have to be taken into account. On the one hand, these
effects depend on climatological and seasonal changes, and
on the other hand, the wind farms extend over very large ar-
eas, experiencing natural spatial gradients with regard to the
wind conditions. This makes it necessary to find new long-
term wind speed measurements of the incoming wind, im-
portant not only for wind farms already installed but also for
future wind farms to be installed in the vicinity of a cluster
(Neumann et al., 2020).

Due to the high spatial and temporal resolution, long-
range-scanning Doppler wind lidars (also lidar, light detec-
tion and ranging) have gained importance in the wind energy
industry for a variety of applications, such as wind resource
assessment (Neumann et al., 2020), wind turbine and wind
farm wake studies (Schneemann et al., 2020), and power per-
formance testing (Rettenmeier et al., 2014; Gémez Arranz
and Courtney, 2021). Especially in the offshore sector, tradi-
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tional masts are associated with a high cost and long approval
processes. In contrast, scanning wind lidars are cheaper, very
flexible in terms of the scan set-up and the installation (for
instance, on a wind turbine transition piece), and easily ac-
cessible for system maintenance during the maintenance rou-
tines of wind farms. In the past, most studies, using scan-
ning Doppler lidar, have been limited to investigations of the
spatial wake characteristics of isolated wind turbines (Wang
and Barthelmie, 2015; Bastine et al., 2015; Bingol et al.,
2010; Kaisler et al., 2010) or individual wind farms (Sma-
likho et al., 2013; Aitken et al., 2014; Iungo and Porté-Agel,
2014; Herges et al., 2017; Krishnamurthy et al., 2017; Zhan
et al., 2020), such as the velocity deficit, the single wake
extent (length and width) of a wake, and wake meandering
(Tryjillo et al., 2010; Krishnamurthy et al., 2017) under var-
ious atmospheric conditions. More recently, lidars have also
been used to study the wind speed reduction upstream of a
wind farm, the so-called blockage effect (Schneemann et al.,
2021). Only a few studies have focused on the effects of
cluster wind farm wakes on the wind speed (Schneemann
etal., 2020), the value of the scanning lidar measurements for
validating wind farm parameterizations in mesoscale models
(Goit et al., 2020) or simple wake engineering models used
for wind farm optimization and energy yield estimation (e.g.,
Brower and Robinson, 2012).

Mesoscale models are capable of resolving effects that are
relevant on these large scales using wind farm parameteri-
zations developed to account for the wind speed reduction
and turbulence increase downstream of wind farms (Fitch
et al., 2012; Volker et al., 2015). A validation of simulations
with airborne in situ data (Lampert et al., 2020) has been one
of the aims of the projects WIPAFF (Wind Park Far Field)
and X-Wakes (Interaction of the wake of large offshore wind
farms and wind farm clusters with the marine atmospheric
boundary layer) (Siedersleben et al., 2018b, a, 2020), and the
airborne datasets have been used as reference for the vali-
dation of simulations and parameterizations (Akhtar et al.,
2021; Larsén and Fischereit, 2021). In this study, in order to
determine the wake effects of interacting wind farms, data
from different measurement locations and methods are com-
bined with the aim of obtaining a comprehensive picture of
the wind situation in the region of an offshore wind farm
cluster.

This paper is structured as follows. Section 2 provides an
overview of the locations and datasets used, including a thor-
ough description of the scanning lidar set-up, airborne mea-
surements and mesoscale simulations. Section 3.1 presents a
direct comparison of the lidar data with high-resolution air-
borne data in the vicinity of the measurement location; visu-
alization of the aircraft measurements and a mesoscale model
data give an example of the spatial extent of wind farm clus-
ter wakes. Section 3.2 shows the influence of upstream wind
farms by comparing the scanning lidar data with mesoscale
simulations without the wind farm parameterization (to es-
timate the wind speed deficit) and with consideration of the
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wind farm wake (to compare the model output with the in
situ scanning data). After a brief discussion of the study,
the conclusions are presented in Sects. 4 and 5 respectively,
where the potential of the scanning wind lidar for validat-
ing wind farm parameterizations in numerical simulations is
highlighted.

2 Site and methods

A field campaign using a scanning Doppler lidar was con-
ducted at the western edge of the wind farm Gode Wind 1
in the German Bight (see Fig. 1) for a period of 5 months,
from May to September 2020. Additionally, data from the
Dornier 128 D-IBUF research aircraft of the Technische Uni-
versitdt (TU) Braunschweig are used for a single flight to
extend the range of the available wind speed measurements
upstream, around and within the wind farm cluster wakes.
Due to the lack of a free wind reference (without any flow
disturbance generated by the wind farms), high-resolution
mesoscale model data from the Weather Research and Fore-
casting model (without the wind farm parameterization, here-
after WRF) were used to assess the wind speed deficit due to
the presence of wind farms surrounding the lidar measure-
ment location. Moreover, the scanning wind lidar dataset is
used to evaluate the WRF model outputs considering wind
farm wakes with the wind farm parameterization of Fitch
(Fitch et al., 2012), hereafter referred to as the WRF-WF set-
up.

Starting from the location of the scanning lidar measure-
ments, five different sectors were defined for the subdivision
of the measurement data into different wind direction re-
gions. Figure 1 shows a map of the study area in the German
Bight with the defined wind direction sectors. The individual
regions are labeled R1 to RS.

A detailed description of the measurement methods can
be found in the following sections. For the classification into
the five different regions according to the wind direction, the
actual position of the profile measurements at a distance of
1.5km west of the scanning lidar device was used. From
here, the positions of the outermost wind turbines of each
wind farm cluster were used to limit the area as presented in
Table 1. The regions R2 (south of the lidar location) and RS
(northwest) are not influenced by upstream wind farms. Re-
gion R1 (east) is influenced by the wind farms Gode Wind
1 and 2. Region R3 is influenced by the wind farm Nordsee
One and region R4 by the wind farm cluster N-2 composed
of the wind farms Trianel Borkum, Merkur, alpha ventus, and
Borkum Riffgrund 1 and 2 (see Table 2 for a summary of the
key characteristics of the wind farms surrounding the scan-
ning lidar measurements).

After dividing the measurements into different regions
based on wind direction, the lidar data have been further di-
vided into subsets of atmospheric stability, which is expected
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Table 1. Ranges of the individual wind sectors (regions) and dis-
tances based on the measurement location of the scanning lidar sys-
tem.

Region  Sector boundaries [°]  Distance to lidar
meas. point [km]

R1 [24, 170] 1.5

R2 [170, 186] (free wind)

R3 [186, 235] 8

R4 [235, 277] 20

R5 [277, 24] (free wind)

to strongly affect the wind speed downstream due to the pres-
ence of far-field wind farm wakes (Canadillas et al., 2020).

