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Abstract. The understanding of wakes of wind energy converters (WEC) is highly relevant
to wind-energy research. In orographically complex terrain, wind is ampliﬁed at ridges but
also varies signiﬁcantly, exhibiting strong gustiness and enhanced turbulence levels compared
to wind conditions in ﬂat terrain. In this study, long-range lidar instruments are used to detect
and analyse the wake of a single WEC in complex terrain in diﬀerent atmospheric stability
regimes. The special orography of two parallel mountain ridges at the Perdigão 2017 experiment
allowed to place two lidars in a coplanar set-up and retrieve horizontal as well as vertical wind
speed in a cross-section of the terrain which is in-plane with the WEC. In cases of main wind
direction, which is parallel to the lidar scans, the wake’s propagation can thus be measured far
downstream in the valley. A wake tracking algorithm is proposed to automatically detect the
wake center in the lidar scans for three periods with distinct atmospheric stability conditions.
Wind speed deﬁcits and wake propagation paths are quantiﬁed and categorized accordingly. A
careful uncertainty estimation is done for the coplanar wind retrieval.

1. Introduction
Wakes of wind energy converters (WEC) are highly dynamic, local features in the atmospheric
boundary layer (ABL). The understanding of their interaction with the turbulent background
wind ﬁeld is challenging, especially in complex terrain. Equally challenging is the adequate
measurement of wake properties. A better description of the wind velocity deﬁcit that is caused
by the wake, its width and propagation path has been the goal of the development of several
wake models [1]. Such models are for example used for the siting of multiple wind turbines
in limited areas as well as energy yield and fatique load prediction of single wind turbines
and whole wind farms. In order to optimize the yield of a wind farm, current studies have
successfully shown the possibilities to steer wakes in an optimal way by misaligning the WEC
yaw angle with respect to the main wind direction to increase wind farm power output [2].
The most promising tool to gain better understanding of the physics of wakes at the present
state-of-the-art are numerical large-eddy simulations (LES) [3, 4, 5, 6, 7]. These simulations can
reproduce realistic atmospheric ﬂows and wind turbine wakes, but need validation by real-world
experiments. In recent years, lidars have become the measurement systems of choice for wake
investigations because of the scales they are able to resolve and their ﬂexible deployment, in
particular with scanning systems. For short-distance measurements of the near wake close to
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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the turbine, nacelle-based continuous-wave lidars have proven to be suitable [8, 9, 10], whereas
long-range pulsed lidars are used to capture the far wake, its propagation path and dispersion
[11, 12, 13].
By a combination of multiple lidars the limitation that lidars only measure one-dimensional wind
speed information in beam direction can be overcome. A typical way to combine multiple lidars
is for example a virtual tower [14, 15, 16]. The WindScanner software developed by the DTU
has made an important step towards turbulence measurements with accurately synchronized
scanning trajectories [17]. Following the example of Hill et al. [18], vertical scans of two lidars
are combined in this study to retrieve two-dimensional wind vectors in a vertical plane parallel to
the direction of wake propagation. With this approach, the wake propagation and wind speed
deﬁcit in stable, near-neutral and convective conditions of the ABL is investigated in a case
study of three measurement periods.
2. Experiment description
In the framework of the Perdigão 2017 experiment [19], the German Aerospace Center (DLR)
was operating three long-range pulsed Doppler wind lidars of type Leosphere Windcube 200S for
dedicated wake measurements of a single 2 MW WEC. Two lidars were placed in-plane with the
WEC situated on a mountain ridge which is followed by a valley and a second ridge in a distance
of 1.4 km in main wind direction. While one lidar was located in the valley looking up at the
WEC, the second lidar was placed on the distant mountain ridge. In this constellation, coplanar
measurements allow the retrieval of the two-dimensional wind vector above the valley and, in
case of wind directions from south-west, the measurement of wind speed deﬁcit in the wake and
its propagation path. For this wind direction, a microwave radiometer is placed upstream to
measure the temperature and humidity proﬁle of the incoming ﬂow ﬁeld. Figure 1 shows an
overview of the site. Lidar #1 and lidar #2 are utilized in this study for coplanar vertical scans

