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Abstract: Currently, the main in situ upper air database for numerical weather prediction relies on
radiosonde and aircraft-based information. Typically, radiosondes are launched at specific sites daily,
up to four times per day, and data are distributed worldwide via the GTS net. Aircraft observations
are limited to frequent flight routes, and vertical profiles are provided in the vicinity of large cities.
However, there are large areas with few radiosonde launches, in particular above the oceans and in
the polar areas. In this article, the development and technical details of the unmanned aerial system
LUCA (Lightweight Unmanned high Ceiling Aerial system) are described. LUCA has the potential to
complement radiosonde and aircraft-based observations up to 10 km in altitude. The system ascends
and descends (by electrical power) in spiral trajectories and returns to the launching site. This article
discusses the requirements for obtaining high data availability under mid-European and Antarctic
conditions, with highly automated take-offs and landings under high surface winds, the capacity
to deal with icing, and the ability to operate under high wind speeds. The article presents technical
solutions for the design and construction of the system and demonstrates its potential.

Keywords: unmanned aerial system; UAS; drone; atmospheric measurements; vertical profiles; NWP;
radio soundings; aircraft-based observations; weather forecast; high altitude

1. Introduction

Globally, numerical simulations for weather forecasts and analyses require atmo-
spheric data as input parameters. As with most data origins of satellites, in situ observa-
tions are crucial parts of the global observing system, as hey validate and calibrate remote
sensing products and observe the health of global observing system components with
independent measurements. In the long-term, in situ data are important for the WMO’s
(World Meteorological Organization, United Nations) global reference upper air network
(GRUAN [1]) for climate watch. Focusing on in situ measurements, radiosondes, usually
launched from one to four times a day, and airliner observations denote the backbone of the
upper air observations, providing reliable weather data for numerical weather prediction.
The global coverage of radiosonde stations is illustrated in Figure 1a), where red dots
indicate radiosonde stations, and the underlying color represents the (logarithmic) number
of stations within 500 km of the vicinity. An exemplaric daily coverage of aircraft-based
observations (vertical profiles) is shown in Figure 1b); one has to keep in mind that vertical
profiles are only measured in the vicinity of airports.
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Figure 1. Global coverage of vertical atmospheric in situ measurements and their densities (logarithm
with the base of 10 as the number of stations within 500 km) on a world map (Lambert Azimuthal
Equal-Area Projection). In panel (a), the data from the Integrated Global Radiosonde Archive (IGRA)
Version 2 stations [2] are shown, revealing areas with low densities over the oceans. In panel (b),
vertical profiles of AMDAR measurements are shown (source [3]), revealing low densities over the
oceans and Asia, and generally in the southern hemisphere.

There are large areas with little data, in particular above the oceans and in the Antarctic.
However, more data lead to improved numerical simulations of both local and worldwide
weather, and in particular in determining the boundary layer altitude capped by a tempera-
ture inversion [4,5], which is of high interest for, e.g., energy meteorology and the transport
of pollutants [6,7].

1.1. Why Do We Need Atmospheric Soundings with UAS?

In line with the technical achievements of uncrewed aerial system(s) (UAS), a growing
community is involved in performing measurements with UAS. Unmanned aerial system(s)
(UAS), also called drones and remotely piloted aircraft systems (RPAS), unmanned aerial
vehicle(s) (UAV) are flexible tools that complement traditional radiosonde and airliner
measurements, at least up to certain altitudes. In Sun et al. [8], for a mission on the research
vessel Polarstern to the Weddell Sea in the Antarctic, additional data on radiosondes and
UAS (up to altitudes of 1.1–1.7 km) improved the numerical simulations for distances of up
to 300 km. However, they also stated that UAS measurements at higher altitudes would be
more beneficial.

Therefore, during intensive meteorological campaigns, data from additional radioson-
des or tethersondes were already gathered and included in numerical weather predictions
(NWP) as, for example, in large campaigns during Project DACCIWA [9] or during the year
of polar prediction [10].