In this study, we use the static atmospheric stability, which
only takes into account buoyancy effects and is characterized
through the lapse rate () based on the temperature gradient
at two different altitudes, sea surface temperature (SST) and
air temperature at the height of the transition piece (23.3 m)
corrected for air pressure and density effects to obtain the
virtual potential temperature (6,) gradient,

_doy _ AG,

=4 , 1
V=0 T A7 M

with z the measurement height. Negative values of the virtual
potential temperature gradient y, or lapse rate, represent an
unstable stratification of the atmosphere; positive values rep-
resent a stable stratification; and values around zero represent
a neutral stratification. The stability classes were chosen as
follows:

— y < —0.04: unstable stratification,
— —0.04 > y < 0.04: near-neutral stratification,
— y > 0.04: stable stratification.

A thorough discussion of different parameters used to
characterize stability and the influence on wakes is provided
by Platis et al. (2021), who use similar values to classify
atmospheric stability based on lapse rate. Ideally, it would
be optimal to measure the air temperature at hub height or
above, but due to the lack of measurements and consider-
ing that the air temperature measurements at the nacelle are
highly biased due to the rotor effect, we consider our esti-
mation to be suitable as a first-order approximation for the
framework of this study.

2.1 Scanning wind lidar

Wind data were recorded with a long-range-scanning
Doppler wind lidar system of the type Streamline XR man-
ufactured by Halo Photonics, UK (METEK-GmbH, 2021).
The lidar system emits short laser pulses into the atmo-
sphere and detects the radiation backscattered by aerosols

Wind Energ. Sci., 7, 1241-1262, 2022
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Figure 1. Location of the scanning lidar between the wind farm clusters showing the five sectors (from R1 to R5) into which the data are
grouped for the analysis (dashed black lines). The individual wind turbines are represented by circles, and each individual wind farm is shown
in a different color. The location of the meteorological mast FINO1 is also indicated (red square). The WRF model grid point investigated in
this study is marked with a green star. Lidar system and lidar profile measurement locations are marked with a red triangle and a red diamond,
respectively. Coordinates refer to UTM WGS84, zone 32.

Table 2. Properties of the wind farms (as of May 2020) surrounding the scanning lidar measurement. The cluster name is defined by the
German Federal Hydrographic Agency BSH, wind turbine (WT) type within the wind farms, WT rated power (Pyated), their rotor diameter
(D), hub height (4) for LAT (lowest astronomical tide) and the number of wind turbines (No. of WTs).

Cluster  Wind farm WT type Prated [MW] D [m] h [m] No.of WTs
N-3 Gode Wind 1 and 2 Siemens 6 154 110 55/42
N-3 Nordsee One Senvion 6.2 126 90 54
N-2 Alpha ventus Senvion/Adwen 5 126/116 92/90 6/6
N-2 Borkum Riffgrund 1 and 2 Siemens/Vestas 4 120/154 83 78/56
N-2 Trianel Wind Farm Borkum 1 and2  Adwen/Senvion 5,63 116/164 87/111 40/32
N-2 Merkur GE 6 150 102 66

through optical heterodyning. This makes it possible to de-
termine both the intensity of the backscattered radiation and
its Doppler shift in the line-of-sight (LOS) direction, which
is proportional to its radial wind speed, also called LOS wind
speed.

The lidar system (see Fig. 2) was installed on the transi-
tion piece (TP) of the northernmost wind turbine (K01) of the
wind farm Gode Wind 1, at a height of approximately 23.3 m
LAT (lowest astronomical tide) and positioned on a metal
support structure for a clear view in the azimuthal range
[160°, 20°] over the railing to the west. In addition to the
scanning lidar device, other sensors for collecting thermody-
namic data (namely air temperature and humidity, pressure,
precipitation, and water surface temperature) were installed.
The purpose of these measurements was to characterize the
atmospheric stability regime with the method previously de-
scribed. The thermometer and hygrometer were mounted on
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a 50 cm long boom at a height of 22.5 m LAT, and the barom-
eter was located in the control cabinet 50 cm below. The in-
frared sensor for measuring the SST was located on the rail-
ing of the TP and consists of a pair of sensors, with one sen-
sor pointed towards the sea surface and the other towards the
sky, which allows the temperature measurements to be cor-
rected for the effects of background radiation (refer to Friih-
mann et al., 2018, for further details).

The lidar system, with a maximum range of 10km, was
set up with a gate length of 120 m. The sampling rate of the
back-scattered signal of 50 MHz gives a spatial resolution of
3 m along the LOS. Furthermore, the accumulation rate can
be reduced so that the highest beam sampling rate is 10 Hz.
The laser beam is directed by a scanner with an arrangement
of mirrors with 2 degrees of freedom, allowing scanning in
all directions. The positioning of the scanner at the top of the
lidar container box enables scanning of the sky above and a
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Figure 2. Long-range-scanning lidar and additional measurement
systems (on the right side) on the TP of one of the northernmost
wind turbines (KO1) at the wind farm Gode Wind 1.

Table 3. Overview of scanning lidar set-up during the measurement
campaign.

Parameter Value

Target distance [m] 1500

Target heights [m] 40, 80, 120, 160, 200
Elevation angles [°] 0.64,2.17,3.70,5.22,6.77
Azimuth sectors [°] 230° £ 7.5° and 300°4-7.5°
Scan duration [s] 75

Scan speed [° s 3.17

Accumulation time [s] 0.6

Range gate length [m] 120

reduced area below the horizontal, without interference with
itself.

The lidar performed plan position indicator (PPI) scans (at
five elevations) with continuous scanner movement in two
azimuthal sectors of 15° width upstream of the wind turbine
KO1. An overview of the lidar set-up is given in Table 3.

The set-up enabled the measurement of the wind profile in
the vicinity of the wind farm Gode Wind 1 (approximately
1.5 km west of the wind turbine KO1). To derive vertical pro-
files, we generate a so-called partial velocity azimuth dis-
play (VAD) plot at several altitudes using a sinusoidal func-
tion fitted to radial velocity data (Werner, 2005), which is
represented as a function of azimuth. Then the results are
calculated in terms of the Cartesian velocity components (u,
v, w), and finally the wind speed and direction are derived.
The classical approach relies on four radial velocities mea-
sured at constant elevation and in four quadrants in the az-
imuth around the lidar. In our approach, we rely on several
radial velocities measured continuously on a limited area in
azimuth and constant elevation to avoid measurements influ-
enced by the wake of the wind farms Gode Wind 1 and 2. The
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general sketch of the approach in Fig. 3a shows how data are
selected for the VAD plot near a target point and for several
heights (panel b). After selecting data for an altitude, a check
is made to see if the data meet a minimum carrier-to-noise
ratio (CNR), and then a sine function is fitted using random
sampling consensus (RANSAC) (Fischler and Bolles, 1981).
This last method is used to avoid the remaining outliers and
to increase the robustness of the fitting procedure.

