Renewable Energy xxx (2016) 1e7

Contents lists available at ScienceDirect

Renewable Energy
journal homepage: www.elsevier.com/locate/renene

Measuring the local wind ﬁeld at an escarpment using small
remotely-piloted aircraft
Norman Wildmann*, Sarah Bernard, Jens Bange
€lderlinstr. 12, 72074 Tübingen, Germany
Eberhard Karls University Tübingen, Center for Applied Geoscience, Ho

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 29 October 2015
Received in revised form
15 August 2016
Accepted 30 October 2016
Available online xxx

A remotely-piloted aircraft (RPA) is used in this study to collect high resolution data of the ﬂow in
complex terrain at a potential site for a wind energy test ﬁeld in Southern Germany. It is described how
such a system was used to retrieve information about the ﬂow ﬁeld, turbulence intensity, vertical wind
components and shear at an escarpment site that is known for its high wind potential. Measurements
were done with the aircraft on several days with varying wind and weather conditions, while the focus of
the study is on the characterisation of the ﬂow ﬁeld in main wind direction and neutral stratiﬁcation. It is
shown that ﬂow inclination of up to 30 is found over the escarpment, but attenuates within a few
hundred metres downstream. The formation of a reattached boundary layer could be measured, as well
as an increased turbulence intensity in the reattachment zone. The results are highly valuable information for the planning of a wind energy test site at the location of the experiment and can also be used
for the validation of numerical simulations and remote sensing instruments.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
The German government has made sustainable energy a high
priority social task in the 21st century, and this requires highefﬁciency renewable energy technologies which can compete
economically with nuclear and fossil-fuel energy resources. Wind
energy is of primary importance for renewable electricity generation and large investments are being made in the ﬁeld. Without
considering political and social aspects of wind farm siting, recent
studies show that large wind potential does not only exist offshore,
but also onshore, and even in the Southern federal states of Germany [1]. Generating energy close to the consumer reduces the
necessity to strengthen the electric-line system. In the federal state
of Baden-Württemberg, the best potential sites for wind energy are
found in complex terrain, i.e. in the Black Forest, or the Swabian Alb.
While the wind ﬂow over simple geometries like a forward-facing
step [2,3], or a sine-shaped hill [4] can be modelled and mathematically described, wind ﬂow in complex terrain is not well understood, and it is not easy to model or predict without the help of
advanced computational ﬂuid dynamics (CFD) simulations. Even
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though these simulations are advanced tools that can even resolve
turbulence to a certain degree with the help of large-eddy simulation (LES), an initialisation and validation of the results is essential. Rokenes and Krogstad [5] have done an extensive wind tunnel
study about the ﬂow over a generic model of the mountainous
terrain at the Norwegian coastline and were able to show ﬂow
speed-up, ﬂow separation and turbulence distribution for different
scenarios. So far, validation of these kind of experiments in the real
world has not been possible with an adequate level of detail to
verify the simulations and wind tunnel experiments. Common
practice to measure the wind ﬂow that the turbine experiences
with a single upstream meteorological tower is insufﬁcient for a
wind ﬂow that is horizontally heterogeneous and strongly
depending on the wind direction. Lidar instruments, that have
become increasingly popular for wind-energy research have
weaknesses in complex terrain, because they assume a homogeneous wind ﬁeld and a negligible vertical wind component [6].
Only recently, methods to retrieve the three-dimensional wind
vector from lidar data have become popular in wind-energy
research, but they require a high investment in at least three synchronously scanning instruments and provide a spatial average of
several tens of meters [7e9]. A promising tool to investigate smallscale inhomogeneities and processes in the atmospheric boundary
layer (ABL) are remotely-piloted aircraft (RPA), also known as unmanned aerial vehicles (UAV). Using these platforms as sensor

http://dx.doi.org/10.1016/j.renene.2016.10.073
0960-1481/© 2016 Elsevier Ltd. All rights reserved.

