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Abstract
During the last 5 years, the Small Unmanned Meteorological
Observer SUMO has been developed as a flexible tool for atmospheric
boundary layer (ABL) research to be operated as sounding system for the
lowest 4 km of the atmosphere. Recently two main technical improvements have been accomplished. The integration of an inertial measurement unit (IMU) into the Paparazzi autopilot system has expanded the
environmental conditions for SUMO operation. The implementation of
a 5-hole probe for determining the 3D flow vector with 100 Hz resolution and a faster temperature sensor has enhanced the measurement
capabilities.
Results from two recent field campaigns are presented. During the
first one, in Denmark, the potential of the system to study the effects of
wind turbines on ABL turbulence was shown. During the second one, the
BLLAST field campaign at the foothills of the Pyrenees, SUMO data
proved to be highly valuable for studying the processes of the afternoon
transition of the convective boundary layer.
Key words: atmospheric boundary layer, unmanned aircraft system,
BLLAST field campaign, wind farm effect on turbulence, morning
cooling.
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INTRODUCTION

During the last decade, unmanned aircraft systems (UAS) have entered
atmospheric boundary layer meteorology as flexible and cost-efficient sensor
platforms. Starting with the pioneering attempt of Konrad et al. (1970) there
have been sporadic applications of remotely piloted aircrafts in the field of
meteorology. In the late 1990s, the profiling system KALI was developed at
the University of Munich. It has been operated during nearly one decade for
the investigation of orographic effects on atmospheric flow during several
field experiments in Nepal, Bolivia, and Germany at altitudes up to 3 km
above the ground (Egger et al. 2002, 2005, Spengler et al. 2009, Reuder et
al. 2011). The most significant shortcoming of the KALI system is the need
of experienced pilots for continuous remote controlled operation of the aircraft.
With progressing miniaturization, in particular in the field of relevant
sensors as, e.g., GPS receivers, magnetometers and inertial measurement units
(IMU), UAS of gradually decreasing dimensions could be equipped with
autopilot systems. As a consequence, corresponding systems became available
for scientific purposes. Examples for successful applications in atmospheric
research are the Australian Aerosonde (e.g., Holland et al. 2001), the M2AV
developed in Germany (e.g., Spiess et al. 2007), and the Chinese RPMSS
described by Ma et al. (2004). These systems have been used for the investigation of a variety of ABL-related phenomena and processes, including polar
boundary layer studies (Curry et al. 2004), Arctic sea surface temperatures
(Inoue and Curry 2004), ABL turbulence (van den Kroonenberg et al. 2008,
2011), and radiative transfer studies (Ramanathan et al. 2007).
In 2007, the Geophysical Institute at the University of Bergen, in cooperation with the Martin Müller Engineering, started to develop a Micro-UAS
for atmospheric research, named Small Unmanned Meteorological Observer
SUMO (Reuder et al. 2009). It was intended as a controllable and recoverable atmospheric boundary layer sounding system. The main design criteria
were to achieve a profile data quality comparable to the well-established
radiosonde and tethered balloon systems, minimal infrastructural requirements for operation and cost efficiency. SUMO performed its first field
deployment during the FLOHOF field campaign in Central Iceland (Reuder
et al. 2011). Since then, the system has performed more than 650 scientific
flight missions, both at mid-latitudes and in harsh polar and maritime environments for the investigation of various boundary layer processes and phenomena (e.g., Mayer et al. 2010, Kristjánsson et al. 2012).
In Section 2, the SUMO system will be presented in brief, focusing on
the latest developments with respect to autopilot and meteorological instrumentation. Section 3 gives an overview over the two measurement campaigns performed during summer 2011 in Denmark and France, where the
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upgraded system has been operated for the first time. Section 4 describes the
experiences with the advanced instrumentation and presents exemplary
results in the form of case studies, before summarizing and presenting an
outlook on future potential for improvement in Section 5.
2.

