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Abstract: The Antarctic atmosphere is rapidly changing, but there are few observations available in
the interior of the continent to quantify this change due to few ground stations and satellite measure-
ments. The Concordia station is located on the East Antarctic Plateau (75° S, 123° E, 3233 m above
mean sea level), one of the driest and coldest places on Earth. Several remote sensing instruments are
available at the station to probe the atmosphere, together with operational meteorological sensors. In
order to observe in situ clouds, temperature, relative humidity and supercooled liquid water (SLW)
at a high vertical resolution, a new project based on the use of an unmanned aerial vehicle (drone)
vertical take-off and landing from the DeltaQuad Company has been set up at Concordia. A standard
Vaisala pressure, temperature and relative humidity sensor was installed aboard the drone coupled
to an Anasphere SLW sensor. A total of thirteen flights were conducted from 24 December 2022 to
17 January 2023: nine technology flights and four science flights (on 2, 10, 11 and 13 January 2023).
Drone-based temperature and relative humidity profiles were compared to (1) the balloon-borne
meteorological observations at 12:00 UTC, (2) the ground-based microwave radiometer HAMSTRAD
and (3) the outputs from the numerical weather prediction models ARPEGE and AROME. No SLW
clouds were present during the period of observations. Despite technical issues with drone opera-
tion due to the harsh environments encountered (altitude, temperature and geomagnetic field), the
drone-based observations were consistent with the balloon-borne observations of temperature and
relative humidity. The radiometer showed a systematic negative bias in temperature of 2 °C, and the
two models were, in the lowermost troposphere, systematically warmer (by 2—4 °C) and moister (by
10-30%) than the drone-based observations. Our study shows the great potential of a drone to probe
the Antarctic atmosphere in situ at very high vertical resolution (a few meters).

Keywords: drone; VTOL; planetary boundary layer; free troposphere; Concordia station; Antarctica;
temperature; relative humidity

1. Introduction

Clouds in Antarctica affect the Earth’s radiation balance, both directly at high southern
latitudes and indirectly, at the global level through complex teleconnections [1]. De-
pending on the nature of the clouds (liquid/solid), their vertical/horizontal distribu-
tions (low/high altitude, coastal/deep interior) and the season, the fractional cloud cover
strongly evolves [2] from about 50 to 60% around the South Pole to 80-90% near the coast.
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Clouds are mainly composed of ice above the continent, whereas the abundance of super-
cooled liquid water (SLW, water that remains in liquid phase below 0 °C) clouds depends on
temperature and liquid /ice fraction decreases sharply poleward [3-7], and is two to three
times lower over the Eastern Antarctic Plateau than over the Western Antarctic [8]. SLW
clouds (SLWCs) are observed to occur more frequently than in weather model simulations,
leading to biases in surface radiation budget estimates [9-11].

The Dome C (Concordia) station, jointly operated by French and Italian institutions
in the Eastern Antarctic Plateau (75°06’ S, 123°21’ E, 3233 m above mean sea level, amsl),
is one of the driest and coldest places on Earth, with surface temperatures ranging from
about —20 °C in summer to —70 °C in winter. For a decade, SLWCs have been observed
remotely and analysed by combining observations with models [12]. During the Year
Of Polar Prediction (YOPP) international campaign, SLWCs were detected in Decem-
ber 2018, with temperatures between —20 °C and —30 °C and liquid water path (LWP,
the liquid water concentration integrated along the vertical dimension) between 2 and
20 g m 2, considerably impacting net surface radiation, which exceeded simulated values
by 20-50 W m~2. During the summer campaign in 2021-2022, in situ SLW sondes were
attached to meteorological balloons to observe the vertical distribution of SLWCs. The
impact of the SLWCs on the surface radiation has also been statistically analysed, showing
that temperature logarithmically increases from —36.0 °C to —16.0 °C when LWP increases
from 1.0 to 14.0 ¢ m~2, and SLWCs positively impact net surface radiation, which increases
logarithmically by 0.0 to 50.0 W m~2 when LWP increases from 1.7 to 3.0 g m 2 (see [13]
and references therein).

Unmanned aerial vehicles (UAVs, or drones) have become one of the most efficient
tools to probe the planetary boundary layer (PBL). Ref. [14] underlined the potential of such
observations to improve analyses and forecasts, especially for highly varying parameters
like humidity. In recent decades, a large number of research groups worldwide have
developed fixed-wing or multi-rotor-type instrumented platforms to explore the PBL. The
quality of the observed and computed signals (such as wind, temperature, moisture, etc.)
is variable from one platform to another. Ref. [15] compared the observations of 38 UAVs
(both fixed-wing and multi-rotor type) and reported a spread in observations that was
related to the sensors and/or the type of platform on which they were installed. UAVs,
therefore, have become one of the most efficient tools for tackling different aspects of
scientific data collection in Antarctica [16,17]. Drones can be used in mapping studies of
ice and snow (topography, ice sheets, glaciers and sea ice), to determine the distribution
and abundance of fauna (seals, birds, etc.) and to focus on atmospheric studies (air quality,
aerosols, temperature, etc.). The use of drones was developed in our group a decade ago
to study the development of the PBL in France [18]. As a consequence, we wanted to use
this kind of vector again to observe the presence of SLWCs in situ in harsh environments
such as the ones encountered in the Antarctic Eastern Plateau and couple these unique
observations with in situ balloon-borne and ground-based measurements (microwave
radiometer) together with the outputs from two numerical weather prediction (NWP)
models. The concept was based on the same methodology as in previous studies on SLWCs
with SLW sondes [19] attached to meteorological balloons. In the case of the drone, the SLW
sonde is inserted into the onboard payload together with the meteorological sonde. The
two sets of observations are transmitted in real time to the ground station. Observations
have been made at Dome C, Antarctica, from December 2022 to January 2023 during the
summer season when the presence of SLWCs is statistically at the highest point over the
entire year, with a daily occurrence of the SLWCs (for a period greater than 2 h) as high as
50% [12].