Please cite this article in press as: N. Wildmann, et al., Measuring the local wind ﬁeld at an escarpment using small remotely-piloted aircraft,
Renewable Energy (2016), http://dx.doi.org/10.1016/j.renene.2016.10.073

2

N. Wildmann et al. / Renewable Energy xxx (2016) 1e7

carrier for fast-response thermodynamic sensors, it is possible to
acquire atmospheric data with sub-meter resolution, covering
areas up to one square kilometer in all heights relevant to wind
energy and boundary-layer meteorology in general [10e13]. The
high spatial resolution even allows to investigate and quantify
small-scale turbulence, which is increasingly in the focus of
turbine-load research [14]. In several projects, the possibility to use
RPAs for wind-energy research has already been explored. The
studies by Giebel et al. [15], Reuder et al. [16], Subramanian et al.
[17] and Wildmann et al. [12] did all use RPA to evaluate the possibilities to study inﬂow and wake of wind turbines. In the framework of the projects KonTest and Lidar Complex, initiated by the
research initiative WindForS (www.windfors.de), a RPA was
applied to investigate the wind ﬂow over an escarpment in the
Swabian Alb. The data that was collected on more than ten experiment days gives valuable insight into the ﬂow distortion that is
caused by the escarpment and the effects downstream, at a site that
is currently considered for the installation of a wind energy test
ﬁeld.

out into a more gentle slope of heterogeneous land-use down into
the river valley. The edge of the Albtrauf is not straight, but curved
in a complex shape. At the location of the test site, the wind direction normal to the crest is approximately 300 (compare Fig. 1).
Since considerably higher average wind speeds are found on top of
the escarpment with respect to the valley, the site already features
nine wind energy converters (WEC), which makes it one of the
largest wind farms in the federal state of Baden-Württemberg. All
of the already present WECs are placed with more than 1 km distance to the escarpment. The focus of the measurements in this
experiment are in closer proximity, over the crest, and upstream
the escarpment, in order to get a full picture of the ﬂow distortion.
What makes the site particularly interesting for wind-energy
research is the fact that the main wind direction is West-NorthWest (see Fig. 1), which is perpendicular to the escarpment.
There are some considerable orographic features upstream the
escarpment, which could have an inﬂuence on the wind ﬂow
depending on the incoming wind direction within a very narrow
angular band. Fig. 2 shows the terrain proﬁle in three different
directions.

2. Experiment description
2.2. Instruments
The focus of this work is on studying the ﬂow at a potential wind
energy test site in complex terrain using in-situ measurements
from a RPA. In this section, the location of the experiment, and the
meteorological instruments that were used during the experiment
are described in detail.
2.1. Location
The location that was chosen for the experiment and is also
considered for a wind energy test site is located along the so-called
‘Albtrauf’, a long stretched mountain ridge in the Swabian Alb in
Southern Germany. The main feature of the site is an escarpment of
270 m height with respect to the valley. The ﬁrst 100 m from the top
are characterized by a very steep slope of up to 40 and are almost
fully covered with forest. Further West, the escarpment smooths

While the focus of this work is on the analysis of measurements
by an RPA, there are more instruments installed on site, which
could also be used to gain auxiliary information about the meteorological conditions on some of the campaign days and will be
increasingly used in future campaigns. Table 1 gives an overview of
all ﬂight days, and the auxiliary measurements that were available.
Flight days that were not considered for further analysis in this
study, because the main wind direction was not met, or the wind
speeds were too low, are shaded gray.
2.2.1. Multipurpose airborne sensor carrier
The multipurpose airborne sensor carrier (MASC, see Fig. 3),
which has been operated by the University of Tübingen since 2012,
is a ﬁxed wing remotely piloted aircraft with wing-spans from 2.60

Fig. 1. Overview of the measurement site at the Swabian Alb. The wind rose was generated from cup anemometer measurements at 100 m at the meteorological tower from
December 2011 until February 2013. The location of the test site in Germany is visualized above the legend on the right. Background map layer: Data CC-by-SA by OpenStreetMap.
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Fig. 3. The multipurpose airborne sensor carrier (MASC) in ﬂight at the measurement
site, in front of the meteorological tower and an already installed WEC.