THE SUMO SYSTEM

2.1 Airframe
The UAS SUMO is based on the commercially available model construction
kit FunJet by Multiplex and is composed from EPP foam material. It has
been developed in cooperation between the Geophysical Institute, University
of Bergen, Norway, and Martin Müller Engineering, Hildesheim, Germany.
Figure 1 shows the 3 SUMO systems that have been operated during the
2 campaigns subject to this paper. Each aircraft has 120 W electric propulsion, driving a pusher-propeller in the rear. With a length and wingspan of
around 80 cm and an overall take-off weight of around 600 g, the SUMO
system is nearly comparable to the mass of routinely used radiosondes. A detailed description of the system can be found in Reuder et al. (2009); the key
technical specifications are also listed in Table 1.

Fig. 1. The 3 SUMO airframes used during the BLLAST campaign in France. The
system in the foreground is equipped with the 5-hole probe for measurement of
atmospheric turbulence (photo: J. Reuder). Colour version of this figure is available
in electronic edition only.
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T ab l e 1
Technical specifications of the SUMO airframe
Vehicle type
Dimensions
wingspan
length
height
propeller diameter
take off weight
Propulsion
motor
motor type
motor power
battery type
battery capacity
Speed
minimum speed
maximum speed
cruise speed
Range/endurance
horizontal
vertical
duration
Sensors
attitude control
navigation
basic meteorology

SUMO technical specifications
Fixed wing UAS
0.80 m
0.75 m
0.23 m
227 mm (9 × 6)
580 g (including battery)
electric brushless
AXI2212/26
120 W
lithium-polymer
2.1 Ah / 11.1 V
29 km/h
151 km/h
54 km/h
< 5 km
> 4 km
< 30 min
IMU and infrared thermopiles
GPS
pressure, temperature, humidity
SUMO operation

mode of control, mode 1
mode of control, mode 2
mode of control, mode 3
launch method
landing method 1
landing method 2
personell during start/landing
personell in flight
ground station

autopilot (AUTO2)
stabilized manual (AUTO1)
manual (MAN)
hand launch
belly landing, manual
belly landing automatic
2, operator and pilot
2, GCS operator and safety pilot in stand-by
PC with 2.4 GHz radio modem

2.2 Autopilot
SUMO is equipped with the open source autopilot system Paparazzi, mainly
developed and maintained by the École Nationale de l’Aviation Civile
(ENAC 2008), Toulouse, France. This freely available autopilot is used by
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several hundreds of educational and scientific users all over the world. It enables the aircraft to be flown autonomously under the supervision of an experienced RC pilot and a ground control station (GCS) operator. The system
enables automatic flights following predefined mission plans that can be
modified at any time in-flight using the 2.4 GHz bidirectional data link.
Until 2010, the attitude control of the SUMO aircraft by the Paparazzi
autopilot system, i.e., the in-flight regulation of the aircrafts pitch and roll
angle, has been realized by an array of 6 IR thermopiles measuring the radiation temperature in different directions (e.g., Brisset et al. 2006). This
method limited the operation of SUMO, as it required an IR temperature difference of at least 8 K between sky and ground. Therefore, SUMO could not
be operated, e.g., below low clouds or within clouds. With a progress in miniaturization, progressively smaller inertial measurement units (IMU) entered
the market and could finally be adapted to the SUMO system. In the SUMO
version operated during the 2 campaigns related to this paper, the ArduIMU
from Diydrones has been used. By the adaptation of the IMU, the range of
meteorological conditions suitable for safe operation of the system has been
extensively increased.
2.3 Meteorological sensors
In its current version, the SUMO system is equipped with several sensors for
basic meteorological parameters. Temperature and humidity are measured by
the combined sensor SHT 75 from Sensirion. An additional PT1000 sensor
provides temperature information with higher temporal resolution, at least in
unsaturated ambient air. These sensors are mounted inside radiation protection tubes on the upper side of the wings (see Fig. 1). Atmospheric pressure
is monitored by an SCP1000 sensor from VTI instruments inside the fuselage. The surface temperature below the aircraft can be estimated with the
help of an IR sensor (MLX90247). Technical details and characteristics of
the adapted sensors are summarized in Table 2.
Profiles of wind speed and wind direction with SUMO are operationally
derived by using a “no-flow-sensor” algorithm based on ground speed
information given by the autopilot’s GPS, under the assumption of a constant true air speed while operated on a helical flight path with a constant
throttle and pitch angle. The method is described in detail by Mayer et al.
(2012) and is considered to provide wind information with an accuracy comparable to well-established radiosoundings (Reuder et al. 2009).
The most recent development in instrumentation for the SUMO system is
the integration of a 5-hole probe and the corresponding pressure transducers
and data logger (Aeroprobe Corporation). More information on the system
can be found in the manual provided by the manufacturer (Aeroprobe 2012).
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The mounting of the components in the SUMO airframe is shown in Fig. 2.
The system is capable to measure the 3-dimensional turbulence flow vector
impinging the aircraft with a temporal resolution of 100 Hz.
T ab l e 2
Specifications of the meteorological sensors
currently carried by the SUMO airframe
Parameter
Temperature
Humidity
Temperature
Pressure
Surface
temperature
(IR emission)
3D flow vector