The article is structured as follows. Section 2 deals with the instruments and models
used in our analysis. Section 3 presents the methodology deployed to achieve our goals.
The results are shown in Section 4 and discussed in Section 5 before conclusions are drawn
in Section 6.
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2. Instruments and Models
2.1. Drone

The drone used at Concordia has been developed by the DeltaQuad Company (https:
/ /www.deltaquad.com (accessed on 9 August 2023)). It is the DeltaQuad Pro Vertical
Take-Off and Landing (VTOL) Unmanned Aerial Vehicle (UAYV, hereafter referred to as
drone). The drone has not been modified to meet the harsh of Concordia (Figure 1). The
technical characteristics of the drone are synthetized in Table 1.

Figure 1. (Left) The VTOL drone from the DeltaQuad Company. (Right) The drone laying on the
ground at the Concordia Station during the summer campaign 2022-23.

Table 1. Technical characteristics of the VTOL drone used at Concordia.

Dimensions

Wingspan 235 cm

Length 90 cm

Height 17 ecm

Weight and Payload

Empty weight 3.3kg

Empty weight including battery 5kg

Maximum takeoff weight 6.2 kg

Payload capacity 1.2 kg

Flight Characteristics at max payload

Cruise speed 16 m/s (60 km/h)
Maximum speed 25m/s (90 km/h)
Maximum flight time 1 h 50 min

Range through air 100 km

Power

Battery type LiPo

Battery capacity 23 Ah

Tolerances

Maximum takeoff/landing wind 9m/s (33 km/h)
Maximum wind cruise flight 14 m/s (50 km/h)
Operating temperature Between —20 and +45 Celsius
Maximum flight altitude amsl 13,000 ft (4000 m)
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Flight plans must be created before the flight and validated on the company’s website.
The drone flights are in the shape of a hippodrome (rectangle with rounded edges) in order
to stabilize the payload over a length of about 1000 m (horizontal flight on the long axis
of the hippodrome), and then the altitude increases or decreases on the short axis of the
hippodrome over a length of about 500 m. The height of the flights could reach 400-600 m
above ground level (agl) (about 3600-3800 m altitude). The duration of the flights varied
from 20 min (top height reached is 400 m agl) to 30 min (top height reached is 600 m agl).
Weekly notices to airmen (NOTAMs) are officially sent to Mario Zucchelli’s station (Italian
station on coastal Antarctica) in order to authorize flights in the local afternoon (higher
ground temperatures than in the morning) from Monday to Saturday. No flights are
possible within a range of —1 h to +4 h around the arrival of an aircraft. The take-off and
landing points are set about 2 km north of the Concordia station. We use a skidoo to reach
this point. Concretely, 2 people are needed to ensure the drone flights: one focused on the
control console and another one in sight of the drone in flight. No flight is made for wind
speeds greater than 6 m s~ 1.

No modification has been made to the drone to take into account the constraints of the
site, neither by the company nor by the scientists. In theory, the drone can fly up to 4000 m
of altitude for temperatures higher than —20 °C. In addition to the drone and the control
console (joystick), a set of spare parts and 2 Lithium Polymer (LiPo) batteries were sent to
Concordia. For the payload, pressure, temperature and humidity (PTU) and SLW sondes
were also sent to Concordia (see Sections 2.2 and 2.3).

2.2. Vaisala PTU Sondes

Vertical temperature and humidity profiles have been measured on a daily basis at
Dome C since 2005, employing RS92 Vaisala radiosondes. The radiosonde data were taken
using the standard Vaisala evaluation routines without any correction of sensor heating
or time lag effect. In Antarctica, the sondes are known to have a cold bias of 1.2 K from
the ground to about 4 km altitude [20,21] and a dry bias of 4% on integrated water vapor
(IWV) [22], mainly between 630 and 470 hPa, with a correction factor for humidity varying
within 1.10-1.15 for daytime [23]. All year long, the sondes are attached to a meteorological
balloon and launches are performed once per day at 12:00 UTC.

The same Vaisala PTU sondes have been used and installed inside the drone (Figure 2).
As when using the sonde attached to the balloons, the sonde has been (1) calibrated inside
the station with the Digicora ground station, (2) installed inside the drone within a heated
tent at ~500 m away from the station, and (3) the drone was then transported to the take-off
area approximately 2000 m away northward from the station using a skidoo (Figure 3).
During the flights, the data were transmitted by telemetry and recorded in the same way as
for the balloon-borne sondes.