Fig. 2. Terrain proﬁle in three different directions.

Table 1
List of ﬂight experiments with number of ﬂights (NoF), start and end time of the
experiment, mean wind direction 4 and mean wind speed u on each day. The table
also shows, which other instruments were operational on each day. The abbreviations are: tower high resolution (THR) for the sonic anemometers on the meteorological tower; tower low resolution (TLR) for other instruments on the tower;
mobile lidar (ML); stationary lidar (SL) and vertical proﬁles with the RPA at the
valley site (VP).
Date

23 June 14
4 July 14
16 July 14
31 July 14
19 Feb 15
5 March 15
27 March 15
1 April 15
22 April 15
7 May 15
28 May 15

NoF

Start

End

4

u

#

UTC

UTC

deg

m s1

3
4
5
4
5
4
4
9
4
5
5

09:30
07:30
09:00
08:30
11:00
11:00
11:00
10:30
11:00
08:30
09:30

12:00
11:30
11:30
12:00
14:30
14:30
16:00
15:30
15:00
14:00
15:00

270
180
270
diff
200
320
290
290
300
290
290

6
5
3
3
5
5
8
10
7
6
5

THR

TLR

✓
✓

✓
✓
✓

✓

✓

ML

✓
✓
✓

SL

✓
✓
✓
✓
✓
✓
✓
✓
✓

VP

✓
✓
✓
✓
✓
✓

to 3.40 m, a weight between 5 and 8 kg and a ﬂight time up to
90 min, all depending on payload and battery conﬁguration.
Controlled by the ROCS autopilot, which was developed at the
Institute of Flight Mechanics and Control at the University of
Stuttgart, the cruising airspeed of the RPA for the given experiment
is 25 m s1, and the aircraft will ﬂy predeﬁned waypoints with high
precision in altitude and airspeed [12]. For the purpose of thermodynamic measurements, the MASC can be equipped with a
sensor suite that features fast-response temperature sensors [18],
high resolution wind vector measurements [19], as well as measurements of atmospheric humidity [20], and barometric pressure.
The wind measurement is performed by measuring the ﬂow speed
and ﬂow angles at the aircraft nose with a multi-hole ﬂow probe, as
well as the aircraft's motion and orientation in the geodetic coordinate system with an inertial measurement unit (IMU). Given the
information of these sensors, wind can be calculated as

u ¼ vgs þ Mðvtas þ FÞ ;

3

2.2.2. Other measurements
As shown in Fig. 1 and Table 1, other measurements, i.e. lidar and
tower measurements, were available on parts of the campaign days,
but not all of them. The measurements of all systems, including the
RPA, agreed within the typical accuracy of the instruments on all
days, as has also been shown for meteorological measurements
with RPA in multiple other studies [11,12,18]. Since the availability
of the measurement tower and the lidar was not continuously given
during the experiment, it was decided for this study to not use the
data of these instruments for scaling and further analysis of the RPA
data, because it would signiﬁcantly reduce the available data and
alternative scaling methods were developed as described in Sect.
3.2. The methods to analyse the measured data is described
hereafter.
3. Methods
3.1. Flight strategy
For the purpose of measuring the three-dimensional ﬂow ﬁeld
over the escarpment at the test site, a vertical grid of racetrack ﬂight
pattern in main wind direction in vertical steps of 25 m was performed (see Fig. 4 for a three-dimensional view of the ﬂight
pattern). At each height, two racetracks are successively ﬂown. The
lowest ﬂight height was 60 m, because the visibility of the RPA is
strongly obstructed by trees at the crest of the escarpment if lower
heights are ﬂown. Although the RPA operates automatically, only
ﬂights within line of sight are allowed due to air trafﬁc regulations.
The highest ﬂight level was 300 m in order to cover all heights that
are relevant for wind energy. The racetracks extend up to 200 m
west of the escarpment and downstream almost to the position of

(1)

with wind vector u, ground speed vector vgs, airspeed vector vtas,
rotation matrix M from aircraft ﬁxed coordinate system to geodetic
coordinate system and a lever arm F between IMU and ﬂow probe.
A detailed description of wind measurement with RPA, including an
error estimation can be found in van den Kroonenberg et al. [10].
Typical magnitude of errors in wind speed for the type of sensors as
is used in MASC is of the order of ±0.5 m s1.