Sensor
Sensirion
SHT 75
Sensirion
SHT 75
Pt 1000
Heraeus M222
VTI SCP1000

Accuracy

–40/+124 °C

+/–0.3 K

2 Hz

5-30 s

0-100 %

+/–2 %

2 Hz

about 8 s

–32/+96 °C

+/–0.2 K

4 Hz

about 3 s

300-1200 hPa

2 HZ

MLX90247

5 hole probe,
Aeroprobe

Acquisition Sensor time
frequency
constant

Range

2 Hz

11-35 m/s

+/– 0.1 m/s

100 Hz

Fig. 2. The 5-hole probe and its data logging system as mounted on the SUMO
airfarme (photo: J. Reuder). Colour version of this figure is available in electronic
edition only.
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During the first deployments in the summer 2011, the data logger of the
turbulence probe had to be operated stand-alone without synchronization
with the autopilot continuously logging the attitude of the aircraft, i.e., the
Eulerian angles pitch, roll and yaw. These are essential to apply the correction for the movement of the aircraft in order to transform the in-flight
measured turbulent flow into the meteorologically relevant components u
(east-west), v (north-south), and w (in the vertical). Due to limitations in the
bandwidth of the data transmission between SUMO and the GCS and a lack
of corresponding on-board storage capacity, the attitude information during
the turbulence flights has been limited to 10 Hz sampling rate. For more than
100 turbulence flight missions performed during the two campaigns in Denmark and France, this leaves us with a challenging task of motion correction
based on two unsynchronized data sets, with a different temporal resolution.
For a basic analysis of the capability in resolving the atmospheric turbulence, the uncorrected time series of a horizontal flight leg of around 750 m
length, corresponding to approximately 30 s or 3000 data points of 100 Hz
resolution, have been spectrally analyzed. The spectra presented in Fig. 3 correspond to one leg in NW-SE direction following the green trajectory in Fig. 4.
This preliminary analysis of the flow data, not corrected for aircraft
movement, follows the expected –5/3 slope corresponding to the inertial
subrange of a Kolmogorov spectrum, for frequencies above 1 Hz. That behavior indicates that the system is capable of resolving atmospheric turbulence in this part of the frequency spectrum. The local peaks, particularly
visible in the spectrum of vertical velocity w around 2 and 7 Hz, are
expected to be correlated to the pitch control loop of the autopilot system.
The enhancement of the energy spectrum, most easily detectable in the

Fig. 3. Power spectra of the raw data in direction of the aircraft’s main axis (u, left
panel) and in the vertical (w, right panel) of the 5-hole probe turbulence system. The
raw spectrum is given in blue, the averaged version in red. The black line corresponds to the theoretical –5/3 dependence of the inertial subrange of a Kolmogorov
spectrum.
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u spectrum above 30 Hz, could be related to aliasing effects caused by the
basic update frequency of the autopilot of 60 Hz. A detailed analysis and
interpretation of these spectra has to wait until motion corrected 100 Hz data
sets are available in the future.
3.