2.3. HAMSTRAD

HAMSTRAD is a microwave radiometer that profiles atmospheric water vapour, lig-
uid water and temperature above Dome C. Measuring at both 60 GHz (oxygen molecule
line (Oy) to deduce the temperature) and 183 GHz (H,O line), the radiometer devel-
oped in 2007 by the RPG-Radiometer Physics GmbH German company under the model
name LHATPRO was installed on-site for the first time in January 2009 [24]. The re-
trieval algorithm is based on a neural network method with a large variety of radiosonde
observations all over the year. The same coefficients relying on the brightness tem-
perature to the air temperature have been used since the beginning of the project in
2009. The biases between HAMSTRAD and the sonde are regularly estimated year af-
ter year. All the HAMSTRAD data are freely available at the following address: http:
/ /www.cnrm.meteo.fr/spip.php?article961&lang=en (accessed on 9 August 2023). The
measurements of the HAMSTRAD radiometer allow the retrieval of the vertical profiles
from the ground to 10 km agl, with vertical resolutions of 30 to 50 m in the PBL, 100 m in
the lower free troposphere and 500 m in the upper troposphere-lower stratosphere. The
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time resolution has been adjustable and fixed at 60 s since 2018. Note that an automated
internal calibration is performed every 12 atmospheric observations and lasts about 4 min.
Consequently, the atmospheric time sampling is 60 s for a sequence of 12 profiles and
a new sequence starts 4 min after the end of the previous one. The temporal resolution
on the instrument allows for the detection and analysis of atmospheric processes such as
the diurnal evolution of the PBL [25] and the presence of clouds and diamond dust [26]
together with SLWC [12]. In the present analysis, we have only used the vertical profiles of
temperature since absolute humidity tends to show positive biases (10-20%) below 1 km
agl and negative biases (5-10%) above, while IWV is consistent to within 5% with sonde
observations [27].

Vaisala PTU sonde

Figure 2. The Vaisala PTU sonde inserted into the drone before a scientific flight at the Concordia
station during the summer campaign 2022-23: (left) inside the payload dedicated area and (right)
prior to the launch with only the temperature and relative humidity sensor upward outside of the
drone. Note the telemetry antenna is located beneath the drone (not visible in the picture).

1) 2) 3)
Sonde calibration Sonde inserted in Drone flight 2 km
into the station the drone payload away from the station

within a heated tent

Figure 3. The methodology used for the scientific flights is synthetized as follows. (1) The Vaisala
PTU sondes are calibrated into the quiet building of the Concordia station at room temperature
using the standard Digicora system. (2) The PTU sonde is then transported to a heated tent about
500 m away from the station where the drone is stored. Then, the sonde is installed inside the drone.
(3) The drone is transported with a skidoo to about 2 km away from the heated tent in the northward
direction. There, it is launched following a previously validated flight plan.

The biases between HAMSTRAD observations and the operational meteorological
sondes have been studied in detail since the installation of the radiometer in 2009 at
Concordia [27]. Although the biases changed from one year to another at the beginning of
the project, they have been more stable for 4-5 years. They always showed negative biases
from 0 to —2 K in the PBL, reaching —2 to —10 K in the free troposphere.
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2.4. Numerical Weather Prediction Models
2.4.1. ARPEGE

For this study, the operational French NWP ARPEGE global model has been used [28].
ARPEGE is running operationally in hydrostatic mode. A Turbulent Kinetic Energy (TKE)
scheme is used [29] combined with a shallow convection scheme [30]. ARPEGE has
a variable mesh with the finest horizontal resolution (5.5 km) over France and lowest
resolution over Australia (25 km). A 4D variational (4DVar) assimilation is performed every
6 h. The meteorological analyses were given by the ARPEGE system together with the
24 h forecasts at the node the closest to the location of Dome C. Two analyses at 00:00 and
12:00 UTC were represented in the present study together with hourly forecasts initialized
by the two analyses from 01:00 to 11:00 and from 13:00 to 24:00 UTC, respectively. The
vertical resolution of the global model ARPEGE is 105 levels. The first one is set at 10 m
agl, with 12 levels below 1 km agl and 35 levels below 3 km agl. Temperature and relative
humidity were selected for the present analysis.

2.4.2. AROME

The non-hydrostatic AROME model used for this study is derived from the operational
version [31] at 1.3 km horizontal resolution over France, without any specific modification
in the atmospheric physics nor in the dynamics, except the coupling with the 1D sea-ice
model GELATO, also used in ARPEGE [32]. This experimental system uses exactly the
same 90 vertical levels, with the first level at 5 m and a horizontal grid size of 1.5 km. The
size of the domain is about 2200 x 2200 km? in order to cover several super-sites such as
Mc Murdo, Dome C and Dumont d"Urville (Figure 4)
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Figure 4. Horizontal domain where the AROME model is run within the large domain where
ARPEGE is run together with the sites where the outputs are regularly stored. Note the color scale is
not meaningful.
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The successive ARPEGE analyses obtained at 00:00 UTC provided the initial states
for AROME, while the ARPEGE model forecasts provided its lateral boundary conditions.
It must be noted that routine radio soundings are made once a day at Dome C, at 12:00
UTC (20:00 local time, LT). This means that the initial states (at 00:00 UTC) of the AROME
model never directly benefited from these upper-air observations during the considered
period. This avoids an artificial source of positive skill, which would have limited the
representativeness of the coupled model results. In the AROME horizontal grid, we selected
the point the closest to the Dome C station, namely at a distance of 585.32 m.

2.5. LIDAR

The tropospheric depolarization LIDAR (532 nm) has been operating at Dome C since
2008 (see http:/ /lidarmax.altervista.org/lidar/Antarctic%20LIDAR.php (accessed on 9
August 2023)). The LIDAR provides 5 min tropospheric profiles of aerosols and clouds
continuously, from 20 to 7000 m agl, with a resolution of 7.5 m. LIDAR depolarization [33]
is a robust indicator of non-spherical shape for randomly oriented cloud particles. A
depolarization ratio below 5% is characteristic of SLWC, while values higher than 20% are
produced by ice particles. The possible ambiguity between SLWC and oriented ice plates is
avoided at Dome C by operating the LIDAR 4° off-zenith [34].