As the lidar was positioned west of Gode Wind 1, the scan-
ning was performed to the western side, targeting five heights
above LAT, namely at 40, 80, 120, 160 and 200 m. In this free
sector, we followed the scanning trajectory shown in Fig. 4a
and with the scanner set-up shown in Table 3. In Fig. 4b,
an example of the VAD results for the wind speed and wind
direction for 1500 m and a height of 120 m is shown. In prac-
tice, every time a scan is finished, i.e., every 75s (see key
scanning parameters in Table 3), a VAD is performed and
wind speed and wind direction at all five heights are stored.
Finally, these data are averaged over 10 min.

An important point to consider when measuring wind with
a lidar system is the orientation of the system. Orientation er-
rors in the scanning lidar affect the exact position at which
the wind is interrogated by the laser beam. Three angles
are used to fully define the orientation of the lidar in three-
dimensional space, namely bearing, tilt and roll. The further
the distance to the lidar, the larger the error in positioning
is, due to errors in one of these angles. It is therefore neces-
sary to determine these angles at very high accuracy in order
to reduce and properly quantify the positioning uncertainty.
While the offset in the azimuthal direction between the geo-
graphic north and the lidar’s north mark can be determined
with a compass, this is very inaccurate for the site installa-
tion because the turbine structure affects the magnetic field
around the lidar. A better option is to use the lidar itself and
neighboring turbines of which their position is known (“hard
targeting”). In this study, we target turbines of the neigh-
boring wind farm Nordsee One at distances between 8 and
10km and identified them by their very high backscattered
signal with an accuracy of at least 0.1°. In addition, the sys-
tem is equipped with an internal inclinometer, which is used
to quantify tilt and roll. However, the manufacturer does not
provide calibration information for this sensor. Furthermore,
due to the high relevance of these angles, it is desirable, if
not mandatory, to perform an on-site assessment of mount-
ing errors and inclinometer performance. For this purpose,
we apply the so-called sea surface leveling (SSL) proposed
by Rott et al. (2022) during the commissioning of the lidar
system at the offshore site. In this procedure, the sea surface
is used as a reference to assess the orientation of the lidar
system relative to the horizontal plane. Mainly, the scanning
lidar, which is installed several meters above the sea, is set to
perform a scan with constant downward elevation and con-
stant azimuth velocity. In this set-up, the backscattered lidar
signal describes the surface of a cone that extinguishes by
absorption as it enters the water. The geometric analysis of
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Figure 3. (a) Sketch of scanning for partial VAD. Shaded areas in blue represent areas where the wind is interrogated continuously. Areas
in red represent the volumes where data for VAD are selected. (b) Sketch of the vertical profile of the wind speed and wind direction at the
five target heights selected in this campaign, where L is the distance from the lidar system to the measurement location.
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Figure 4. (a) Example of the top view of the radial wind speed (ur) for a single full scan taking approximately 75s on 29 August 2020.
Eastings and northings are given in meters and relative to the lidar position. (b) Example of VAD data selected from the scan in (a) for
a distance of 1500 m £150m and a height of 120m £5 m. The bottom legend shows results for the radial wind speed fit. The top legend
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the elliptical shape of the intersection of the cone with the
water surface (see Fig. 5) provides the tilt and roll angles of
the cone axis and thus of the lidar itself.

We adopt the results of the SSL method as a reference be-
cause they show the misalignment of lidar, scanner and sup-
port structure combined in a direct way. For this reason, the
misalignment results from the SSL can be used in trajectory
planning. Eventually, the data could also be used to calibrate
the internal inclinometer or any other auxiliary inclinometer
used in a campaign. The SSL is performed regularly to check
if the alignment has changed.

To assess the robustness of the SSL and its performance
against the internal inclinometer of the scanner system, we
ran the SSL continuously for almost 18 d from 6-24 August
2020. Figure 6a and b show, respectively, the time series of
tilt and roll obtained from the SSL and the internal incli-
nometer. Each time step represents the result of a full SSL
scan (with a duration of about 2.5 min) and the corresponding
mean value of the inclinometer data. In addition, the standard
deviation of the inclinometer is shown as a band of +o. The
results show a good correlation between the two signals. The
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Figure 5. Example of backscattered signal intensity after SSL scan-
ning. Red dots show the estimated water entrance. The red ellipse
and its axes reveal a misalignment of the sensor. The blind area to
the east is due to the turbine tower.

SSL indicates a different bias in each axis of the inclinome-
ter, namely tiltyj,s = —0.05° and rollpjys = 4+0.05°. A change
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Figure 6. (a) Lidar tilt from internal inclinometer (internal, red) and from SSL (blue). The red band shows the standard deviation (SD) of
the inclinometer tilt during each SSL scan. (b) Lidar roll from internal inclinometer (internal, red) and from SSL (blue). The red band shows
the standard deviation (o) of the inclinometer roll during each SSL scan.

in mean tilt and roll over time can be observed. This is due
to the varying conditions of the support structure. In particu-
lar, the thrust of the wind turbine changes the magnitude and
direction of the tower inclination depending on the wind di-
rection and wind speed. The error between the two sensors
(now assuming SSL as the sensor) can be seen in Fig. 6a and
b. After debiasing both errors, we obtain mean-square errors
of &4t = 0.01° and €] = 0.02°. Finally, the variance of the
inclinometer is a consequence of the system dynamics, which
must be taken into account when assessing the accuracy of
the scanner alignment. The total variance of the inclinometer
signals is o) = 0.23° and oy = 0.24°. It should be noted
that in the absence of information on the calibration of this
sensor, we assume this value to be conservative. This is based
on the assumption not only that the sensor perfectly detects
rotational changes but also that the resulting values are a su-
perposition of rotational and translational movements.

2.2 Mesoscale model

Mesoscale simulations, including both undisturbed free wind
conditions and the wake-disturbed wind field due to the sur-
rounding wind farm, were performed using the WRF model
(version 4.2.1) developed by the National Center of At-
mospheric Research (Skamarock et al., 2019). In the WRF
model, there are prognostic variables for the horizontal and
vertical wind components, potential temperature, geopoten-
tial and surface pressure of dry air as well as several scalars
such as cloud water and water vapor. The WRF model is
well known and widely used in the wind energy community
(Huang et al., 2014; Hahmann et al., 2020; Kibona, 2020),
and in recent years also for wind farm wake simulations
(Pryor et al., 2019; Siedersleben et al., 2018b).