The obvious advantage of using UAS for atmospheric in situ observations is the ability
to return to a defined location. This leads to the ability to reuse sensors and leave less
waste in the environment, which might become economically relevant in the future. In
addition to the economical/ecological aspects, UAS can also measure in remote areas to fill
the gap in the in situ observation network [11]. The use of UAS for operational meteorology
has been discussed and implemented in the private sector in central Europe [12]. The
World Meteorological Organization (WMO) is aware of the chances and coordinates of
a worldwide UAS demonstration campaign, which will likely provide deep insight into
the current status of UAS for operational meteorology. Nevertheless, UAS technologies
are still growing for such applications, as their use in adverse weather conditions is being
investigated [13], and the altitude that UAS can reach depends strongly on the size and
weight and will not be comparable to radiosonde altitudes in the near future.
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1.2. State-of-the-Art Atmospheric Soundings with UAS

Different systems have been developed to produce additional data similar to the
classical radiosondes or dropsondes and vertical profiles from airliners, One method is
a balloon-launched system that is carried up to a certain altitude, which can be around
20–25 km, and then returns to the starting location in the restricted air space [14,15]. The
UAS further provides the advantage of controlling the direction of flight. In comparison
to radiosondes and dropsondes; therefore, it is possible to deploy more sophisticated
instrumentation, as it can be used multiple times, and sensors can be calibrated before
and after the sounding for quality checks. However, balloon-launched systems require
the availability of helium and a certain launching infrastructure, such as for classical
radiosonde launches.

To increase the flexibility of the launching site, it is beneficial to deploy systems with
their own propulsion. Further, no waste is left from such a UAS ascent, which is of high
importance, in particular in the Antarctic. In the Antarctic Treaty, Annex III, regarding the
protocol on environmental protection to the Antarctic Treaty [16], it is stated that waste
has to be removed after usage from the Antarctic, with some exceptions, depending on the
material and the importance of the use.

As the data availability of radiosondes amounts to around 90% [17,18], the UAS has to
be robust against environmental conditions to provide data with similar reliability. The
data availability of dropsondes and observations from the Aircraft Meteorological Data
Relay (AMDAR [19]) cannot be assessed in such a simple way, as dropsondes usually
are deployed for targeted observations [20] and AMDAR data depend on commercial
aviation flights.

Within the research project AEROMET_UAV, a UAS was designed and manufactured
to perform measurements on high altitudes and atmospheric parameters, such as radioson-
des. Simultaneous radiosonde ascents are used to assess the quality of the data set. The aim
of the first flights (up to altitudes of 10 km) demonstrated the feasibility of such a system.

This article presents the concept, design, and first applications of the system
LUCA (Lightweight Unmanned high Ceiling Aerial system), which was developed to
complement radiosondes.

2. Materials and Methods
2.1. Requirements for Drone-Based Meteorological Sounding

In this section, the different requirements are discussed that were the basis for the
design of the UAS. The starting point was to reach an altitude of 10 km in the Antarctic while
providing data of at least the same quality and vertical resolution as obtained by classical
radiosonde launches and vertical profiles obtained within aircraft-based observations.
Further, the data availability should be similar to radiosondes. The requirements include
payload, atmospheric conditions, and operations, and are specified for two locations: for
testing in Germany and operational applications at the Neumayer Station in the Antarctic.

2.1.1. Payload Requirements

In this study, the meaning of payload is limited to the sensors and subsystems needed
for the in situ observations of meteorological parameters. Some overlap with the basic
sensors to ensure the flight might happen, such as, e.g., wind speed, which is also a crucial
parameter for the mission. Regarding variables, the UAS should provide at least the same
measured quantities as AMDAR and radiosondes to be used within the WMO Global
Observing Network (GOS, [21]). Therefore, the payload has to include instrumentation
to measure the temperature, relative humidity, pressure, wind speed, and wind direction.
A data link to the ground is not mandatory for an UAS with high vertical speed, as the
timeliness to feed observations into the WMO Global Telecommunication System (GTS)
can be ensured by transmitting data after the landing of the UAS. For an UAS ascending
and descending rather slowly, the transmission of the data to the ground during the flight
is required.
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To find requirements on the accuracy and resolution, the WMO CIMO guide (Guide to
Instruments and Methods of Observation [22]) and WMO SCAR requirements (Observing
Systems Capability Analysis and Review Tool Requirements [23]) were consulted. Table 1
summarizes the requirements for the measured variables.