MEASUREMENT CAMPAIGNS

3.1 Flight week at Nøjsomheds Odde wind farm, Denmark
From 9 to 13 May 2011, a measurement campaign was performed at the
Nøjsomheds Odde wind farm operated by DONG Energy near Vindeby, Lolland in Denmark, in conjunction with the International Wind Academy Lolland, IWAL. The field experiment was an integral part of the joint research
project “Autonomous Aerial Sensors for Wind Power Meteorology” funded
by Energinet.dk.
The SUMO system performed a total of 71 flight missions during the
campaign, 20 of them carrying the newly adapted 5-hole turbulence probe.
The applied flight patterns were longer horizontal transects of around 1 km

Fig. 4. The flight patterns for the mission on 12 May 2011. During these flights the
wind was blowing from west-southwest with a speed of around 5 m/s. Thus, the yellow flight path represents undisturbed offshore inflow conditions, while the green
path is expected to capture the effect of the wind farm. The red stars indicate the
positions of the wind mills. (Google-bilder © 2011 COWI A/S, DDO, DigitalGlobe,
GeoEye, Scankort © Google).
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in length (e.g., those presented in Fig. 4) and race track patterns around the
three eastern wind turbines in the same figure.
A laser wind profiler (ZephIR from Natural Power) was continuously
operated during the campaign at the northeastern corner of the wind farm by
DTU Risø. In addition, DTU Risø and the company Delta tested a sonic turbulence probe mounted below an LTA (Lighter-than-Air) system from
Skydoc.
3.2 BLLAST campaign, Lannemezan, Southwestern France
The second deployment of the SUMO system described in this paper was
during the international field campaign BLLAST (Boundary Layer Late
Afternoon and Sunset Transition) that took place from 14 June to 8 July in
the area around Lannemezan, France. The site is located on an elevated plateau of around 600 m altitude at the northern foothills of the Pyrenees. Therefore, the area is particularly well qualified for the investigation of thermally
driven circulations, as presented later in this paper. A comprehensive overview of the campaign’s goals, the participating groups and the instrumentation deployed can be found on the project’s web page (bllast.sedoo.fr) and
the experimental plan document published there (BLLAST 2011).
During 23 flight days during the campaign, the 3 operated SUMO systems performed a total of 299 flight missions, among them 168 atmospheric
profiles of temperature, humidity and wind up to 1600 m a.g.l., 74 horizontal
survey flights for the determination of the variability of the surface temperature and 49 flight patterns for the investigation of turbulence using the new
5-hole probe equipment. The processing and evaluation of the vast amount
of data collected by the SUMO system is ongoing. The case presented here
is the first process study performed with SUMO data from the BLLAST
campaign.
4.

RESULTS

This chapter presents exemplary two results from the most recent measurement campaigns where SUMO has been operated for atmospheric boundary
layer measurements.
4.1 Turbulence measurements in a wind park
This example is based on two flights performed on 12 May 2011 at 13:51
and 14:37 UTC. The flight missions were designed to give an indication on
the effect of the wind park on the turbulence structure of the ABL. The wind
at that time was blowing from west-southwest with wind speeds of around
5 m/s. Figure 4 shows the flight tracks. The western flight path (yellow) was
slightly offshore and parallel to the coastline, and can be considered to represent the undisturbed marine boundary layer, while the eastern track can be
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expected to be heavily affected by turbulence induced by the 23 wind turbines.
Figure 5 presents the turbulent wind components in the aircraft’s coordinate system. The left panels show the data for the undisturbed offshore flow
conditions approaching the wind park (yellow flight path in Fig. 4); the right
panels represent the turbulence mainly induced by the presence of the wind
turbines. The grey bands in the panels indicate the time intervals where
the aircraft was on a stable straight flight path at a certain distance from
the turns. These intervals have also been used for the statistical analysis presented in Table 3.
Already a purely visual check of the data reveals distinct differences in
the flow and turbulence structure in front of and behind the wind turbines.
This is in particular visible for the v (crosswind) and w (vertical) component,
as they are not “contaminated” by the mean air speed of the aircraft. Both