3. Methodology

The initial concept was to install the Vaisala PTU and Anasphere SLW sensors on
board the drone, the SLW sensor being connected to the PTU sonde, with a real time
data transfer to the Vaisala ground station. Two phases were defined for flying with the
drone corresponding to (1) technology flights (no sondes on board) and (2) science flights
(sondes on board). Although this was a risky project, we were able to use a drone in this
challenging environment and provide scientific results. Thus, 13 flights were conducted
from 24 December 2022 to 17 January 2023: 9 technology flights and 4 science flights
(Table 2). We have mainly concentrated our study on the four days when scientific flights
were successfully performed, namely on 2, 10, 11 and 13 January 2023. Information
regarding the speeds (maximum horizontal, up and down speeds, ground speed, height
rate and average forward speed) of the drone during the 4 fligths is presented Table 3.

Table 2. List of all the flights performed with the drone during the 2022-2023 summer over Concordia,
together with the date, time (UTC), Scientific or Technological flight (S/T) category, status of the
flight (G: good; U-TO: unsatisfactory take-off; C-TO: crash at take-off; C-La: crash at landing; C-Fly:
crash when flying), maximum height reached (m), duration of the flight (minutes), distance covered
(km), surface wind (m s~ 1) and surface temperature (Celsius). Note that flights D01 and D02 were
performed in France. In green are the flights scientifically exploitable.

. Time Max . . Surface Surface
Flight YYMMDD Ho M Flsight Rating He;ght Minates P gis“j  Corsius
D03 221224 03:00 T G 60 4 3 2 -30
D04 221227 07:00 T U-TO 200 7 6.2 5 —-30
D05 221228 06:30 T C-TO 5 —30
D06 221228 07:00 T U-TO 200 12 8 3 —25
D07 230102 06:30 T G 200 12 8 2 -25
D08 230102 10:00 S G 400 16 15 2 -25
D09 230103 10:00 S C-TO 2 —25
D10 230109 06:00 T G 200 14 9 3 —25
D11 230110 06:00 S G 400 25 215 6 -25
D12 230111 06:30 S G/C-La 500 31 25 3 -25
D13 230113 07:30 S G 600 30 26.5 3 -25
D14 230116 09:30 S C-TO 5 —25
D15 230117 07:00 S C-Fly 5 —-30
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Table 3. Speeds (m s~ 1) associated with the 4 flights held on 2, 10, 11 and 13 January 2023: maximum
horizontal, up and down speeds, ground speed, height rate and average forward speed.

Speed/m s—1 D08 D11 D12 D13
2 January 10 January 11 January 13 January

Max Speed Horizontal 27 33 28 28
Max Speed Up 3 4 3 4
Max Speed Down 6 6 6

Ground Speed 25 32 28 27
Height Rate 2 2 2 2
Average Speed FW 23 20 21 20

The contamination of the temperature signal by the platform has to be avoided. This
problem is particularly important on rotary-wing UAVs [35-40]. However, this point is
much less crucial on fixed-wing UAVs, such as the platform used in the present study,
because of the quite constant relative velocity (the airspeed in our study is about 20 m s
that ensures the ventilation of the sensor and prevents it from internal heating. Furthermore,
the temperature sensor is at the tip of the radiosonde boom that points upward on the top
of the fuselage, so it is away from the skin of the UAV. Temperature sensors were already
installed on the top of the fuselage on a fixed-wing drone with a cruise speed similar to
that of the present platform by [41]. They demonstrated the relevance of this installation
through comparisons with radiosonde profiles. Ref. [15] compared the observations of
38 UAVs (of both fixed-wing and multirotor type) with a reference and reported a larger
spread in temperature measurements from multirotors, with a positive bias.

Regarding the effect of solar radiation, the temperature probe was designed by the
Vaisala company (https:/ /www.vaisala.com/en (accessed on 9 August 2023)) to minimize
its impact mainly thanks to the small size of the sensor. This small size also ensures a
response time of the order of 0.4 s at low altitude. Note that a Vaisala RS92 probe was
embarked on the Tempest UAS [42].

In the PBL, comparisons of temperature observations between meteorological sondes
at 12:00 UTC and drone-borne sondes (06:00-10:00 UTC) might be biased due to the diurnal
variation of temperature peaking around 06:00 UTC [25]. Nevertheless, above the PBL, in
the free troposphere, the variability of temperature within a maximum of 4 h is meaningful
since the temperature variability is within the temperature random error from HAMSTRAD,
namely 0.5 K.

4. Results
4.1. Scientific Flight D08 on 2 January 2023

The flight D08 held on 2 January 2023 at 10:00 UTC is the very first flight for which
a PTU sonde was aboard the drone. The flight lasted 16 min and reached the maximum
height of about 400 m (Figure 5). The flight was nominal over a total distance of 16 km with
a surface temperature of —25 °C and a surface wind speed of 2m s~ 1.

The vertical profiles of temperature and relative humidity associated with this flight
are shown in Figure 6 together with those of the balloon-borne sonde at 12:00 UTC, the
HAMSTRAD temperature profile within 09:50-10:10 UTC (in time coincidence with the
drone observations), and the outputs from the ARPEGE and the AROME NWP models
(at 10:00 UTC). First, the atmosphere on that day shows an abrupt change in both tem-
perature and relative humidity profiles at around 280 m agl associated with an inflection
point in the temperature vertical profile and an atmosphere wetter (70-80%) below this
height than above (60%). This transition height is associated with the top of the PBL. The
balloon-borne radiosonde was launched less than 2 h later and the same behaviour in
temperature and relative humidity can be drawn, except that the drone has a much higher
vertical resolution than that of the balloon-borne sonde. The HAMSTRAD profile has
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a worse vertical resolution and is not able to discriminate the two vertical layers in the
lowermost troposphere, showing a cold bias of 2—4 °C compared to the drone profile. The
atmosphere as calculated by both ARPEGE and AROME tends to be warmer by 1-2 °C
and wetter by 10-20% than the atmosphere sounded by the radiosondes with a diurnal
variability of 2 °C in temperature and 20% in relative humidity.