Table 1. Uncertainty (1σ) requirements on the observations for the application of high resolution
NWP. The uncertainty levels mentioned here denote a cost-effective optimum between the minimum
requirements for useful data and the ideal requirements neglecting costs. This intermediate level is
called “breakthrough” within the OSCAR requirements [23].

Pressure Temperature Specific
Humidity

Wind
(Horizontal) Wind (Vertical)

0.6 hPa 1 K 5 % 2 m s−1 0.02 m s−1

The breakthrough level herein represents the current state-of-the-art and has to be
met to generate data quality as high as radiosonde or AMDAR data. To reach such
levels of resolution and accuracy, some unique effects on the measured quantities have
to be considered during sensor development, sensor adaption, sensor integration, and
system setup. The extent of these peculiarities (e.g., the need for a solar radiation shield,
the retrieval of thermodynamic properties at the measurement location, the influence of
surfaces on pressure ports, dynamic sensor behaviors) is huge and frequently discussed in
the literature (e.g., [24–30]).

2.1.2. Atmospheric Conditions

The atmospheric conditions that could potentially harm UAS operations were specified
for the radiosonde launch sites of Lindenberg of the German Meteorological Service near
Berlin, Germany, and for the Neumayer Station, Antarctic, from 2016 to 2018. During
this period, relative humidity ranged from 0% to 100%, and conditions include rain and
snowfall. The temperature was significantly lower in the Antarctic, with temperatures down
to −80 ◦C. These environmental conditions have to be considered during the development
of an UAS but do not drastically influence its design. A parameter crucial to the system
design is the maximum wind speed the UAS encounters, as the assumption to land at the
launch site implicates a true airspeed of the UAS comparable to the wind speed or even
higher. Therefore, the overall maximum wind speed, the wind speed close to the ground
at 200 m above mean sea level (AMSL, reflecting the launch and recovery conditions
of the UAS), and the wind speed around the jet stream altitudes (8000 m AMSL) were
investigated statistically. Figure 2 shows the cumulative wind speed distribution for the
two altitudes and the maximum wind speed observed during the investigated 2-year period
for Lindenberg and Neumayer. It is evident that the surface wind speed is significantly
higher at Neumayer.

As a representative percentile to compete with the availability of comparable in situ
measurements, the 90% percentile was chosen for the UAS design. This results in the values
for the two sites shown in Table 2.

Table 2. A total of 90% percentiles on the wind speed at the ground, at 8000 m AMSL, and on the
maximum encountered wind speed for 2-year radiosonde data sets.

Site GND 8 km AMSL max. Wind

Lindenberg 30 km h−1 140 km h−1 170 km h−1

Neumayer 80 km h−1 115 km h−1 125 km h−1
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Figure 2. Cumulative probability function of wind speeds calculated of the observed conditions at
the Lindenberg and Neumayer Station sites for the time period 2016–2018. The green lines represent
Lindenberg (Germany), the blue lines Neumayer (Antarctica). The solid lines describe the wind
speed probability close to the ground. The dashed lines denote the wind speed distribution at 8 km
altitude. Evidence of jet streams are visible for Lindenberg, whereas the wind speed at Neumayer is
relatively moderate at this altitude. The dotted lines represent the probability of the maximum wind
speed at a time for the atmospheric column between 200 m AMSL up to 10 km AMSL. Again, higher
wind speeds caused by jet streams are observed for the Lindenberg site. The gray lines (solid, dashed
and dotted) denote design parameters of the UAS LUCA and are discussed in Section 3.1.2.