Fig. 5. Turbulent wind components in the aircraft coordinate system (not corrected
for aircraft movement and attitude) measured with 100 Hz. The component in the
main axis of the aircraft is denoted as u, v represents the crosswind and w the vertical component. The left hand side represents the undisturbed, incoming offshore
flow (yellow pattern in Fig. 4) and the right hand side the flow after being affected
by the wind farm (green pattern in Fig. 4).
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T ab l e 3
Basic statistical analysis of the turbulence flights
Average altitude
[m]
upwind
82
80
79
78
downwind
80
87
80
85

Heading
[dir]

u
[m/s]

v
[m/s]

w
[m/s]

241
62
242
62

25.0
24.5
24.0
23.3

–0.28
–0.52
–0.62
–0.77

0.34
0.35
0.35
0.37

328
148
328
123

23.2
24.5
24.7
24.0

0.57
0.58
0.49
0.71

1.08
1.02
0.98
1.08

σu

σv

σw

[m/s]

[m/s]

[m/s]

0.35
0.24
0.42
0.46
0.29
1.05
0.99
1.69
0.85
0.66

0.15
0.15
0.17
0.15
0.14
0.43
0.38
0.47
0.40
0.45

0.14
0.12
0.17
0.13
0.13
0.31
0.27
0.33
0.25
0.37

Note: the wind components are in the coordinate system of the aircraft (u: along the
main axis of the aircraft, v: crosswind component, and w: vertical component).

components show a largely increased temporal variability. The u component
of the flow vector shows a general decrease with time during the flight,
especially visible in the data set for the undisturbed flow conditions. This is
a result of the decreasing battery voltage and corresponding loss in motor
power with time. Behind the turbines, the variability of the u component is
also markedly enhanced.
For a more quantitative evaluation of the turbulence data, the turbulent
flow vector in the airframe’s coordinate system has been statistically analyzed for the straight legs of the presented flight patterns. For each of the
flights, 4 legs at an altitude of around 80 m, corresponding to the uppermost
tip height of the rotor blades, are available for the analysis. Desirable measurements at lower levels, e.g., at hub’s height, could not be performed at that
time due to safety considerations, i.e., the fact that the tuning of the autopilots control loops was not yet optimized to the newly adapted IMU, leading
to distinct variations in flight altitude in the turning circles.
Table 3 summarizes the results from the turbulence measurements. The
first 2 columns represent the mean altitude and the orientation of the corresponding straight flight leg, followed by 6 columns with the flow components u, v, w (in the aircrafts coordinate system, not yet transferred to the
meteorological reference frame), and the corresponding standard deviations,
that represent an estimate of the turbulence intensity.
The mean values of the crosswind (v) and vertical (w) component are
slightly but systematically different from zero. This can be explained by different factors, e.g., a slight off-axis mounting of the 5-hole probe, leading to
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systematic and constant deviations from the neutral values. In case of the v
component the values are switching sign, indicating an additional effect of
the angle of sideslip of the aircraft in the different wind conditions, with predominant head/tailwind on the western track, and predominant crosswind on
the eastern track. For the w component, the pitch angle trimming of the aircraft, e.g., influenced by the exact positioning of the battery, could be another factor explaining small deviations between the two flights. However, the
difference observed here seems to be too large to be explained by this factor
alone, which leads to the assumption of a systematic difference in the mean
vertical velocity measured during the two flight tracks.
It is obvious that the standard deviation of the u component is distinctly
higher than for both of the other components, v and w. A look at the rather
similar values for v and w, at least for the undisturbed conditions, indicates
that the turbulence structure is close to isotropy. We therefore assume that
the observed increase in standard deviation by a factor of 2-2.5 in the u component is caused by an instrumental effect due to the high velocity of around
25 m/s in this direction, compared to the values in v and w that are more than
one order of magnitude smaller. Without doubt, this issue requires further
attention and investigation, but in our opinion cannot be addressed satisfactorily until attitude corrected data sets are available after the corresponding
technical modifications in the overall data logging system of SUMO.
The results clearly show that the turbulence intensity is increased by
around a factor of 3 behind the wind turbines compared to the undisturbed
level of the incoming marine boundary layer flow. There is also a clear indication of an increased vertical velocity behind the wind turbine, potentially
indicating lifting of part of the incoming air above the wind park. Of course,
these preliminary findings have to be validated and endorsed by the evaluation of all the SUMO flights performed during the campaign. Nevertheless,
these promising results indicate the capability of small UAS for turbulence
characterization in and around wind farms.
One reason for the increased standard deviation in all 3 flow components
is for sure the increased turbulence intensity behind the wind park. Part
of the observed difference could also be caused by a general difference in
the flight behavior of the SUMO aircraft under varying conditions. The
upstream measurements are done in a flight pattern nearly parallel to the
mean wind direction, therefore operating SUMO either with head or tailwind, while the flight path behind the turbines is characterized by a large
crosswind component. As it is not fully clear how this has affected the
SUMO’s flight characteristics, the data presented here should be interpreted
with care. Uncertainties of this kind will hopefully be removed in the future,
as soon as the new data acquisition system, allowing for the accurate correction of aircraft movement, currently under development, will be available.