Figure 1. Map of the experimental site with indication of the relevant instrumentation for this
study.
in the plane parallel to the main wind direction as indicated by the dashed black line. Lidar #3
is a third DLR instrument, which was placed on the wind turbine ridge to measure the lateral
features of the wake, but will not be part of the analysis in this report. Two meteorological
masts are used in this analysis: tower 37/rsw06 is a 60 m mast on the wind turbine ridge which,
besides sonic anemometers, is equipped with temperature and humidity sensors on four levels, a
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pressure sensor at ground level and can thus be used for the calculation of potential temperature
proﬁles; tower 25/tse09 is a 100 m mast in the valley with several sonic anemometers on diﬀerent
levels of which the one at 100 m is used in this study to compare lidar measurements to the
in-situ observation and estimate instrument uncertainty. From the intensive operation period
Date
9 May 2017
11 May 2017
22 May 2017

Start
11:00
11:00
03:00

End
15:00
13:00
07:00

Category
convective
neutral
stable

Table 1. List of measurement times (in UTC) for the case study with corresponding stability
category.
(IOP) of the experiment which lasted from 1 May to 15 June, three periods have been picked
out for this analysis which represent distinct static stability conditions, determined as described
in Sect. 3.4 (see Tab. 1).
3. Methods
3.1. Two-dimensional wind vector retrieval
The projection of the wind vector onto a plane can be retrieved from superimposed, coplanar
vertical range-height indicator (RHI) scans of two lidars by solving Eq. 1 for horizontal and
vertical wind components u and w from line-of-sight wind speeds uri , where ϕi denote the
elevation angles:
 
  
cos ϕ1 sin ϕ1 u
ur1
=
.
(1)
ur2
cos ϕ2 sin ϕ2 w
Parameter
Physical resolution
Range gate separation
Angular resolution
Accumulation time
Duration of RHI

Value
25 m
10 m
0.5◦ / 1◦
500 ms
1-2 min

Table 2. Speciﬁcations of lidar settings for RHI scans.
The range gate centers of the single RHI scans do not coincide on the exact same location
and same time. Table 2 gives the common parameters of the scans of the two lidars, with the
physical resolution being the averaging length along the lidar beam according to [20]. Given
the angular resolution of 0.5◦ , the vertical and horizontal resolution of retrieved measurement
points is on the order of 10 m at the WEC hub location. On 22 May, the angular resolution was
modiﬁed to 1◦ in order to capture a wider range of elevation in the same time, but this leads to
a coarser resolution of approx. 25 m at the WEC hub (see Fig. 5 for an illustration of range gate
density). For all cases, the scans of both lidars are linearly interpolated to a common regular
grid with a spacing of 10 m and all scans within ﬁve-minute intervals are averaged. The resulting
grids of measurement points can then be processed with Eq. 1. Figure 2 shows two results of
the coplanar retrieval of the two-dimensional ﬂow ﬁeld for a nighttime stable boundary layer
on 22 May 2017. Between 04:00 UTC and 05:00 UTC, the WEC was shut down for one hour,
which allows to compare the ﬂow ﬁeld with and without wake eﬀects. It can be seen that the
proposed measurement strategy is well suited to capture the ﬂow ﬁeld in and above the valley
and also allows the detection of the WEC wake.
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Figure 2. Two ﬁve-minute averaged ﬂow ﬁeld measurements from coplanar scanning lidars.
In the upper graph, the WEC wake is clearly visible, in the lower graph the WEC was not
operating.
3.2. Uncertainty analysis
The retrieval of both wind vector components in the measurement plane is most solid if the
radial wind speed directions are close to perpendicular. The matrix in Eq. 1 becomes singular
when both elevation angles are the same, and uncertainties are large if the angles are close to
equal. Equations 2-4 give the resulting wind component uncertainties σu , σw of the Gaussian
uncertainty propagation of radial wind speed uncertainties σi through Eq. 1 as it has also been
used by Hill et al. [18].