As the wind speed at ground level exceeds 30 km h−1 only in 10% of the cases in
Lindenberg, launching a UAS at this site is not affected by the high wind speed. At 8000 m
AMSL, the 90% percentile reaches 140 km h−1, as Lindenberg is frequently affected by the
polar front and jet streams. This is also reflected in the 90% percentile for the maximum
encountered wind speed on each ascent, which reaches 170 km h−1. For the site Neumayer,
the 90% percentile of the wind speed at the ground is significantly higher with 80 km h−1.
High wind speeds during the launch and retrieval have to be considered in the system
design. At higher altitudes, wind speed 90% percentiles do not reach the high levels
of the Lindenberg site (115 km h−1 for 8000 m AMSL and 125 km h−1 for the maximum
encountered wind speed on each sounding).

In regions with loose soil (e.g., sand and snow), high wind speeds at the ground level
reduce visibility. This is the case for the site Neumayer [31], and is graphically presented in
Figure 3 for ground based measurements. Low wind speed visibility reduction is typically
caused by fog or snowfall, while high wind speed visibility reduction is typically caused
by blowing snow and possibly snowfall.

The difference in the 90% percentile for wind speed between the retrieval from
radiosonde measurements at 200 m AMSL (Figure 2) and the surface-based measure-
ment (Figure 3) origins mainly from the difference in altitude (measurements at 10 m
above ground vs. measurements at 200 m altitude) and might also be affected by the
frequency of the observations, which is 1 per 24 h for the radiosonde, and 1 per 3 h for the
surface-based observations.
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Figure 3. Cumulative wind probability of wind-induced environmental constraints as a function of
wind speed at Neumayer Station III. Data shown here are 3-hourly synoptic observations for the
decade 2012 to 2021 [31]. The blue line denotes the accumulated histogram of observed wind speed.
The black lines show the probability of drifting (below eye level) and/or blowing snow (above eye
level) as a function of wind speed. Similarly, red lines indicate the probability of visibility constraints
in the observed categories.

The probability to encounter low visibility of less than 500 m, which denotes the limit
for the manual launch and recovery of the UAS by a remote pilot in the visual-line-of-sight
(VLOS) conditions, is 50% for a wind speed of 50 km h−1.

Apart from high wind speed and its implications, icing is one of the main challenges
for the UAS operations up to higher altitudes. In addition to freezing rain, aircraft icing
occurs mainly in clouds with liquid water content at a temperature below 0 ◦C. As clouds
would freeze below 0 ◦C in the presence of ice nucleation particles, the icing risk strongly
depends on the aerosols and their properties in the atmosphere. This makes predicting the
risk of icing a challenge, with differences in various regions (e.g., [32,33]), which has to be
considered in the system design.

2.1.3. Operations Requirements

To obtain permission to fly beyond visual line of sight (BVLOS) with such an uncrewed
aerial system in Germany, which falls under the “specific” class regarding EASA (European
Union Aviation Safety Agency) rules [34], a risk assessment has to be conducted. The risk
assessment process as well as the general rule set therein has been adopted closely from the
recommendations provided by JARUS (Joint Authorities on Rulemaking for Unmanned
Systems [35]), which is also the case for other countries (e.g., Canada), and might provide a
valuable international standardization to apply for permission in the near future. Currently,
regulations may differ significantly for each country of the world. The risk assessment
involves a ground risk determined by the risk of harm to uninvolved persons, and an air
risk of harming other airspace users on the other hand. While the lowest ground risk can
be achieved by deploying small and lightweight systems over a controlled area, the lowest
air risk is met inside restricted airspace.

For the deployment in the Antarctic, permission from the German Environmental
Agency (Umweltbundesamt) is required, to ensure that no material stays in the pristine
environment and that the penguin population near the Neumayer Station is not disturbed.
This also involves a risk assessment. Regarding operational measurements, calibration
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strategies and procedures have to be in place. This might require additional ground
equipment, but ensures the overall validity and quality of the observations as well as the
long-term monitoring of the individual sensors.