1466

J. REUDER et al.

4.2 Anabatic winds and the subsequent advective ABL cooling
The second study is based on atmospheric profiles taken by the SUMO system during the BLLAST campaign. On 27 June 2011, skies were mostly
clear and synoptic-scale winds were weak over SW France. On that day,
a total of 12 soundings were made with the SUMO system. The soundings
reached up to 1600 m a.g.l. and provided a comprehensive description of the
development of the atmospheric boundary layer.
In the early morning, the temperature profile is characterized by a nocturnal stable layer below approximately 150 m, capped by a near-neutral
layer reaching as far up as the sounding shows (Fig. 7). As expected, the stable surface layer is quickly heated in the morning hours and has disappeared
in the 10:34 UTC sounding. On the other hand, the layer between 150 and
800 m has suffered a 2 °C cooling in the morning hours, from 08:28 and
10:34 UTC. The cooling is associated with northerly winds of 2-3 m/s and
a rise in relative humidity.
The flow on 27 June 2011 has been simulated with the WRF system
(Skamarock et al. 2005). The turbulent fluxes are parameterized according to
Janjic (2002) and the Noah land surface model is employed. The calculations
are performed with horizontal resolutions of 9, 3, and 1 km and at 51 vertical
levels with the lowest half level at 9 m. The simulation domains are shown in
Fig. 6. Initial and boundary conditions for the model run are taken from
ECMWF. The observed morning cooling can also be detected in the numerical

Fig. 6. The position of domains of the numerical simulation and the MSLP (hPa) at
12:00 UTC on 27 June 2011.
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Fig. 7. Observed profiles of temperature, relative humidity, potential temperature,
specific humidity, wind speed, and wind direction at the BLLAST site on 27 June
2011.

simulation, where it is not as strong as in the observations at the BLLAST
site, but more prominent 10-20 km further south. Consequently, the simulation serves reasonably well to shed a light on the three-dimensional flow
context of the cooling.
Figures 8-9 show the simulated potential temperature field at 273 m a.g.l.
and the corresponding flow in a south-north cross section through the
BLLAST area. Both figures show a clear north-to-south temperature gradient,
set up by the heating of the slopes of the Pyrenees. The upper limit of the temperature gradient is close to 800 m a.g.l. This corresponds with the cooling
only being present below that level. Once the surface heating has reached
a critical level, upslope winds are generated. They have clearly been detected
as northerly flow in Figs. 8 and 9. The upslope winds lead to horizontal advec-
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Fig. 8. Winds and potential temperatures (°C) at 273 m a.g.l. at 11:00 UTC on
27 June 2011. The main BLLAST site is indicated by the red dot and the position of
the cross section in Fig. 9 by the dotted line.