1
sin2 ϕ2 σ12 − sin2 ϕ1 σ22
|C|

1
σw =
cos2 ϕ1 σ22 − cos2 ϕ2 σ12
|C|
C = sin (ϕ1 − ϕ2 )
σu =

(2)
(3)
(4)

Since the elevation angles for both lidars in the Perdigão setup are comparatively small when
pointing at the WEC (i.e. < 20◦ ), uncertainties of w can become large in the region of the
wake. The accuracy of a Windcube 200S is speciﬁed with 0.5 m s−1 for radial wind speeds
[21]. To evaluate the performance in the given experiment, comparative measurements to a
sonic anemometer were performed from 15 through 16 June 2017 continuously for 17 hours with
ﬁxed stares. The range gate center of the analyzed measurements are horizontally and vertically
displaced by approximately 4 m to the anemometer, respectively. The chosen sonic anemometer
was at 100 m above ground level on tower #25. Figure 3 shows a regression plot of the lidar
radial wind speeds against the projection of the 3D-sonic measurement to the respective lidar
beam. The root-mean-squared error (RMSE) of the comparison is close to 0.45 m s−1 for both
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lidars. While lidar #1 appears to have a constant bias to the sonic anemometer, the error of
lidar #2 is changing with increasing wind speeds, showing a larger variance for higher values. It
is likely that the observed behaviour is a result of the experimental setup and overestimates the
actual instrument errors. Lidar #2 is staring at the sonic anemometer with a higher elevation
angle (31◦ ) than lidar #1 (-4◦ ), which means that the vertical wind component is more relevant
and could cause the higher variance. Possible reasons are that spatial oﬀsets and the spatial
averaging of the lidar are more relevant for the vertical wind components, but even uncertainties
in the estimation of vertical wind speeds with sonic anemometers as described by [22] could
inﬂuence the result. Nevertheless, the value of 0.45 m s−1 was used to calculate the uncertainty
of the coplanar retrieval for the measurement plane and the result is shown in Fig. 4. The
uncertainty of the vertical wind component in the area of interest close to the WEC is too large
(> 2.5 m s−1 ) to be used in the further analysis. Wind speed deﬁcits are therefore calculated
using the horizontal wind speeds only of which uncertainties are on the order of the instrument
uncertainty.

Figure 4.
Result of the uncertainty
propagation of single lidar uncertainties to the
retrieval of a two-dimensional wind vector.
The graphs display the uncertainties σu of the
horizontal (top) and σw of the vertical wind
component (bottom).

Figure 3.
Regression analysis of sonic
anemometer on tower 25/tse09 and lidar #1
and #2 respectively.

3.3. Wake center tracking algorithm
In order to study the wake propagation in diﬀerent stability regimes, it is crucial to establish
a suitable algorithm to detect and track the wake’s center and its widths as it propagates
downstream. A similar strategy is used as has been described by [9] and [23] with ﬁts of
Gaussian functions to the vertical proﬁles through the wake. Before applying the Gaussian ﬁt,
the proﬁles are reduced by the logarithmic background proﬁle. It has already been described in
[24] that the vertical proﬁle through a wind turbine wake can be simpliﬁed to a simple Gaussian
function (Eq. 5)
u1 (z) = A e−

(z−b)2
2σ 2

+d

(5)

in the far wake which is the region where rotor shape is less important for the shape of the wake
according to [25]. u1 (z) is the function of horizontal wind speeds in dependency of the height z,
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A its amplitude, b the maximum position, σ the standard deviation and d an additional oﬀset.
In the near wake a superposition of two overlapping Gaussian functions according to


(z−b1 )2
(z−b2 )2
−
−
+d
(6)
u2 (z) = A e 2σ2 + e 2σ2
is applicable with σ being the same for both overlapping functions and b1 and b2 their individual
center position.
Both functions are calculated and a statistical extra sum-of-squares F-test is used according to
[23] to decide which function ﬁts the wake shape better and is used to retrieve both wake center
and wind speed deﬁcit at each location downstream. The wake tracking is started at 60 m (i.e.
0.75 D) downstream because in closer proximity to the turbine lidar measurements are often
corrupted by hard-target hits to the rotor blade. The initial guess of the wake center is set to
hub height and is adapted to the actually found wake center for the successive proﬁles. Figure 5
(left) illustrates how vertical proﬁles are successively extracted from the gridded wind ﬁeld and
on the right an example of a Gaussian ﬁt to one of the vertical proﬁles is shown. Tracking of
the wake is stopped at the location where no suitable ﬁt to either Eq. 5 or Eq. 6 is possible any
more, meaning that one of the following conditions is reached:
•
•
•
•