2.1.4. Summary of Boundary Conditions and Requirements for the UAS

Technical boundary conditions and requirements
Beyond operation procedures and strategies for the calibration of the meteorological

sensors, which should comply with the uncertainty requirements in Table 1, the risk of
loss of a UAS caused has to be mitigated. As operations shall not need intense training of
staff and might cover flights in low visibility conditions (drifting and blowing snow) and
during the night (generally BVLOS), automated techniques for takeoff and landing have
to be developed. The true horizontal airspeed is supposed to be constrained to more than
100 km h−1 for the complete mission, to enable the UAS to fly against high wind speed and
reach the data availability of 90%. The mission itself consists then of an automated takeoff,
an ascent up to 10 km altitude, a descent, and an automated landing. During the mission,
the UAS may encounter rain, snowfall, and low temperatures down to −80 ◦C. For safety
reasons and the risk assessment for permission, the UAS shall be as small and lightweight
as possible.

Economical and Environmental Considerations
Cost is crucial for the employment and implementation of a new observing system.

Despite the cost of the instrument itself, additional costs are in the form of the staff involved,
and in the future, possible costs derived from the estimated environmental impact may
affect the price of a new observing system for replacing current measurements or generating
additional ones.

While radiosondes provide vital data needed for reliable weather forecasts and analy-
ses, they pose inestimable risks to the ecosystem. Since the devices drift uncontrolled with
the wind, they are usually not recovered and remain mostly as non-degradable litter in the
ecosystem. The effects on the ecosystem, the environmental damage, and endangerment
of species are realistically not accessible. However, since ecological damage often results
in some form of economic disadvantage, the latter may provide some sort of estimate
of the impact. In [36], the economical damage through plastic pollution in the marine
ecosystem is estimated to amount to $3300–$33,000 per ton of marine plastic per year. With
around 150 million tons in the oceans already and 8 million tons of plastic leaking into
the ocean each year [37], the economic damage is huge. Considering the 800 radiosonde
launch sites around the world and assuming two radiosonde launches per day and per
site as targeted by the WMO for the GCOS Upper Air Network Stations [1], over 300 kg of
non-degradable material, assuming an average mass of 200 g per sonde, is leaked into the
ecosystem (through radiosonde launches) each day. Thus, the resulting annual ecological
and subsequent economic damage caused by radiosondes alone is extremely high. These
costs can be drastically reduced through the use of a reusable system in the form of a
UAS that automatically returns to the launch site. Even though these systems cannot fully
substitute radiosondes due to their performance constraints, they may in the future largely
reduce the number of radiosondes needed to sample the troposphere. As a side effect, these
systems have the potential to reduce the overall cost per sampling operation, since they
can be reused multiple times. As an example calculation, assume that the meteorological
equipment of a radiosonde is used as payload on a UAS. Due to the higher complexity of
the system (airframe, motor and power supply, flight controller, etc.), it is reasonable to
expect the acquisition cost of the UAS to exceed the cost for a single radiosonde by a factor
of 10 or even more. Moreover, one has to keep in mind that the reusability of a UAS is
finite and vehicles will have to be replaced due to damage or loss. Taking this into account,
the arising total acquisition cost over n number of flights can be calculated for radiosonde
launches and UAS flights as defined in Equations (1) and (2), respectively. Here, kRAD and
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kUAS describe the acquisition cost for a single radiosonde and UAS, respectively. Factor j
describes the number of flights a UAS can execute before a replacement is required.

KRAD,total = kRAD ∗ n (1)

KUAS,total = kUAS ∗m (2)

m =
n

j + 1
m, j ∈ N0 (3)

Assuming acquisition costs of EUR 160 per radiosonde and EUR 1600 for a reusable
UAS, the resulting total costs are shown in Figure 4 as a function of the number of soundings.
The potential reduction in the total acquisition is shown under the assumption that the
UAS may be used for 25 flights before a replacement is needed.

Figure 4. Total acquisition cost for radiosonde and UAS-based soundings as a function of the number
of flights. The potential reduction in acquisition cost is depicted by the red line, assuming a UAS may
be used for 25 soundings

As is evident from Figure 4, the potential reduction in acquisition cost through the
use of an UAS in the example amounts to 60%. In addition to a positive ecological effect,
this economic saving could be invested into a more elaborate sensor suite onboard the
UAS such that the quality of the soundings is enhanced. UAS will most likely not replace
radiosondes, as weather balloons regularly measure up to an altitude of 30 km and more.
Nevertheless, the need for radiosonde measurements at such altitudes might not exceed
1 sonde per day, as the temporal variation in the upper atmosphere above the UTLS (upper
troposphere, lower stratosphere) level is low compared to the PBL (planetary boundary
layer) and the UTLS level.