Fig. 9. A cross section showing potential temperature (K), wind speed (m/s), and
wind barbs. The red dot indicates the position of the BLLAST site. The position of
the cross section is shown in Fig. 8.

tion of cooler air from above the foothills of the mountains. At 12:48 UTC,
the boundary-layer depth has grown to about 1200 m and the mean temperature in the boundary-layer below 800 m has increased by about 1 °C.
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The SUMO observations reveal an unexpected cooling of a large part of
the atmospheric boundary-layer in the morning hours, after the onset of
upslope winds. This morning cooling is a consequence of horizontal advection of relatively cold air, preceded by the onset of thermally driven upslope
winds. A corresponding advection of cold air is reproduced in the numerical
simulation, although it is slightly shifted in space. The cool airmass originates from the Mediterranean Sea. Like the sea-breeze, this flow is associated with a horizontal temperature gradient. Unlike the sea-breeze, it does
not extend all the way down to the surface.
Previous works on thermally driven upslope flows (e.g., observations by
Weigel and Rotach 2004, Kleissl et al. 2007 and idealized simulations by
Serafin and Zardi 2011) do not show a clear sign of a similar cooling, indicating that it may be flow- and site-dependent, and possibly infrequent. It is
unclear to what extent such a morning cooling is a part of the climatology of
the foothills of the Pyrenees and other mountain ranges. It is also unclear and
worth future investigations how sensitive this feature of the clear-weather
flow is to parameters such as the shape of the mountains, the surface characteristics, and the ambient air mass.
5.

SUMMARY AND OUTLOOK

The most recent developments of the SUMO system and its application during two field campaigns in 2011 have been described. The following main
technical improvements have been applied:
 An inertial measurement unit (IMU) has now replaced the formerly
used IR thermopiles for attitude control of SUMO’s autopilot system Paparazzi. This has distinctly enhanced the range of meteorological conditions
SUMO can be operated in, even allowing in-cloud operations.
 A faster Pt1000 temperature sensor has been added to the standard
meteorological sensor suite of SUMO. This has now reduced the typical time
constant in the temperature measurements from over 5 to around 1 s.
 The adaptation of a 5-hole probe system now enables the determination of the 3D turbulent flow vector with a temporal resolution of 100 Hz.

The implementation of the IMU was smooth. However, there have been
some issues with the fine tuning in the beginning (i.e., the Denmark campaign), causing unsatisfactory behavior of the SUMO aircraft in keeping the
predefined altitude, in particular in turns. These difficulties are now solved
and SUMO showed excellent leveling characteristics during the BLLAST
campaign in France.
The new temperature sensor shows a distinctly reduced response time
compared to the older one. Unfortunately, the version in use at the moment
is sensitive to saturation in humidity producing artifacts when entering and
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leaving cloud layers. We hope to overcome this issue by the use of a slightly
different sensor realization.
The application of SUMO during a 5 day campaign in and around
a small wind park in Denmark has shown the capability of the system for
measurements of atmospheric flow and turbulence around wind turbines.
The preliminary results indicate a qualitatively distinct increase in turbulence
level downstream of the wind farm and evidence of enhanced mean vertical
velocity. The main pitfall in atmospheric turbulence determination was the
lack of a common data acquisition system for the turbulent flow vector impinging the aircraft and the attitude of the airframe. Therefore, a more
detailed investigation has to be postponed. The synchronization of the data
acquisition of the 5-hole turbulence probe and the Paparazzi autopilot system
is currently ongoing. From the beginning of 2012, both data streams will be
commonly collected and stored on-board using the same temporal resolution
of 100 Hz.
The SUMO profiles of temperature, humidity and wind taken during the
BLLAST field campaign at Lannemezan, France, have been the basis for
a case study on anabatic flow from the lowlands towards the foothills of the
Pyrenees. Above the surface layer, an unexpected morning cooling has been
detected that could, in combination with WRF model simulations, be
attributed to advection of cold air preceded by the onset of upslope winds.
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