800 — Estimated
— Setpoint
600 - — GPS (projected)
1 O Position Setpoints
400

200

{m]

=200

-400

-600 -

-1000 -500 0 500 1000
fmj

Figure 5. (Top) Hippodrome flight plan (blue line) corresponding to the flight D08 on 2 January 2023
up to 400 m high. The x-axis points towards the East whilst the y-axis points towards the North. In
the climbing phase, the N-S runs are performed at a levelled height whilst during the W-E runs the
height is increased by 50 m. In the descending phase, the drone flies down on all the straight runs.
Note that the blue line is superimposed on the red and green lines. (Bottom) Three-dimensional
view of the drone flight (purple line) based on the Keyhole Markup Language (KML) file with the
Concordia station at the extreme left. The yellow line represents the ascending part of the vertical
take-off phase when the drone is in multirotor mode.

4.2. Scientific Flight D11 on 10 January 2023

The second scientific flight D11 held on 10 January 2023 at 06:00 UTC lasted 25 min
and reached the maximum height of about 400 m (Figure 7). The flight was nominal over a
total distance of 21.5 km with a surface temperature of —25 °C and a surface wind speed at
the limit of what can be acceptable at Concordia of 6 m s~! (wind chill temperature reached
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about —31 °C). Beyond this value, it was too dangerous to fly with the drone for a sake of
stability and for the pilot safety.

20230102
Drone Flight D08 @ 10:00 UT
HAMSTRAD @ 09:50-10:10 UT
Radiosonde @ 12:00 UT
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Figure 6. Vertical profiles of temperature (left, °C) and relative humidity (right, %) measured by the
Vaisala sonde onboard the drone during the ascending and descending flight phases for the flight
D08 on 2 January 2023 around 10:00 UTC (black) and as observed by the balloon-borne sonde at
12:00 UTC (red). The HAMSTRAD temperature measurements within 09:50-10:10 UTC are also
shown in purple (left). The ARPEGE and AROME profiles calculated at 10:00 UTC are displayed in
green and blue, respectively.

On that date, the in situ drone profiles were showing a lowermost troposphere com-
posed of a wet layer (60-80% relative humidity) below, and a dry layer (30% relative
humidity) above around 205-280 m agl where the temperature profile exhibits an inflection
point (Figure 8). The ascending and descending profiles are very consistent in temperature,
while there is a 5-10% variability in relative humidity that could be explained by an inho-
mogeneous humidity field encountered by the drone along the 1000 m horizontal legs. The
balloon-borne profiles at 12:00 UTC (5 h after the flight) show a lowermost layer consistent
with the drone observations for the relative humidity (~70%) but colder by around 1 °C
and slightly thinner (around 230 m ag]l, the level at which the temperature inflection point
is observed). The HAMSTRAD temperature values are consistent with the drone profiles
between 150 and 250 m agl and systematically colder by 2—4 °C elsewhere. ARPEGE and
AROME systematically exhibit a too moist (close to saturation at 90-100%, namely 30-60%
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more than in situ observations) and too warm (by 2—4 °C) atmosphere with respect to in
situ observations.
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Figure 7. Same as Figure 5 but for the flight D11 on 10 January 2023 at 06:00 UTC up to 400 m high.

4.3. Scientific Flight D12 on 11 January 2023

The third scientific flight, D12, held on 11 January 2023 at 06:30 UTC lasted 31 min and
reached the maximum height of about 500 m (Figure 9). The flight was nominal over the
majority of the path, but the landing was unstable, with a drone reaching the ground only
when the battery was close to empty (5% full). The total distance reached during the flight
was 21.5 km with a surface temperature of —25 °C and a surface wind speed of 3m s~ 1.

The in situ drone profiles did not show any clear transition between wet and dry layers
(relative humidity between 70 and 80%), although two inflection points in the temperature
profile were detected at 220 and 370 m agl (Figure 10). The ascending and descending
profiles are very consistent with each other. The balloon profile at 12:00 UTC (5:30 h after
the flight) is consistent with the drone profile for temperature and relative humidity except
below 250 m agl where balloon temperature and relative humidity are less than 0.5 °C
and greater than 10% compared to the drone profiles, respectively. The HAMSTRAD
temperature values are consistent with the drone profile between 150 and 220 m agl and
systematically less by 2—4 °C elsewhere. Again, ARPEGE and AROME systematically
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exhibit an atmosphere wetter (10-20%) and warmer (2—4 °C) than observed in situ, with
AROME slightly wetter (5-10%) and colder (0.2 °C) than ARPEGE.

20230110
Drone Flight D11 @ 06:00 UT
HAMSTRAD @ 05:50-06:10 UT
Radiosonde @ 12:00 UT
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Figure 8. Same as Figure 6 but for the flight D11 on 2 January 2023 at 06:00 UTC (black) and as ob-
served by the balloon-borne sonde at 12:00 UTC (red). The HAMSTRAD temperature measurements
within 05:50-06:10 UTC are also shown in purple (left). The ARPEGE and AROME profiles calculated
at 06:00 UTC are displayed in green and blue, respectively.