Fig. 4. Flight path for investigation of the ﬂow ﬁeld over the escarpment.
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the meteorological tower. On 27 March, 7 May and 28 May, additional to the ﬂights over the escarpment, the RPA was deployed in
the valley, almost 5 km West of the main site, in order to capture a
vertical proﬁle of the undisturbed airﬂow in the river valley. These
vertical proﬁles reach up to 500 m above ground level (a.g.l.), which
corresponds to approximately 200 m over take-off level at the main
site.

3.2. Normalization and averaging of wind measurement
It is the goal of the study to identify areas where a considerable
speed-up of the ﬂow, ﬂow separation or recirculation is found in
the heights that are relevant to wind-energy production. Since the
highly dynamic ﬂow ﬁeld over the escarpment is never sufﬁciently
sampled in one single measurement ﬂight, normalization of the
collected wind data needs to be carried out, to be able to average all
single ﬂights, and achieve a higher statistical signiﬁcance. Possible
normalization could be done against the upstream undisturbed
ﬂow measured at the valley site with a second RPA. Unfortunately
such measurements are not available for all measurement days.
Also, none of the auxiliary instruments was operational on all
campaign days. Thus, the only possible normalization that can be
done to all ﬂight days is to normalize against the average wind
speed in a single ﬂight. Despite the practical reasons for this averaging method, it has the advantage that the reference wind speed is
an average of the ﬂow in the area of interest for the time of interest,
therefore no spatial or temporal differences between the data need
to be considered. If all wind measurements within one 30 min ﬂight
are normalized by the mean wind speed in that particular ﬂight, the
change of wind speed due to mesoscale effects and synoptic scale
atmospheric circulation is eliminated. The ﬂow ﬁeld however also
depends on the wind speed and wind direction, so that the result of
the analysis is no universal picture of the ﬂow ﬁeld, but an average
of the ﬁelds of all ﬂights in slightly different conditions. To estimate
the average ﬂow ﬁeld, only East-West ﬂight legs are considered,
because the aircraft ﬂying at constant airspeed will ﬂy slower with
respect to the ground in head wind conditions and can thus sample
more data points in the same distance. For the analysis of the mean
ﬂow, 40 m were chosen as the width of each averaging bin. In each
spatial bin, data from all racetracks are averaged. The normalized
wind-speed ampliﬁcation coefﬁcient is calculated as

AðxÞ ¼

1
n

Pn1
i¼0

uf

uðxi Þ

¼

uðxÞ
;
uf

(2)

with n the number of data points in the bin, x the center location of
the bin, u(x) the measured wind speed at location x, xi the location
of the aircraft for data point i of the bin, uf the average wind speed
of one full ﬂight and uðxÞ the average wind speed in the 40-m bin
centred around x.
3.3. Turbulence parameter
The typical turbulence parameter, which is considered in the
design process of a WEC according to [21], is the turbulence intensity, deﬁned as

I¼

su
u

;

(3)

with the standard deviation of the horizontal wind su and the
mean horizontal wind speed u. Usually, this parameter is estimated
as a 10 min average of a point measurement, when cup anemometers are used for the wind measurement. Since this is not practical
for RPA measurements, the averaging window is deﬁned as a
spatial bin of 40 m as is also used for the analysis of the mean ﬂow.
Larger eddies will not be considered this way, but the turbulence
due to ﬂow separation should be well captured and a ﬁne spatial
resolution will be achieved.
4. Results
Given the ﬂight measurements of ﬁve days with comparable
wind speed and wind direction, the main features of the ﬂow can be
analysed with regards to the attributes that are most interesting for
wind-energy production in complex terrain, i.e. local wind-speed
distribution, turbulence intensity, wind shear and vertical wind
components.
4.1. Speed-up over the escarpment
With the normalization as described in Sect. 3.2, the ﬂow ﬁeld
can be visualized as shown in Fig. 5. The ﬁgure shows two-

