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1. Introduction
The technological advances related to the
development of unmanned aircraft for

atmospheric observations offer the possibility to
carry out measurements in areas at very low
heights that are difficult to reach by piloted
aircraft, and thus to cover a wider airspace for
meteorological data gathering. The drones
present an opportunity to investigate the
turbulence in the atmospheric surface layer in a
complementary way to instrumented
towers/masts. These unmanned aircraft were
classified according to three main categories,
depending on their weights and their payload
capacities [6]. The first category regroups all
UAVs weighing between 10 kg and 30 kg, like
for example the Manta, ScanEagle, Aerosonde
and RPMSS; their advantage is their endurance
and their highest payload capacity but they are
very expensive. The category Il includes
vehicles that weigh more than 1 kg and less than
10 kg like Tempest, the meteorological mini
unmanned aerial vehicle (M2AV), University of
Colorado Boulder NexSTAR, the multipurpose
automatic sensor carrier (MASC), and the small
multifunction autonomous research and teaching
sonde (SMARTSonde). These UAVs are smaller
and have less payload capacity and autonomy of
flight than the vehicles of category |,
nevertheless they can carry many of the sensors
used for wind measurements. In addition to this,
their cost is medium which makes them more
easily deployable. Finally the category I,
assembles UAVs that weigh less than 1 kg, for
instance the small unmanned meteorological
observer (SUMO) and DataHawk, which have
limited payload capacity and endurance in
comparison with the two other categories.

France.

Furthermore, their cost and their facility of
deployment permit to do small experiences from
anywhere.

Recently, we have developed in Toulouse
(France) two platforms of different size. The first
one, called OVLI-TA, is a small unmanned aerial
system (UAS) (3kg, payload included). It is
instrumented with a 5-hole probe on the nose of
the airplane, a Pitot probe, a fast inertial
measurement unit (IMU), a GPS receiver, as
well as temperature and moisture sensors in
specific housings. After wind tunnel calibrations,
the drone’s flight tests were conducted in
Lannemezan (France), where there is an
equipped 60 m tower, which constitutes a
reference to our measurements. The drone then
participated to the international project
DACCIWA (Dynamics-Aerosol-Chemistry-
Clouds Interactions In West Africa), in Benin.

Moreover, another project is carried out about
the instrumentation of a so-called “Boreal” drone,
which weighs 20 kg and can embark 5 kg of
sensors and IMU with data fusion. The scientific
payload relates to atmospheric turbulence,
GNSS reflectometry and gravimetry. In addition,
this UAS has a long endurance (up to 10 h) and
is more robust to fly in turbulent conditions.

We will present the instrumental packages of the
two UASSs, the results of qualification flights of
OVLI-TA as well as the first scientific results
obtained in the DACCIWA campaign. We will
also give some examples of envisaged
deployment and observation strategy in future
campaigns.



2. Technical description of our

unmanned aerial systems:

2.1.Characteristics of “OVLI-TA”
The airplane utilized in the project is a Techpod,
from HobbyUAV.

Figure 1: Pictures of OVLI-TA UAV

OVLI-TA in French stands for Objet Volant Léger
Instrumenté-Turbulence  Atmosphérique that
means Instrumented light flying object-
atmospheric turbulence. OVLI-TA is a small UAV
(see Fig. 1), working with electrical propulsion.
Its cruise speed is between 12 and 20m/s. It has
a wingspan of 2.60 m and a fuselage length of
1.14 m. This UAV weighs 3.5 kg payload and
battery included (1.25 kg without). The wings
and fuselage are made from EPO (Expanded
Polyolefin). It has up to two hours of autonomy.

2.2.Electronic devices on OVLI-TA :

OVLI-TA is equipped with a 100 Hz uSD card,
and three temperature and humidity sensors
SHT75 (2 slow sensors recorded at 2.5 Hz and 1
faster at 10 Hz) which are placed inside
dedicated hoods (Fig. 2).

The ADIS16448 inertial measurement unit (IMU)
includes a triaxial digital gyroscope, a triaxial
digital ~ accelerometer, a triaxial digital
magnetometer, a digital barometer and an
embedded temperature sensor.

One GPS and one Pitot tube were also
implemented. The Pitot tube was installed on the
left side of the fuselage. In addition, the 3D
printed five-hole probe is situated on the nose of
the drone, the holes being connected to three

differential pressure transducers (HCEMOL10,
sampled at 100 Hz) by silicone tubes (Fig. 3). It
has five pressure ports; the center hole is in the
longitudinal axis of the airplane, and permits to
measure the stagnation pressure and to
calculate the airspeed. The differential pressure
between the up and down (resp. left and right)
holes is used to calculate the angle of attack «

(resp. angle of sideslip ).