4.4. Scientific Flight D13 on 13 January 2023

The fourth and last scientific flight, D13, held on 13 January 2023 at 07:30 UTC, lasted
30 min and reached the maximum height of about 600 m (Figure 11), a record height never
reached by the drone. The flight was nominal over a total distance of 26.5 km with a surface

temperature of —25 °C and a surface wind speed of 3m s~ 1.
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Figure 9. Same as Figure 5 but for the flight D12 on 11 January 2023 at 06:30 UTC up to 500 m high.

The drone temperature profiles showed an inflection point at 120 m agl with an
atmosphere wetter below than above (Figure 12). The ascending and descending profiles
are very consistent with each other. The balloon profile at 12:00 UTC (5:30 h after the
flight) is very consistent with the drone profile for temperature and relative humidity above
120 m agl. In the lowermost layer, the balloon-borne temperature tends to be less than that
of the drone by 1-2 °C, whilst the balloon-borne relative humidity oscillates (within £10%)
around an average value of 70%. The HAMSTRAD temperature profile is systematically
less by 2—4 °C than the in situ temperature, except around 120 m agl. ARPEGE and AROME
temperatures are consistent with in situ temperatures above 150-120 m agl whereas they
are warmer (2—4 °C) below. Below 300400 m ag], the vertical profiles of relative humidity
from ARPEGE and AROME depart from in situ observations by +10-30%, whilst above, an
agreement is found to be within £5%.
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Figure 10. Same as Figure 6 but for flight D12 on 11 January 2023 at 06:30 UTC (black) and as
observed by the balloon-borne sonde at 12:00 UTC (red). The HAMSTRAD temperature profile
within 06:20-06:40 UTC is also shown in purple (left). The ARPEGE and AROME profiles calculated
at 06:00 and 07:00 UTC are displayed in green and blue, respectively.
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Figure 11. Same as Figure 5 but for the flight D13 on 13 January 2023 at 07:30 UTC up to 600 m high.
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Figure 12. Same as Figure 6 but for the flight D13 on 13 January 2023 at 07:30 UTC (black) and as
observed by the balloon-borne sonde at 12:00 UTC (red). The HAMSTRAD temperature measurement
within 07:20-07:40 UTC is also shown in purple (left). The ARPEGE and AROME profiles calculated
at 07:00 and 08:00 UTC are displayed in green and blue, respectively.

5. Discussion
5.1. Drone Operation

The DeltaQuad Pro VITOL drone used at Dome C, Antarctica, provided a good start as
a proof of concept for these operations. The VTOL concept was found to be indispensable in
these harsh environments. The drone endurance (up to 1 h) was also found to be compatible
with horizontal (~1 km)) and vertical (at least 600 m) exploration of the lower troposphere.
Note that the PBL thickness does not exceed a few 100 m at Dome C. While the drone
design and capabilities have demonstrated their potential in measuring temperature and
relative humidity vertical distributions, the performance highlighted several challenges,
particularly regarding take-off and landing stability. Despite these difficulties, 4 out of
13 flights yielded scientifically exploitable data. The issues encountered revolved around
three main environmental factors: (1) the relatively high altitude (above 3000 m amsl),
(2) temperatures less than the minimum of —20 °C for which the drone is rated for, and
(3) magnetic instabilities caused by being close to the Earth’s geomagnetic South Pole. To
further enhance the drone capabilities and adapt them to the unique conditions encountered
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in Antarctica, it is essential to understand the factors that contributed to these issues and
explore potential improvements.

A significant portion of the take-off and landing instability at Dome C stemmed from
the drone’s difficulty in determining its altitude accurately. The extreme cold conditions
in Antarctica affected the drone barometer, leading to inaccurate altitude readings and
unstable performance. Furthermore, the lack of accurate reference maps made it challenging
for the drone to establish its position relative to the terrain, contributing to the instability.
Additionally, the drone’s proximity to the Earth’s magnetic poles caused complications in
its positioning system, with the magnetometer being particularly affected by its closeness
to the poles. These factors collectively contributed to the unstable take-off and landing
experienced during the project. Proposed solutions to improve stability in this environment
include developing custom reference maps with correct terrain elevations, addressing the
barometer issue, and finding a way around the compass issues caused by the location.

For future experiments or if this project was to be conducted again, the DeltaQuad
Evo drone model would be a better choice, as it addresses several issues encountered
during the previous missions. The DeltaQuad Evo drone has some critical design features
that address the issues faced with the DeltaQuad Pro drone. The main points are that
the Evo drones have the ability: (1) to not rely on a constant compass bearing once set
as this would be reliant on the gyroscope, (2) to use higher quality components with
a lower temperature rating, (3) to have a LIDAR mounted under the wing for altitude
measurements, and (4) to integrate custom payloads to easily accommodate for a large
variety of sensors. The Evo model incorporates folding a landing gear better suited to
the Antarctic terrain and features an onboard Real-Time Kinematic (RTK) system that can
provide a more accurate compass bearing. With the RTK system, once a compass bearing
is set, the drone relies on the gyroscope, eliminating the need for constant magnetometer
readings. To mitigate issues caused by extreme cold, a heated barometer could be integrated
at the expense of flight time due to the higher power consumption. By implementing these
improvements and working collaboratively, the team can enhance the drone’s performance
and reliability, ultimately contributing to developing and refining drone technology for
various applications in challenging environments like Antarctica.