Our set-up was optimized within several research projects
for wind energy applications, especially with a focus on off-
shore conditions (Gottschall et al., 2018; Dorenkédmper et al.,
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2020; Gottschall and Dérenkidmper, 2021). The studies by
Gottschall et al. (2018) and Gottschall and Dorenkdmper
(2021) compare the mesoscale model data from a similar set-
up against vertical lidar and mast measurements. The WRF
model set-up is based on the extensive sensitivity studies
carried out in the framework of the NEWA (New European
Wind Atlas) project (Hahmann et al., 2020; Dérenkdmper
et al., 2020). The final set-up was validated against almost
300 masts in different terrain complexity. In low terrain com-
plexity this set-up showed a bias of the mean wind speed of
0.06ms~! £0.49ms~! evaluated at 110 masts. To limit the
number of grid points in the numerical calculations, a nest-
ing technique is used. Three domains centered around the
German Bight area are nested, each of a size of 120 grid
points with resolutions of 18, 6 and 2 km. Figure 7a shows
the distribution and size of the three domains around the site
of interest.

The wind turbines were parameterized as momentum sinks
and source of turbulence using the Fitch wind farm parame-
terization (Fitch et al., 2012). In every grid that intersects
the rotor disk, the horizontal wind components are reduced
to represent the drag of the wind turbine. Different thrust and
power curves corresponding to all turbine types were applied.
Figure 7b shows the locations of the turbines in the model
simulations. Boundary conditions for the model were pre-
scribed by the ERAS dataset (ERAS resolution, 0.25° x 0.25°
(~30km), 6-hourly) for the atmospheric variables (Hers-
bach et al., 2020) and the OSTIA dataset for the sea sur-
face variables (Donlon et al., 2012), which provides near-
real-time global sea surface temperature at the grid resolu-
tion of 1/20° (~ 6 km). The WREF version used in this study
does account for the turbulent-kinetic-energy advection bug
that was recently discovered (Archer et al., 2020).

We performed simulations with and without wind farms
and extracted the time series from the WRF simulations at
the position of the scanning lidar measurements for the same
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Figure 7. (a) Locations of the three WRF model domains (D01, D02, D03) with a grid sizes of 18, 6 and 2 km, respectively. The innermost
domain (D03) of (a) is shown in detail in (b) with the locations of the wind turbines accounted for in the simulations and the location of the
lidar measurements marked in red. Note that wind farms with a distance of more than 100 km from the site were ignored.

period. The most important settings of the mesoscale model
configuration are summarized in Table 4.

2.3 Airborne measurements

The spatial extent of the wind farm wakes can be briefly in-
vestigated by considering one of the measurement flights car-
ried out during the scanning wind lidar measurement period
with the research aircraft Dornier DO-128 operated by the
Technische Universitit Braunschweig (Lampert et al., 2020).

Although the flight data are limited to a few hours within
a single day, they provide an overview of the wind situation
at different distances and vertical profiles both upstream and
downstream of the wind farm clusters. The research aircraft
is equipped with a nose boom to perform high-resolution
measurements of the wind vector, temperature, humidity
and pressure, sampling at a frequency of 100 Hz (Corsmeier
et al., 2001). Sensors for measuring the surface temperature,
a laser scanner for determining sea state characteristics and
cameras were also integrated (Lampert et al., 2020). During
the measurement flights, both the upstream and downstream
arcas of the wind farm clusters were investigated. The flight
pattern included legs of 45 km length that were aligned per-
pendicular to the main wind direction, therefore crossing the
wakes, and vertical profiles from around 15m altitude up
to 1000 m. The individual straight flight legs were horizon-
tally spaced about 10 km from each other. The measurement
height was 120 m above sea level, which corresponds to the
hub height of the wind farms Gode Wind 1 and 2.

An cxample of a flight dataset showing multiple wake-
transect profiles perpendicular to the mean wind direction,
measured downstream of clusters N-2 and N-3 on 3 July
2020, is briefly presented in the next section.

Wind Energ. Sci., 7, 1241-1262, 2022

3 Wind field modification by wind farm clusters

The strong modification of the wind field by the wind farm
clusters is clearly evident in scanning lidar measurements,
flight measurements and WRF simulations. Flight measure-
ments enable an initial side-by-side evaluation of the WRF
model over a larger spatial scale than is possible with just the
scanning lidar system and illustrate the strength and extent of
wind farm cluster wakes (Sect. 3.1). The lidar measurements
are then compared with WRF model results with and without
a wind farm parameterization for the different sectors and at-
mospheric stability conditions, which enables an evaluation
of WRF performance for different upstream wind conditions
(Sect. 3.2).

3.1 The spatial extension of cluster wakes

Because of the extended range of flight paths around the wind
farm clusters, the flight measurements are presented here to
complement the lidar measurements. We consider the wake
situation of the N-2 and N-3 clusters on 3 July 2020 (10:24—
13:02 UTC) when flight legs were performed perpendicular
to the mean wind direction (& 230°) and taking on average
10 min per traversal. The cluster wake limits in Fig. 8a are
defined as the physical cluster extent which expands with dis-
tance x at the rate of ky, = 0.04 (wake decay constant for off-
shore as suggested by Sgrensen et al., 2008.

The spatial distribution of the measured wind speed is in-
ferred in Fig. 8a from the flight legs extending perpendicular
to the wind direction. Darker colors, representing lower wind
speed values, are evident directly behind the wind farms and
more dense clusters of wind turbines. In particular, the strong
reduction in wind speed downstream of cluster N-2, which
is located to the west, but also the wind farms Gode Wind
1 and 2, which are located further to the east, can be clearly
seen. Behind the northeastern edge of Gode Wind 2, the wind
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Table 4. Relevant parameters of the mesoscale model set-up. The references for the different schemes and models are summarized in WRF

Users Page (2020).