Finally, the navigation of OVLI-TA is assured by
3DR Pixhawk autopilot which also contains a
GPS and an IMU, the data are recorded at 5 and
50 Hz, respectively. The overall equipment is
presented in Fig. 4.

Figure 2: lllustration of the hoods where the temperature and
humidity sensors are placed

Figure 3: The 5-hole probe situated in the nose of the UAV
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Figure 4: Exploded diagram of electronic devices on OVLI-
TA



2.3.Characteristics of “BOREAL”:
The airplane utilized is a Boreal-UAS, from
BOREAL- groupe MISTRAL company (Fig. 5).
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Figure 5: Pictures of BOREAL UAV

Boreal is powered by a combustion engine and
the cruise speed varies between 70 km/h and
130 km/h (19-36 m/s). The wingspan is 4.2 m
and the fuselage length is 1.50 m. This UAV
weighs 20 kg and can embark 5 kg of payload.
The best advantage of Boreal is its high
endurance that can attain 10 hours of flight.

2.4.Electronic devices on BOREAL:

The BOREAL is outfitted with a 100 Hz uSD
card, and two temperature and humidity sensors
SHT75 (a slow one at 2.5 Hz and a faster one at
10 Hz), in addition to a fast temperature sensor
(PT1000) at 100 Hz, all three are placed inside
the hoods (Fig. 2).

We choose to embark the Air Data Unit
Advanced Navigation (25Hz), which provides us
with pitch, yaw and roll measurements, and also
ground speed, wind speed, airspeed, barometric
pressure, and accelerations. The miniature GPS
inside it that is aided with inertial navigation
system and AHRS (Altitude and Heading
Reference System), provides accurate
positioning.

The 3D printed five-hole probe situated in the
nose of the UAV is connected to the digital
pressure sensors through silicone tubes (Fig. 6).
We have chosen transducers with a different

principal of measurements than those used for
OVLI-TA, in order to reduce the impact of drone
vibrations on the turbulence measurements.

One Pitot tube and static ports are also
implemented. The Boreal is navigated using
Boreal’'s autopilot.

Figure 6: Picture of the five-hole probe on BOREAL
3. Wind tunnel calibrations of the five-
hole probe:

3.1.For OVLI-TA:
The wind tunnel test is necessary in order to
calibrate the five-hole probe of OVLI-TA. It was
conducted in the IMFT (Institut de Mécanique
des Fluides de Toulouse) wind tunnel in 2014.

Figure 7: OVLI-TA during the wind tunnel test: A) Angle of
attack testing; B) Angle of sideslip testing; C) Roll testing
with wing mounted. [16]



The data acquisition system was installed as
during the flights. Figure 7 shows how the UAV
is installed in the wind tunnel.

The sensitivity factor is defined as:

a=k;' AP, ()

B =kg! xAP; (2)

The angle of attack was varied between -5° and
5° with a zero angle of sideslip, so as to
determine the sensitivity factor k,. The
relationship between the differential normalized
pressure and IMU’s angle of attack is shown in
Fig. 8.
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Figure 8: Plot of differential normalized pressure in function
of angle of attack [16]

From this plot we can deduce that the sensitivity
factor of the attack angle is:

k, = 0,0662 deg!

In the same way, the angle of sideslip was
varied between -5° and 5° by maintaining the
angle of attack equal to zero, in order to
determine the sensitivity factor kz. The
relationship between the differential normalized
pressure and IMU’s angle of sideslip is shown in
Fig. 9.
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Figure 9: Plot of differential normalized pressure in
function of angle of sideslip [16]
According to the Fig. 9, the sensitivity factor of

the sideslip angle is: kg = 0,0658 deg™.

By using formulas 1 and 2 and the sensitivity
factor found after wind tunnel calibration, we can
calculate the angles of attack and sideslip during
the flights.

3.2.For BOREAL:

The calibrations of the five-hole probe of Boreal
UAV, was also done in the IMFT wind tunnel in
2017 [7].

The data acquisition system was installed as
during the flights. The setup of the wind tunnel
test is illustrated in Fig. 10.

Figure 10: BOREAL during the wind tunnel test

The angles of attack and sideslip were varied
between -15° and 15° with respectively a zero
angle of sideslip and a zero angle of attack. The
relationship between the differential normalized



pressure and IMU pitch is shown in Fig. 11.
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Figure 11: Plot of differential normalized pressure in function
of angle of attack (reprinted from [7]).