5.2. Drone Instrumentation

The consistency between ascending and descending profiles is outstanding. This
reveals that flight plans and/or sonde performances are well suited for the observation of
the vertical profiles. There is no significant lag related to the time response of the probes
because this would result in a shift between ascending and descending phases (e.g., on
temperature, which presents a stratified profile). We also took advantage of using a PTU
sonde that was designed to be operated at the whole range of temperatures observed in
the troposphere (i.e., down to approximately —60 °C). There is no freezing issue, nor drifts
and/or hysteresis in the signals. With such flight patterns, the profiles are observed with a
very fine vertical resolution (a few meters). Horizontal variability can be captured as well
with straight and level flight legs.

Temperature sensors were already installed on the top of the fuselage of a fixed-
wing drone with a cruise speed similar to that of the present platform by [41]. They
demonstrated the relevance of this installation through comparisons with radiosonde
profiles. On the other side, the performance of the radiosonde sensors has been widely
evaluated worldwide. Under an ascending balloon, the sensors are ventilated with a
velocity of around 5 m s™!. Onboard the drone, the ventilation speed reaches about
20 m s~ !, which can only improve the performance of the sonde.

5.3. Drone vs. Balloon Profiles

Based on these four scientific flights, from a meteorological point of view, the drone-
borne observations were able to probe the PBL with a vertical resolution of at least twice
that of the balloon-borne observations because of a height rate about twice as less than that
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of the balloon’s vertical ascent. Since we were using the same sondes in both balloon and
drone flights, the accuracies are similar. The repeatability of the drone flights is paramount
for these kinds of observations, depending in first approximation only on the capabilities
of the batteries. The other positive point is the fact that the same sonde can be used for
several drone flights, which is not the case for balloon flights.

Comparisons between balloon-borne and drone-borne observations showed temper-
ature profiles above ~200 m agl in excellent agreement. At the lowest altitudes, there
is sometimes a warmer layer observed by the drone, which is consistent with the delay
between the two platforms (in general 5-6 h): the drone flies during the daytime, convective
boundary-layer period, whereas the balloon is launched at 08:00 pm LT when the surface
has already cooled and the stable surface layer started to develop on surface. For the first
flight case, when the time difference between the two platforms is the shortest (2 h), the
agreement is excellent.

There is much more variability in the moisture profiles than in temperature profiles,
whatever the platform. The colder balloon temperatures are generally coincident with
drier layers (in terms of relative humidity). The agreement above, say, at 200 m agl is
very good, except on the D11 flight where drone RH values are lower than those from the
balloon profile. The advection of an airmass with a different moisture content might be
invoked to explain this difference since, on this particular day, the wind was the strongest
(6 m s~ at the surface), and the balloon was released 6 h after the drone flight. To conclude,
the consistency of the drone data when compared to the balloon-borne data indicates that
there is no perturbation caused by the airplane on the sensors, and the sonde data can be
regarded as representative of the sampled atmosphere.

5.4. HAMSTRAD

Comparisons between HAMSTRAD and radiosonde observations reveal that HAM-
STRAD profiles exhibit a cold bias of the order of 2 °C. The shape of the individual profiles
in the lowest layers (a minimum temperature of around 100 m agl and a maximum of
around 200 m agl) appears as an artefact in the retrieval process. This argues in favour of
the statistical use of HAMSTRAD profiles in the lowest layers rather than in case studies.

The time-coincident comparisons (not shown) between HAMSTRAD and balloon-
and drone-borne sondes do not exhibit any significant differences between the sondes
onboard the balloon and the sonde onboard the drone. The highest temperatures observed
in the drone-borne sonde compared to the meteorological sondes are attributable in the
PBL to the well-known diurnal variation of temperature peaking around 06:00 UTC at
Concordia. Above the PBL, no systematic bias is observed between the two sondes. To
conclude, by means of HAMSTRAD observations, we have not detected any positive bias in
the temperature observed by the sonde inserted close to the battery of the drone compared
to the temperature observed by the sonde attached to the meteorological balloons. The
harsh environment encountered at Concordia with temperatures much less than —25 °C
and the use of a fixed-wing drone compared to a multi-rotor drone lessens the impact of
the battery on the temperature observed using the PTU sensor.

5.5. ARPEGE and AROME Models

The ARPEGE and AROME models did not show large differences in temperature and
humidity between them despite the fact that AROME is a much higher horizontal resolution
model. The Concordia station is situated in the interior of the East Antarctic Plateau, and it
is not expected that local phenomena may affect the outputs of the two models, as could
be the case on the Antarctic coast and/or in the vicinity of mountains/glaciers (as, e.g., at
the stations of Dumont d’Urville and McMurdo). Nevertheless, we observe a net tendency
for AROME to calculate an atmosphere slightly moister and colder than ARPEGE. Finally,
when compared with observations, the two models showed a lowermost atmosphere sys-
tematically warmer and moister despite the fact that the 12:00 UTC operational radiosonde
was inserted in the assimilation process of the NWP models. In general, ARPEGE has a
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warm bias in the PBL in both poles combined with a warm bias on average at the surface.
This is a well-known and shared problem in NWP and climate modelling. It is linked
with too much low clouds, at least in ARPEGE. AROME uses (1) the initial atmospheric
and surface initial conditions from ARPEGE and (2) the ARPEGE lateral boundary con-
ditions. The impact of the horizontal resolution is small in a flat terrain, and the effect
of the AROME non-hydrostatic dynamics in Antarctica without strong vertical velocity
is negligible. Consequently, we can expect differences between ARPEGE and AROME
through the shallow convection, but this is not very active in such harsh conditions as the
ones encountered over the Antarctic Plateau and through the microphysics scheme mainly
tuned for convective events in mid-latitudes.