Parameter Setting

WRF model version 42.1

Planetary boundary layer (PBL) scheme MYNN level 2.5

Wind farm parametrization Fitch et al. (2012)

Land use data MODIS

Surface layer scheme MYNN

Microphysics scheme WREF single-moment five-class
Shortwave and long-wave radiation RRTMG

Atmospheric boundary conditions ERAS

Sea surface conditions OSTIA

Horizontal resolution 18, 6 and 2 km

Vertical resolution 60 eta level

Nudging Grid nudging above PBL
Model output interval 10 min

Nesting One-way

Land surface model
Simulation duration

Unified Noah Land Surface Model
240 (424 spin-up) hours

speed is about 7.5ms~!. Upstream of the wind farm, the
wind speed is about 11 ms~!, which corresponds to a reduc-
tion in wind speed of about 30 %. Stability during this pe-
riod was inferred from vertical temperature profiles outside
the wake area influenced by the wind farm clusters by steep
climbing and descending flight profiles up to an altitude of
about 1000 m, which reveal, after an initial close-to-neutral
period (—0.005 Km™"), stable conditions (with a maximum
value of 0.01 Km™!) for the last legs and thus explain the
strong wakes detected.

Figure 8b shows the horizontal wind speed transect for
the closest flight traversal (black line) upstream of the li-
dar measurement point (x = —0.33km) compared with the
mean wind speed according to the lidar (green diamond) and
standard deviation for the duration of the flight leg (error
bars), revealing a suitable agreement between the two mea-
surements for this flight (mean bias = 0.06 m s~1). For this
leg, the lapse rate was —0.003 Km™!, implying neutral con-
ditions, which explains the relatively high turbulence signal
in the 100 Hz data (gray line). The flight leg was performed
between 11:27 and 11:37 UTC.

For comparison, the WRF-WF model results for the times
10:00 (red dotted curve), 11:00 (blue dotted curve) and 12:00
(purple dotted curve) UTC are shown for a transect corre-
sponding to the flight coordinates. Note that for this particu-
lar time period, there is an approximate time delay of around
1 h, which is common in WREF results. The flight altitude cor-
responds to approximately 120 m, corresponding to the mean
hub height of the N-2 and N-3 clusters and the mean wind di-
rection of 228° for this transect. While these data also show
a decrease in the wind speed between the limits of the cluster
N-2, the wind speed of the wake minimum is about 0.5 m s ™!
higher than the flight leg. The mean wind direction differ-
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ence between the flight leg and the simulation is about 10°.
It is worth mentioning that the WRF simulation does not take
into account the wind farms located at about 15 km east of the
cluster N-2 (Gemini wind farm), which could explain the dif-
ference of more than 1 ms™! at the northern part of the wind
farm wake (negative x axes).

Figure 9 shows the WRF-model-simulated horizontal
wind field with the wind farm parameterization at mean hub
height (120 m) and at different time steps.

Both the observations (Fig. 8a) and model (Fig. 9) show a
wake extending at least 40 km downstream of the N-3 wind
farm cluster, meaning this wake was long enough to reach
the wind farm cluster N-4 (not shown) located about 60 km
downstream of Gode Wind. In the spanwise direction, the
wake has dimensions of approximately the maximum width
of the wind farms. The simulations for different time steps in-
dicate the temporal variability of the wind field well, which
has to be considered for a flight duration of 4h as well. As
shown next, significant wake effects were detected by the
scanning lidar for cases such as these for flow from the east.

3.2 Directional and stability dependence of cluster
wakes

We evaluate the lidar-derived wind speed measurements by
first dividing the wind direction into five unequal sectors
within the cluster wakes (see Fig. 1). The lidar measure-
ments are then compared with mesoscale model results with-
out and with a wind farm parametrization for the different
sectors, which enables (1) an estimation of the wind speed
deficit when using the model without wind farm parametriza-
tion and (2) an evaluation of the model (with wind farm
parametrization) performance for the different upstream con-
ditions. Note that because the stability is also wind direction

Wind Energ. Sci., 7, 1241-1262, 2022
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Figure 8. (a) Flight path in the vicinity of the clusters N-2 and N-3 (individual turbines as black points) of the measured wind speed from
the measurement flight on 3 July 2020 (10:24-13:02 UTC). The black dashed lines indicate the downstream boundaries of the clusters for the
measured wind direction of 230°. The {light altitude during the traversals of the wake clusters was ~ 120 m, and the coordinates refer to UTM
WGS84, zone 32. (b) Horizontal wind speed transect for the closest flight traversal upstream of the lidar measurement point (x = —0.33 km,
where the negative sign refers to the left of the location of the measurements obtained by scanning lidar) and perpendicular to the wind
direction. The gray line represents the 100 Hz data, the black line shows the data filtered by a moving average and the green diamond with
error bars represents the lidar mean wind speed and its standard deviation for the duration of the flight leg (= 10 min). The red, blue and
purple dotted lines show the WRF results with a wind farm parameterization (WRF-WF) from a transect of the model results at 10:00, 11:00

and 12:00 UTC, respectively, based on the flight coordinates.
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Figure 9. Spatial distribution of the modeled wind speed (see color bar) from the WRF simulation with a wind farm parameterization on 3
July 2020 at different time steps. The dashed gray line indicates the position of the flight leg shown in Fig. 8b.

dependent at this site, some sectors are affected more by cer-
tain stability conditions.

Figure 10a shows the wind rose from the lidar measure-
ments together with the five wind direction regions R1-5,
illustrating the predominance of a west-southwesterly wind
direction for the data period presented here, which corre-
sponds to the main meteorological wind direction in the Ger-
man Bight area (Cafadillas et al., 2020). Figure 10b shows
the Weibull distribution for the wind speed together with the
scale parameter A and shape parameter k for each region

Wind Energ. Sci., 7, 1241-1262, 2022

R1-5 at 120 m. This illustrates that meteorological condi-
tions and wind speed distributions within a region are very
different, so that a direct comparison of wind data between
the different sectors does not make sense due to the different
flow conditions found in each sector. (For a more detailed
depiction of the lidar data distribution for different sectors,
please refer to Appendix B.)

The wind roses derived from lidar data for different at-
mospheric stabilities are shown in Fig. 11, illustrating that
a large part of the data obtained during stable atmospheric
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Figure 10. Wind rose (a) and Weibull distribution per regions R1-5 (b) at 120 m altitude measured by the scanning wind lidar for the period

from May to September 2020.

stratification correspond to flow from the east. With neutral
atmospheric stability, southwesterly winds prevail, while in
unstable stratification northwesterly winds are predominant.
Unstable and neutral conditions are associated with higher
average wind speeds than stable conditions.

The wake-induced wind speed reduction at the position
of the lidar measurements is investigated for each wind re-
gion using a polar plot for which the mesoscale simulation
results (without wind farm parameterization) are used as the
reference free wind speed. Since the model data represent
an undisturbed state not influenced by wind farms, differ-
ences in the wind conditions are to be expected when com-
paring the two datasets. Especially in the regions R1, R3 and
R4, which are directly influenced by the wind farm clusters,
lower measured wind speed values are expected. Figure 12
shows the direct comparison of the wind speed values per
wind direction of the lidar and the mesoscale model data at
120 m height for (a) unstable, (b) neutral and (c) stable at-
mospheric conditions. To aid visualization, the boundaries of
the regions R1 to R5 and the individual positions of the wind
turbines are also indicated.