Fig. 5. The mean ﬂow over the escarpment at the Albtrauf in the Swabian Alb. Data is used from eighteen single ﬂights. The color code shows the speed-up of the ﬂow with respect
to the mean wind speed of each complete ﬂight. The arrows show the vertical and horizontal wind component. They are scaled according to the aspect ratio of the ﬁgure.
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Fig. 6. Field of turbulence intensities, averaged over eighteen individual ﬂights.

dimensional wind vectors. Mean vertical and horizontal wind are
scaled according to the aspect ratio of the plot to provide a realistic
picture of the ﬂow ﬁeld. The color code is showing the ampliﬁcation
factor A of the horizontal wind speed with respect to the mean
wind speed of the single ﬂights as derived in Eq. (2). There are
differences in the extent of the racetracks and the maximum height
that was reached during individual ﬂights, which is why the contours of the data points are not in a rectangle, but are a patchwork
of all ﬂights. In the center of the ﬁgure, data of eighteen ﬂights
contribute to the average, while at the borders, less data are
available for the average. In grey, the silhouette of a wind turbine at
a potential site is shown with a mast height of 100 m and a rotor
diameter of 90 m.
It is obvious that the ﬂow is strongly deﬂected upward when it
hits the escarpment. Vertical wind components up to 5 m s1 are
measured over the crest. Necessarily, the ﬂow will accelerate as it is
pushed over the hill, which is well captured in the data. The speedup is higher close to the ground, and the highest values are found in
the lowest ﬂight level of 60 m. It is evident that the updraught as
well as the speed-up of the horizontal wind reaches well up to the
highest ﬂight level of 300 m. Approximately 300e500 m downstream of the escarpment, the ﬂow speed decreases again. It is

interesting to see that the wind speed decreases most in the lowest
levels, which is an indication that after the ﬂow reattaches to the
hill, a reattached boundary layer establishes as also described by
Sherry et al. [2] and Rokenes and Krogstad [5].
4.2. Turbulence
To ﬁnd the location of the highest turbulence intensities in
terms of distance to the escarpment and altitude, Fig. 6 shows a
ﬁeld of calculated turbulent intensities for 40 m wide bins.
It shows that the highest turbulence intensities are found in the
lowest ﬂight levels, at that distance to the escarpment where the
ﬂow starts to decelerate. In those regions where the highest speedup is found, turbulence intensity is low.
4.3. Shear
Depending on the distance to the escarpment the mean vertical
wind proﬁle can have a signiﬁcantly different shape. Exemplarily,
three 100-m wide regions e directly at the edge of the escarpment,
400 m downstream and 800 m downstream e have been used in
Fig. 7 to show the averaged, normalized vertical wind proﬁle from