the detected wake center is out of bounds of the vertical proﬁle,
the amplitude of the ﬁtting function is smaller than 1 m s−1 or larger than 20 m s−1 ,
the standard deviation of the Gaussian function is larger than 2 D,
or the diﬀerence between two succeeding wake center heights is larger than the increment
of distances in x-direction (i.e. 10 m).

Figure 5. Gridded ﬂow ﬁeld with indicated vertical proﬁles for wake detection (left). The thin
grey lines and dots show line-of-sight (LOS) lines of the two lidars and the range gate centers
(RG). The corresponding vertical proﬁle P9 with ﬁtted Gaussian functions is shown on the right.
For all detected wakes, the wind speed deﬁcit is calculated as:
ud = 1 −

u(b)
u∞

(7)

with u(b) the measured wind speed at the calculated wake center and u∞ the free stream
velocity as measured two rotor diameters upstream by the coplanar retrieval (see Fig. 5). It is
evident that even though it is a standard method to deﬁne the reference free stream velocity,
the streamline and thus the rotor eﬀective wind speed cannot necessarily be traced back to this
location in a highly complex ﬂow and large uncertainties are to be expected.
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3.4. Static stability estimation
To deﬁne the static stability regime, two independent measurements of potential temperature
proﬁles are used. First, microwave radiometer (MWR) measurements that are taken in the far
West upstream and second, measurements of in-situ instrumentation on tower 37/rsw06, based
on the wind turbine ridge. Figure 6 shows the proﬁles for the three cases.

Figure 6. Vertical proﬁles of potential temperature as measured by the DLR microwave
radiometer and meteorological mast 37/rsw06 respectively.

9 May 2017
11 May 2017
22 May 2017

MWR
-0.14 K/100m
0.03 K/100m
0.21 K/100m

37/rsw06
-0.11 K/100m
-0.004 K/100m
0.62 K/100m

Table 3. Interpolated potential temperature gradient at 50 m above ground level for MWR
and tower 37/rsw06.
Both instruments qualitatively agree for the estimation of static stability. The MWR cannot
resolve sharp gradients close to the ground appropriately due to its resolution, which leads to
a signiﬁcantly weaker estimation of the inversion in the stable layer as can be read from the
values in Tab. 3. The retrieval algorithm of the MWR was also not optimized for the site in
Perdigão. In best practice, the retrieval is trained with radiosonde launches at the location of
the experiment, which were not available in this case. A retrieval for a location at approximately
the same altitude was used instead to guarantee similar ground pressures. The diﬀerences in
the absolute values of potential temperature, especially in the convective case are likely due to
the spatial separation of the instruments and diﬀerent local surface heating. For the well-mixed
near-neutral layer, these diﬀerences are not relevant and the measured potential temperatures
are almost equal for both measurements.
4. Results and Discussion
The output of the wake tracking algorithm are wake center positions and wind speed deﬁcits in
dependency of the distance to the wind turbine for each ﬁve-minute averaged ﬂow ﬁeld. Figure 7
shows the result of the wake center positions for the three periods. While the wake is following
the terrain into the valley in stable stratiﬁcation, it is lifted in the convective case and similarly
7
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so in the near-neutral stratiﬁcation. Menke et al. [26] found similar wake behaviour for this
location, but detected more horizontal wake propagation in a near-neutral case. The wake in
the stable case can be tracked much further downstream up to at least ﬁve rotor diameters and
even 10 D for the maximum case. The averages of all ﬁve-minute periods are only calculated for
distances where at least three single wake cases can be detected. The variance of wake locations
in the convective case seems to be larger compared to the near-neutral case, but more data
is needed for a solid conclusion. The fact that the ﬁrst detected wake heights for convective
and near-neutral case are at 30 m above hub height in the average is due to the strong vertical
component of the ﬂow being accelerated over the ridge, whereas in the stable case the ﬂow follows
the terrain. Since near-neutral and convective case appear very similar it can be assumed that
static stability is not necessarily the determining factor for the wake propagation path in this
complex terrain. Other parameters like Obukhov-length or Richardson number could not be
calculated due to a lack of highly-resolved turbulence data. This data will be available in future
and allow other classiﬁcation of wake cases.
The wind speed deﬁcit is plotted over distance to the WEC in Fig. 8. It can be seen that the