5.6. Clear Sky Conditions

In order to assess whether the drone was actually flying in clear sky conditions, we
present Figure 13, the time evolution of the backscattering ratio observed by the LIDAR
installed at Concordia (arbitrary unit, top) and the depolarization ratio observed by the
LIDAR (%, bottom) on 2, 10, 11 and 13 January 2023. Low depolarization (<5%) high-
lights SLWCs, whilst high depolarization (>20%) shows ice (crystals) clouds. On 2 and
11 January 2023, it is obvious that LIDAR observations show no cloud nor precipitation be-
low 500 m agl during the drone flight (10:00-10:15 UTC on 2 January and 06:30-07:00 UTC
on 11 January) and the operational sonde launch at 12:00 UTC. So, the study can be labelled
as having clear sky conditions for these two dates.
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Figure 13. Time evolution of logarithm of the backscattering ratio observed by the LIDAR installed
at Concordia (arbitrary unit, top) and depolarization ratio observed by the LIDAR (%, bottom) on
2 January (top left), 10 January (top right), 11 January (bottom left) and 13 January 2023 (bottom right).
The time and the vertical ranges associated with the drone-borne observations are highlighted by a
purple rectangle, whilst the meteorological operational balloon-borne observations at 12:00 UTC are
shown as a black line. Note that a white color symbolizes no data (no observation or no signal detected).
A reddish color in log(signal) symbolizes a cloud and/or precipitation and when associated with a low
depolarization (<5%), water is in liquid form, whilst for high depolarization (>20%), water is in solid
(crystals) form.
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On 10 January 2023, the drone flight below 400 m agl at 06:00-06:30 UTC did not
encounter any cloud, but the operational sonde at 12:00 UTC launched within solid precipi-
tation (depolarization ratio greater than 30%). This possibly explains the greater (~30%)
relative humidity around 300 m agl in the operational sonde compared to the drone-borne
sonde. However, again, on 10 January, the drone flew in clear sky conditions.

On 13 January 2023, the drone flight below 600 m agl at 07:30-08:00 UTC did not
encounter any cloud nor precipitation, although the operational sonde at 12:00 UTC has
been launched within solid precipitation conditions (depolarization ratio ranging 20-30%
from the surface to 1000 m agl, namely ice crystals). Nevertheless, the impact on the relative
humidity operational profile is rather weak compared to the drone-borne profile: £10%
below 200 m agl.

To conclude, the four drone flights were achieved in clear-sky conditions. The op-
erational sonde was also launched in clear-sky conditions on 2 and 11 January, whilst
solid precipitation occurred on 10 and 13 January. Nevertheless, the difference in relative
humidity between drone-borne and balloon-borne sondes is, in general, within +10%,
except on 10 January, when it reached 20% at 300 m agl.

6. Conclusions

The present project was based on the original idea to probe in situ the lowermost atmo-
sphere above Dome C, Antarctica, by means of a drone in order to study the distributions
(horizontal and vertical) of SLWCs. This challenging idea relied on the use of a standard
vertical take-off and landing drone with two kinds of sonde on board: one dedicated to
the observations of pressure, temperature and relative humidity (standard Vaisala PTU
sondes) and another one sensitive to SLW (sonde developed by the Anasphere Company).
Unfortunately, we were not able to perform in situ observations of SLWCs because (1) the
drone crashed before the SLW sonde was coupled to the PTU sonde, and (2) during the
2022-2023 summer campaign, no SLW clouds were observed for a time period longer than
2 h. The drone was actually operated outside or in the vicinity of the tolerances highlighted
by the DeltaQuad Company with temperatures less than —20 °C, close to the geomag-
netic pole and to the maximum altitude of 4000 m amsl. Nevertheless, within this harsh
environment, the drone flew thirteen times, nine with no payload (technological flights)
and four with a PTU sonde onboard (scientific flights). We were able to analyse these four
scientific flights giving original in situ observations of temperature and relative humidity
from the surface to a maximum height of 600 m agl to be compared with balloon-borne
observations, ground-based microwave radiometer measurements and the outputs from
two NWP models (ARPEGE and AROME).

The quality of the drone-based observations was very high, with no visible impact
of the drone flight onto the vertical profiles of temperature and relative humidity. With
a vertical resolution of a few meters, the drone-borne profiles were very consistent with
the balloon-borne profiles both in temperature and relative humidity despite some time
difference from 2 to 6 h, except in the very low atmospheric layers (inside the PBL) where
the temperature and relative humidity diurnal variations are significant. On average, the
temperature profiles from HAMSTRAD showed an atmosphere colder than the drone-based
observations by 2 °C. The two model outputs exhibited similar results, although AROME
had a much better horizontal resolution compared to ARPEGE, with an atmosphere warmer
(by 24 °C) and moister (by 10-30%) than the drone-based observations in the PBL.

These encouraging results tend to show that probing the atmosphere of the Eastern
Antarctic plateau with a drone, although challenging, is possible and can provide unique
observations. In the near future, we would still like to observe SLWCs in situ. In order to
achieve this task, we will need to update the drone we have used in different directions:
(1) a folding landing gear better suited to the Antarctic terrain, (2) onboard RTK system to
obtain a more accurate compass bearing, (3) a heated barometer to mitigate issues caused by
extreme cold, and (4) insert another LiPo battery to cope with a higher power consumption
without diminishing the flight time associated with the excess of mass.
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