So, the sensitivity factor for the attack angle
is: k, = 0,0775 deg?. This value is near to the
value obtained in theory [5] which is equal to
0,078 deg -
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Figure 12: Plot of differential normalized pressure in function
of angle of sideslip (reprinted from [7])

According to Fig. 12, the relationship between
the differential normalized pressure and IMU’s
yaw implies that the sensitivity factor for the
angle of sideslip is: ks = 0,0663 deg!. Note that
the sideslip data was taken every 3 seconds only
due to a recording issue during the wind tunnel
test.

4. Field results and discussion:

OVLI-TA flew in two different sites. Firstly, the
flight tests were conducted in Lannemezan,
France. Then the drone participated in
DACCIWA campaign in West Africa (Savé,
Bénin).

4.1.Results of flight test on Lannemezan site:

Lannemezan site is the instrumental site of the
“Laboratoire d’aérologie”. It is equipped with an
instrumented mast of 60 m (see Fig. 13).The
mast is equipped at three levels (30 m, 45 m, 60
m) for turbulence measurements with sonic
anemometers that give us the 3 wind
components and the so-called sonic temperature
at a frequency of 10 Hz. In addition to that,
relative humidity and temperature are measured
at those levels and recorded at 1 Hz.

Figure 13: Picture of the instrumented mast of 60 m at
Lannemezan Site

The flight pattern chosen is a succession of
straight and level paths that is the most
appropriate type of flight plan for atmospheric
turbulence measurements (Fig. 14).

Figure 14: Flight with straight lines
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straight flights.
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During the 1 hour flight; we selected 61
sequences of straight line flights at almost
constant altitude; each of them lasting around
30s. The height of these sequences was
between 60 and 130 m agl. Figure 17 presents
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Figure 15: Humidity, temperature and wind speed measured for one sequence the energy spectra of the north

by OVLI-TA (VN), east (VE) and vertical (W) wind

Figure 15 shows the measurements done by components.
OVLI-TA during approximately one hour of flight
in Lannemezan.
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Figure 17: (a) Spectra of vertical wind speed, (b) north wind
speed, (c) east wind speed. (d) Mean spectrum of vertical
wind speed of 11 sequences of straight and level flight at 70-
80m agl.

Moreover, the mean spectrum of vertical wind
speed computed over 11 sequences of identical
duration and performed at comparable height
(70-80m) is presented in Fig. 17 (d). The -5/3
slope, characteristic of the inertial subrange, is
observed on these spectra up to a frequency of
around 10 Hz.

In order to compare between mast and drone
spectra, we should go back to the same scale by
converting the frequencies f into wavenumbers

k, considering a speed u which is the mean
airspeed for OVLI and the mean wind speed for
the mast (in other words, assuming Taylor
hypothesis:  k=2rnf/u.) This comparison,
presented in Fig. 18 for the vertical wind speed
on the 1* sequence of straight flight, shows a
good correspondence between the two platforms
up to wavenumbers of ~4-5 rad/m.
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Figure 18: Vertical wind spectrum as a function of the
wavenumber, computed on the 1% straight sequence of
the drone OLI-TA (in blue) and on the 60 m mast (in red).

4.2. DACCIWA site

OVLIT-TA participated in the international
project DACCIWA (Dynamics-Aerosol-
Chemistry-Clouds Interactions In West Africa), in
Saveé, Bénin. The ground-based field campaign
took place during June and July 2016.

T

Figure 19: DACCIWA SITE, in Save, Bénin

The site was equipped with radio soundings,
remotely piloted airplane system, cloud camera,
cloud radars, Doppler lidars, UHF wind profiler
and meteorological/turbulence/chemistry ground
stations (Fig. 19).

The OVLI flight pattern consisted of straight and
level runs of similar lengths as shown in Fig. 20.
The drone flew between 10 m and 1000 m agl,
with ascending circles and descending straight
lines.
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Another check of the quality of the measures is
to compare profiles during ascending and
descending parts of the flight. This is shown in
Fig. 22, for the wind speed and direction, relative
humidity and temperature. The consistence
between the two sequences is satisfactory.

5. Conclusion

OVLI-TA UAV s capable of measuring the
temperature, humidity and three wind
components. The raw data during the flight test
were compared to 60 m mast measurements;
the spectra show a good agreement between
fixed and mobile platforms even if we were not
exactly flying in the footprint of the mast. OVLI-
TA was deployed during the DACCIWA
campaign, where it performed atmospheric
profiles between ground level and 1000 m.
Recently, the development of new
instrumentation on Boreal drone enhances the
observation capabilities over long distance / long
duration. Furthermore, a heavier instrumental
package allows us to embark high-performance
instruments, in particular for turbulence
measurements. Flight tests have already been
conducted, flight calibrations are planned on the
Lannemezan site in the coming months, and
next year we would be able to participate to field
campaigns.
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