Figure 7. Wake center propagation for three cases of diﬀerent atmospheric stratiﬁcation for
each single ﬁve minute average (dots) and the average for each case (lines).
scatter of single measurements is relatively large, but the mean shows the expected behaviour
of decreasing velocity deﬁcit with increasing distance to the WEC and a maximum deﬁcit at
approximately 1.5 D. The deﬁcit in the stable case is signiﬁcantly larger, both in terms of
magnitude and length, compared to the neutral and convective cases. The rapid decay of velocity
deﬁcit, as seen for convective and neutral stability, is probably due to the strong turbulent
mixing in those cases, whereas one wake could be tracked up to 800 m downstream with an
almost constant velocity deﬁcit of more than 50% for a stable case, featuring a laminar ﬂow
with strongly reduced mixing. Note that the measurement strategy reveals lower bounds of the
deﬁcit, as it cannot be guaranteed that the center of the wake with the maximum velocity deﬁcit
is captured. Hence, the actual velocity deﬁcits in the wake center might be larger.
Fig. 8 also depicts the temporal evolution of two modelled velocity deﬁcits. Both, the JensenPark model [27] and the Frandsen model [28] do not claim to be applicable for non-neutral
stratiﬁcation and complex terrain. They are depicted here nevertheless as reference because
they are well known and widely used in both science and industry. For both models a thrust
coeﬃcient Ct of 0.72 is used as derived from the theoretical wind speed deﬁcit curve for the
WEC in Perdigão according to [29]. A surface roughness length z0 of 0.5 m for forested area is
assumed. It is obvious that the models fail to describe the evolution of the observed deﬁcits.
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Figure 8. Wind speed deﬁcit ud in the wake for the three cases. The dashed and the dotted
lines show the theoretical wind speed as calculated using the Jensen-Park and the Frandsen
model, respectively.
5. Conclusion
Coplanar scans for wake characterization in the Perdigão 2017 experiment are a valuable tool to
identify wake propagation for main wind direction and attribute it to diﬀerent stability regimes.
The scans as they were performed do not only measure the ﬂow in the wind turbine wake, but
also capture the inﬂow and the background ﬂow aloft and far downstream which is important
for the understanding of the ﬂow in complex terrain in general.
The calculation of wind speed deﬁcits in the wake is problematic with this approach for multiple
reasons. First of all, the scanning plane does not always cut the wake at the wake center, which
leads to underestimation of the true wind speed deﬁcits. Another problem is of more general
nature for complex terrain experiments: the deﬁnition of the free-stream velocity. From the
retrieved wind ﬁeld it is obvious that the inﬂow is strongly inﬂuenced by the speed up and ﬂow
inclination over the south-west mountain ridge, which means that the wind speed at hub height,
two rotor diameters upstream does not necessarily represent the eﬀective inﬂow. The results
of wind speed velocity estimation as it would be done in ﬂat terrain show that the shape and
intensity is not well comparable to common engineering models.
Three example cases of wake measurements have been shown in this study to describe the
methodology and show the strengths and weaknesses. The Perdigão experiment contains many
more periods that are suitable for the presented analysis and will allow to better catagorize wake
behaviour to diﬀerent wind speeds, turbulence intensities, etc. The full potential of the presented
measurements can only be exploited in synthesis with microscale modelling of individual cases to
understand the processes that lead to the observed wake propagation paths and ﬂow structures.
Acknowledgments
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http://dx.doi.org/10.1002/we.402
[10] Machefaux E, Larsen G C, Troldborg N, Hansen K S, Angelou N, Mikkelsen T and Mann J 2016 Wind
Energy 19 1535–1551 ISSN 1099-1824 we.1936 URL http://dx.doi.org/10.1002/we.1936
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