Fig. 7. Averaged and normalized shear proﬁles of the average ﬂow over the Albtrauf at three distances from the crest: 0 m, 400 m and 800 m.
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the ﬂow ﬁeld in Fig. 5.
The wind proﬁle over the escarpment edge is strongly affected
by the speed-up in the lowest heights, manifesting in negative
shear in the rotor area of potential wind turbines at this location. In
400 m distance to the escarpment, the ﬂow in the lowest levels is
still affected by the ﬂow distortion over the escarpment. For the
given measurement this results in almost zero shear. In 800 m
distance, a wind proﬁle much more similar to a logarithmic wind
proﬁle e as can be found in neutral stratiﬁcations over ﬂat terrain e
is found, with positive shear in the rotor area.
5. Discussion
The results that are presented in this study show that even in a
highly complex terrain regarding the orography and changes of
roughness lengths, some typical features of a ﬂow over a forwardfacing step can still be found. The strong vertical winds over the
escarpment are a signiﬁcant feature of the location, and directly
over the crest the wind vector can easily be inclined up to 30 . It
however also shows that these updraughts are limited to regions
upstream and at most 300 m downstream the crest. The speed-up
over the escarpment could be captured with the RPA in all heights
that are relevant for state of the art wind-energy production. The
highest values of up to 1.3 are found in the lowest ﬂight levels. It has
to be assumed that the maximum of the speed-up is even closer to
the escarpment, in a region that was not sampled with the RPA. The
actual value of the ﬂow speed-up can be higher compared to the
upstream wind, since the reference value that was chosen in this
study is the average of the wind speeds in the ﬂight area. The extent
of the separation bubble and recirculation zone of the ﬂow can only
be guessed from the data. At the lowest ﬂight level of 60 m,
negative vertical wind components are found, which are an indication that the recirculation zone starts here. The strong turbulence
intensity immediately downstream this region e approximately
500 m downstream the crest e is in favour of this assumption. A
straight forward comparison to the experiments with rather simple
geometries as done by Emeis et al. [4], Sherry et al. [2] and Bowen
and Lindley [3] is difﬁcult, since the terrain at the Albtrauf does not
feature a constant slope and it is unclear how a proper scaling
height should be deﬁned. The shear proﬁles that are shown in Sect.
4.3 ﬁt well with ﬁndings of Rokenes and Krogstad [5] in wind
tunnel test cases with constant forward-facing slopes. The speed up
over the escarpment in these cases lead to a negative shear close to
the crest, and reattachment of the ﬂow several multiples of the
escarpment height downstream of the ﬂow. In our case, the reattachment is assumed to happen not earlier than 700 m downstream the crest.
6. Conclusion
In this study, an experiment is described which was designed to
measure the ﬂow ﬁeld over an escarpment with small remotelypiloted aircraft. For eighteen ﬂights in similar wind conditions, an
average ﬂow ﬁeld was calculated. The experiment shows that with
this technique, detailed in-situ data can be obtained as it has not
been possible before. The results of this experiment can help to
validate results from CFD simulations and wind tunnel experiments
that are currently set up for the experiment location. Siting of a
WEC in the investigated area can beneﬁt from the measurements,
as it shows that vertical wind components do not seem to be critical
at 300 m and further downstream of the escarpment, but increased
turbulence intensity due to the separation of the ﬂow can be found
up to 1 km downstream and can lead to increased loads on the
turbine. Special designs of wind-energy converters could possibly
make use of the strong vertical winds and speed-up over the

escarpment. Several lessons have been learned during the experiment, and ideas for future work have come up:
 So far, the study has focussed on the main wind direction. A
detailed investigation of the ﬂow ﬁeld for different wind directions can give more insight into the uncertainties of the wind
potential of possible WEC sites.
 In order to investigate the separation bubble and recirculation
zone, ﬂights at lower heights are necessary, which do not need
to reach over the escarpment and thus can be performed
without losing sight to the RPA.
 A simultaneous vertical proﬁle in the undisturbed upstream
ﬂow for every measurement ﬂight could be helpful for a better
scaling of the ﬂow speed-up. These vertical proﬁles will be
essential for the initialisation of a CFD model of the ﬂow at the
test site.
 Multiple RPA measuring at the same time and at different levels
over the escarpment could capture a more instantaneous
snapshot of the ﬂow ﬁeld.
 So far, only near neutral thermal stratiﬁcation has been investigated. A detailed analysis of the impact of different stabilities
on the ﬂow ﬁeld should be carried out.
Currently, more campaigns and projects regarding the ﬂow over
the Albtrauf are planned. The site is considered for the deployment
of a modern wind energy test ﬁeld, with several more meteorological towers, and two WEC with full access to data and control of
the machine for the researchers. The RPA as a ﬂexible tool will
presumably play an important role in the upcoming research.
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