Relatively good agreement is found between both datasets
in unstable conditions and in region R2 in neutral conditions.
The difference in wind speed in the other regions is also min-
imal under unstable stratification where the influence of the
wind farms is difficult to detect in the measurements since
wind farm wakes are not expected to be large. In contrast, a
comparison of the datasets for neutral and stable atmospheric
stratification shows a clear discrepancy between the measure-
ments and model results, with this difference particularly ev-
ident in the regions R1, R3 and R4, which are directly in-
fluenced by wind farm clusters. The maximum difference is
about 4ms~! in region R3 in stable stratification. Even with
neutral stratification, a difference can be seen in the two wind
speed datasets and the regions influenced by wind farms. In
the free-wind region, however, both datasets agree very well.
The strong fluctuations in the wind speed of the lidar data in
region R1 are due to the very small amount of data in neu-
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tral stratification (see Fig. 12). For region RS, in the case of
stable atmospheric stratification, there are no or too few data
available in some wind direction sectors. A comparison of
the data from the free-wind sector is not possible here. Nev-
ertheless, the reduction in wind speed caused by the wind
farms in the other regions can be clearly seen.

To quantify the effects of the wind farm wake in the dif-
ferent regions, the wind speed deficit (ewrp) of the lidar-
measured wind speed ujigyr With respect to the mesoscale
wind speed uwrr is defined as

EWRE = ( Wiidar _ 1) 100 % )
UWRF

and presented in Fig. 13a, which is computed as an average
over all points in each wind direction region for unstable,
neutral and stable conditions. The bars within a group rep-
resent the five measurement heights of 40, 80, 120, 160 and
200 m, and the number of 10 min lidar values within a bar is
shown at the end of the bar.

The wind speed deficit ewgrp in region RS, the free-wind
region, is small for neutral and unstable conditions (< 10 %),
especially for unstable stratification (1 %—2 %), for all mea-
surement heights. For the second free-wind sector R2, only
small differences between the WRF model and lidar data are
evident in the case of unstable and neutral atmospheric strati-
fication. However, the results in this sector vary strongly with
height. One possible reason for this is that the lateral extent
of the narrow undisturbed corridor in region R2 is too small,
only about 3 km, and that the boundaries of the wake effects
become wider with increasing distance to a wind farm due to
the wake expansion. This effect is enhanced by a stable at-
mosphere. Even when the corridor was further narrowed by
changing the region boundaries of R2, no effect similar to
RS was detected. The small horizontal extent of the corridor
and the large distance of the lidar measurement site from this
area make a differentiated evaluation of region R2 difficult.

The regions R1, R3 and R4 influenced by the wind tur-
bines all show a relatively large wind speed deficit. As ex-

Wind Energ. Sci., 7, 1241-1262, 2022




1252

Unstable

B. Canadillas et al.: Offshore wind farm cluster wakes

Neutral

90°

wind speed [m s'1]
. > 23
I 18 < ULidar <23
-13 = ULidar <18
|:8 = ULidar =1

3< ULidar <8
==== 8% Regions

Figure 11. Wind roses measured by the scanning lidar for different atmospheric stabilities at 120 m above LAT. The regions R1-5 are

indicated by dashed lines.

pected, the ewrr values measured are generally lower (neg-
ative) than the values from the undisturbed computational
model at all heights and stability conditions, particularly
in stable stratification. In region R4 and at a measurement
height of 120m, ewrp &~ —30% in stable stratification. It
is also noticeable that the reduction in wind speed shows a
negative trend with increasing height. While the maximum
height of the lidar measurements may be 200 m and most of
the wind turbines in the surrounding area have a total height
between 140 and 180 m, some interaction effects can also
be detected above the wind farm due to vertical wake ex-
pansion (Siedersleben et al., 2018a; Larsén and Fischereit,
2021). However, as measurements at a height of 200 m are
only partially influenced by the wind turbines, as they are
no longer completely behind the rotor surface, this probably
explains the lower wind speed deficit at 200 m.

The wind speed differences can be further emphasized for
different atmospheric stability conditions within a region.
Here it is noticeable that, in regions R4 and R3, a strong re-
duction in wind speed behind the wind farms with increasing
atmospheric stability can be seen, but this is much less pro-
nounced in region R1. As regions R3 and R4 have a larger
distance to the measuring point of the lidar than region R1,
it can be assumed that, in an unstable atmosphere, the wind

Wind Energ. Sci., 7, 1241-1262, 2022

speed recovers more quickly in the wake of a wind farm than
in stable conditions, as also shown in Cafiadillas et al. (2020).

The lateral extent of a wind farm, i.e., the number of wind
turbines in the flow direction as well as the wind turbine lay-
out, also affects the strength of the change in wind conditions
in the wake of a wind farm cluster. Region R3 is influenced
by the wind farm Nordsee One. Here, a maximum of six to
seven wind turbines are located behind each other in the flow
direction. In region R4, which is influenced by the wind farm
cluster N-2, the number of wind turbines in the direction of
flow is 17 to 20 turbines, depending on the wind direction.
This effect is evident when considering the wind speed dif-
ferences in regions R3 and R4 under unstable atmospheric
conditions. Although the distance of the wind farm in region
R3 to the measurement location of the lidar is significantly
smaller, the reduction in wind speed is smaller than in region
R4. A possible reason for this is the size of the wind farm
cluster in R4.

Figure 14 shows a polar plot comparing WRF results,
both without and with wind farms, with the lidar measure-
ments, for all atmospheric stabilities detected during the
measurement period. To ensure a fair comparison between
the mesoscale (WRF-WF) model and the lidar, hourly pro-
duction data from energy charts (available at https://www.
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energy-charts.de/, last access: July 2021) were used for filter-
ing purposes. Only wind farms in operation at the measure-
ment times are included in the mesoscale simulations and
thus considered in the comparison.

Wind speed deficits of up to about 30 % are shown for the
easterly winds at a distance of 1.5km and up to 15 % for
the southwesterly flow at a distance of about 20km. On the
other hand, the lidar (blue) and WRF-WF (green) data show
improved agreement between the two datasets for all direc-
tions with a difference in wind speed of about 2 %, indicating
that the WRF-WF model with the wind farm parameteriza-
tion included is capable of capturing the mean wake effects
detected by the in situ measurements.

As for Fig. 12, the data presented in Fig. 14 are divided
into unstable (a), stable (b) and neutral (c) conditions in
Fig. 15 for the WRF model with the wind farm parameter-
ization (green line) and for the scanning lidar (blue line).
A good agreement is found for most of the regions (R1, R4
and R5) under unstable conditions with a wind speed differ-
ence of around 2 % in wind speed. The larger disagreements
in wind speed (almost 15 %—20 %) are found under stable
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conditions for the regions R1 (downstream of the large wind
farm clusters Gode Wind, N-2) and R2 and of around 10 %
for the region R3 (downstream of the relatively small wind
farm Nordsee One).

Figure 13 (lower panels) also presents the wind speed dif-
ference for the mesoscale model ewrp.wr. In general, the
wind farm parameterization reduces the absolute magnitude
of the wind speed difference ewrp-wr in the waked regions,
especially for regions R1 and R4 to, respectively, the east and
west of the lidar for all stability classes, and for region R3
to the southwest of the lidar, except for unstable conditions
where the value of ewrp-wr is more positive for all heights.
This could be due to coastal effects to the south not being
properly captured by the model (see also the southern part
of the polar plot in Fig. 15a). The difference in the narrow
region R2 to the south is also worsened by the wind farm
parameterization, including for all stability classes. Our lidar
measurements thus serve as a reference for further improve-
ments in wind farm parameterizations.

Wind Energ. Sci., 7, 1241-1262, 2022
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Figure 14. Wind speed polar plot of the lidar (blue) and WRF
model without (red) and with wind farm influences (WRF-WE,
green) at 120 m. Wind turbines are indicated as gray points, and
the sectors are indicated as dashed gray lines.

4 Discussion

In this study measurements of wakes inside an offshore clus-
ter are reported for the first time. Data of a lidar scanner
installed on the transition piece of a wind turbine located
within a cluster in the German Bight are collected and an-
alyzed within a 5-month field campaign. As part of the goals
of this study, a detailed description of the experimental set-
up and an uncertainty estimation have also been presented.
We have implemented a method for obtaining a representa-
tive wind speed vertical profile with a single scanning lidar
for areas nearby offshore wind farms. The method comprises
two novelties in the application of scanning lidars offshore.
First, we used a lidar VAD analysis to deliver wind charac-
teristics in a domain between 1 and 2 km instead of concen-
trating on one-point measurements. Second, we used what
we call partial VAD to derive area-equivalent wind speed
and wind direction. We selected the area-equivalent approach
to obtain more representative wind characteristics, especially
across inhomogeneous flow. Moreover, we expected the spa-
tial “averaging” effect to make the results more comparable
to mesoscale models. The results presented in this paper sup-
port our hypothesis that such a measurement approach is also
robust in wind farm wakes and can be applied for resource
assessment. On the technical side, this is the first time, to
our knowledge, that this type of scanning and data process-
ing have been implemented. One usually obtains wind speed
profiles with scanning lidars in the vicinity of wind farms
using a dual-Doppler-lidar approach. This means that two
scanning lidars operate simultaneously. With our approach
we considerably reduce the campaign complexity and exe-
cution costs. This has advantages for the industry and is po-
tentially an application for campaigns where fixed structures
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and existing infrastructure can be used to install the scanning
lidar. Finally, this could be an alternative to floating lidars
for some measurement campaigns near wind farms. More-
over, these systems can be relatively easily installed on the
TP of an offshore wind turbine. So far, there is no standard
similar to that existing for other remote sensing systems, for
instance, vertical ground-based lidars (e.g., as part of IEC-
61400-12). In addition to the scanning lidar, we describe a
novel way to easily estimate the stability of the atmosphere
by installing air temperature and sea surface temperature sen-
sors on the railing of the TP. Normally, air and sea temper-
ature and humidity are not measured in close proximity to
wind measurements at offshore locations when using a lidar
system. However, several previous studies have shown that
the stability of the atmosphere plays a decisive role in the
value of the wake deficit, so it is necessary to have an esti-
mate of this parameter. We used a WRF model to estimate the
wind deficit as no undisturbed wind measurements are avail-
able during the scanning survey campaign in the area, which
is a general problem of such an inner wind farm cluster anal-
ysis. High-fidelity WRF model simulations are used to (1)
estimate the average wind speed deficit and (2) compare the
inter-wake effects simulated by the model with the scanning
lidar data. Analyses are performed for different in-flow di-
rections based on the obstacle encountered at the measure-
ment position (i.e., a wind farm in the case of Nordsee One
or a wind farm cluster) and for different atmospheric stabili-
ties. For the comparison of measurements to the WRF model,
10 min time series of wind simulations were extracted at the
position of the scanning lidar measurements and without tak-
ing into account the effect of the turbines on the model. We
have demonstrated that our lidar measurements are able to
quantify wake effects within a modern offshore cluster. The
dependency of the results is plausible in the sense of external
parameters like atmospheric stability.

5 Conclusions

Interaction effects between wind farm clusters N-2 and N-
3 in the German Bight are demonstrated via the analysis
of data from a scanning lidar, airborne measurements and a
mesoscale model. Lidar measurements combined with me-
teorological sensors reveal the strong directional and stabil-
ity dependence of the wake strength in the direct vicinity of
wind farm clusters. For sectors without upstream wind farms,
the scanning lidar data agree with the mesoscale simulations
of the undisturbed flow in unstable, neutral and stable atmo-
spheric conditions. In region RS (sector free of wind farms
to the north), the maximum wind speed deficit is about 2 %,
whereas in region R4 a reduction of up to 30 % was observed.
The magnitude of the deficit increases in all other regions
with increasing atmospheric stability.

The wakes still have an influence at 200 m altitude, but it
is much smaller than at hub height. This effect is also appar-
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ent when examining the wind speed at other measurement
heights.

This observational dataset allows for numerical model val-
idations. Taking into account the mesoscale wind farm pa-
rameterization (WRF-WF), overall, the model performs rea-
sonably well and is able to capture the wake trend. A good
agreement is found for most of the regions (R2, R3 and R5) in
unstable conditions, with a relative deviation of around 2 %
in wind speed. As expected, the larger disagreements in wind
speed (almost 20 %) are found for stable conditions for the
regions R1 and R4, amounting to around 10 % for region R3.
This means that mesoscale wake simulations still have defi-
ciencies in correctly reproducing the atmospheric stratifica-
tion and its influence on the development and decay of wind
farm wakes. Scanning wind lidar measurements are therefore
a powerful tool for the evaluation and improvement of wind
model simulations and in particular wind farm parameteri-
zations. We conclude that the scanning Doppler wind lidar
is a flexible, accurate and robust tool for deployment inside
wind farm clusters for the investigation of the flow phenom-
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ena therein. Further work is ongoing to establish longer-term
measurement campaigns and comparisons with standard in-
dustry models.

Appendix A: Quantification of scanning wind lidar
uncertainties

Any field measurement has inherent uncertainties which have
to be estimated. Typically, standards agreed on by the in-
dustry are used to quantify them. In the case of scanning
wind lidar, no standard has yet been developed, so in this
section we explain the uncertainties that we found to be rel-
evant in the context of this study. In Table A1 we show the
summary of uncertainty components. Where applicable, the
analysis is based on the methods described in IEC-61400-
12-1 (2017) and on industry-accepted best practice guide-
lines (Wagner et al., 2016; Franke, 2018). Each of the indi-
vidual uncertainty components is explained in the following
sections. Some of them are obtained by known procedures,
while others are quantified based on procedures we derived
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Figure A1. RMSE of simulated VAD. The resulting RMSE is cal-
culated for 100 runs of each combination of parameters as shown in
Table A2. Lines in red represent values weighed with the frequency
distribution of wind speed and wind direction at the site. The dashed
line represents the average of the continuous red line.

specifically for the set-up used in this campaign with a con-
servative approach.

A1 Calibration

Prior to offshore deployment of the lidar, a calibration of the
system was performed using a reference measurement. For
this campaign, the calibration of the system was performed
according to the calibration procedure for conventional ver-
tical profilers (IEC-61400-12-1, 2017) at UL’s test field in
Wehlens in northern Germany. This means that we repro-
duced the measurement performed by a short-range vertical
profiler with an elevation angle of 60°. The uncertainties ob-
tained in this way are assumed to be conservative if com-
pared to a line-of-sight calibration, as suggested by Borrac-
cino et al. (2016). This increased uncertainty is due to the
large height span and associated wind shear within a single
range gate. During the campaign, the maximum elevation an-
gle was closer to 7°, and hence the height range covered by
a single range gate is significantly smaller. Accordingly, the
actual uncertainty is expected to be smaller than that obtained
during the system verification.

A2 Beam positioning

Another uncertainty component is the lidar laser beam posi-
tioning, which describes the combined effect of the accuracy
of the scanning head in the vertical direction and the vertical
wind shear. Here we used scanning lidar precision as given
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by the manufacturer and used a vertical power-law profile
with an exponent & = 0.14.

The error of the measurement height due to the curvature
of the Earth is considered negligible at the range distance of
the measurement location (1.5 km).

A3 Mounting error

The mounting error has been quantified by means of SSL.
This has been taken into account in the scanning trajectory
design to compensate for it. In this way we almost diminish
this error; however there is still a very small remaining error.

A4 Platform vibration

Height variations in the measurement are caused by orien-
tation changes in tilt and roll, due to platform vibration. An
analysis of these signals from the internal inclinometer has
been performed over the whole campaign. Finally, the effect
of wind shear has been evaluated based on an assumption of
a power-law profile with an exponent of o« = 0.14.

A5 Wind field inhomogeneity

The effect of inhomogeneous flow, mainly caused by partial
wake effects, has been evaluated based on simulation results
from Lundquist et al. (2015). The value is based on the as-
sumption of a wake distance of nine rotor diameters down-
stream.

A6 Wind speed reconstruction

Additionally, as pointed out in Newsom et al. (2017) with
respect to the VAD method, deviations from the perfect si-
nusoidal occur due to spatial and temporal fluctuations in the
velocity field and instrumental errors, and in the context of
the VAD algorithm, any departure from the perfect sinusoidal
may be regarded as error. Due the lack of a proper physi-
cal set-up during this study, numerical simulations have been
performed to assess the robustness of the calculation chain
of the partial VAD. The results show an average of approx-
imately 3 % mean error due to wind field inhomogeneity on
our partial VAD procedure. This can be seen as a conserva-
tive estimation of uncertainty in the wind field reconstruc-
tion.

The simulations were based on synthetic fields with a de-
fined mean wind speed (U) with superimposed Gaussian ran-
dom noise 0/U = 10 %. The wind field was scanned with the
same geometry as our partial VAD and for all combinations
of parameters shown in Table A2.

The results in Fig. Al show the root-mean-square error
(RMSE) of simulations against the reference mean wind
speed for 100 runs of each parameter combination. A depen-
dence of the wind field reconstruction on both the azimuth
opening angle of the scan trajectory and the wind speed can
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Table A1. Summary of uncertainty components that contribute to the global uncertainty of the wind measurement with the scanning lidar

and analysis techniques used during this project.

Component Estimated value [%] Remark

Calibration (u1) 1.4-2.2  Conventional calibration as a vertical profiler
Beam positioning (1) 0.1 Based on scan head accuracy

Mounting error (13) < 0.1  Accuracy of SSL

Platform vibration (u4) 1.7  Conservative value from inclinometer variance

over the measurement period

Wind field inhomogeneity (u5) < 2.5 Conservative value applicable for situations in wake;
obtained from Lundquist et al. (2015)

Wind speed reconstruction (u¢) < 3.0 Conservative value obtained from simulation of our partial VAD

Table A2. Parameter set-up for the VAD simulation.

Parameter

Wind speed (U) [ms~!]

Wind direction [°]
Scanning elevation [°]

Gaussian noise (o/U) [%]

Range  Step
[5, 30] 5
[0, 360] 30
[1,9] 2
10 -

be observed. An average value was obtained based on the
dependencies and wind speed distribution.

Six sources of uncertainty have been identified that play
a role in the overall uncertainty of the lidar wind speed. As-
suming that these uncertainties are independent, they can be
combined in quadrature to yield

Ufigar = UT + U3 + 13 + ug + u3 + ug, (A1)

and therefore the overall lidar uncertainty in wind speed
ranges between 4.4 % and 4.8 %, which is largely dominated
by the wind field inhomogeneity and wind speed reconstruc-
tion. It is worth noting that these values are very conservative
and are expected to be lower in the case of the wind-free sec-
tors.

Appendix B: Weibull probability density function of
wind speed scanning lidar per wind sector area

Figure B1 is an extension of Fig. 10 in the main text that
shows the probability density function of wind speed scan-
ning lidar per wind sector area using the largest free-wind
sector (related to region RS5) as reference. The bars shown
have a width of 1 ms~!. The height of the bars corresponds
to the normalized density function, i.e., the frequency of the
measured values contained in a bar multiplied by the bar
width.
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Figure B1. Weibull probability density function (pdf) of wind speed scanning lidar per wind sector area. The sector RS is used as a reference.
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