2.2. Concept Development

In this section, the approaches to designing a suitable concept and defining various
UAS parameters are outlined. The special purpose of the UAS requires dedicated solutions
to becoming airborne and touching down safely after taking the measurements. These
ground support components are also described in the following.

2.2.1. Solution Space and Concept Selection

At the beginning of the project, requirements for measurements and different ba-
sic ideas for the sensor carrier were collected openly. Within the research project, the
methodology visualized in Figure 5 has been developed and was considered throughout
the development.
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Figure 5. Methodology to converge ideas into a feasible solution space. Subsequent to the generation
of requirements, the solution space is iterated and sorted out by the first evaluation in a technical
feasibility loop. The remaining solutions are then evaluated against soft and disruptive demands,
such as logistics, handling, and permission. Since technology evolves and demands might change,
the process has to be applied dynamically in time and solutions have to be reevaluated frequently for
future potential UAS deployment.

Its general structure consists of an inner and an outer loop to reconsider solutions in
another iteration after checking the requirements. The inner loop focuses on the pure tech-
nical feasibility to achieve the mission goals, whereas the outer loop additionally considers
constraints such as handling, logistics, permission, and yet unknown constraints. The
methodology has been applied to the initial technical solution space for the measurement
platforms listed below.

Technical solution space
As a result of the first (inner) evaluation loop, the following solutions were compiled:

• Ascent technology
Overarching technical possibilities to reach the altitude of 10 km; an ascent using
aerostatic lift (balloon), ascending using its own propulsion, and a launch from a high
altitude platform were considered.

• Trajectory type
The UAS may drift with the wind or stay inside the dedicated airspace over the
launch site.

• Propulsion type
Possible options for the UAS, rocket, jet, and propellers powered by a gas- or electric
engine, as well as systems without engines, have been identified.

• Platform type
Options for the platform, rotary wing, fixed-wing, airship, and steerable bodies (e.g.,
rocket) have been considered.

In the first iteration, the use of gas-/jet-, and rocket engines have been excluded for
environmental and handling reasons. In addition, the concept of a HAPS (high altitude
platform system) has been put aside because of the feasibility during the project. Such
HAPS weights are usually more than 25 kg, and, therefore, require certification and intense
efforts to be implemented in the airspace.

Regarding airspace regulations and safety, the concept of an ascent with a balloon was
denied, as drifting with the wind excludes the ability to stay within a certain operational
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volume. In addition to the current technology status regarding the weight of a sensing UAS
system, the option to launch the UAS with a balloon and touchdown at another location
within the wind drift direction would become interesting in the near future, depending on
developments on the sensor packages and UAS technology/its weight.

Subsequently, electrically propelled ascents inside a dedicated operational volume
denote the solution subspace.

The remaining concepts of an airship, a fixed-wing UAS, and a rotary wing can now be
analyzed further. Considering the energy needed to fly against high wind speeds, airship
and rotary wings have major drawbacks in comparison with a fixed-wing UAS. An airship
with its volume needed for aerostatic lift faces enormous drag and, therefore, energy. A
rotary wing consumes a minimal amount of energy at level flight at low velocities, but
increased energy is needed to fly against high wind speed compared to a fixed wing, which
itself needs to move forward with respect to the air mass to stay airborne.

As rotary-wing systems have the advantage of easy handling and not requiring special
infrastructure for takeoff and landing, they were considered further. The dimension of the
disadvantage of increased energy consumption of rotary-wing systems compared with
fixed-wing aircraft during the climb, especially in high wind conditions, is assessed with
simplified energy calculations. A mass of 5 kg has been chosen for these calculations.
Assuming the required energy to climb per height element EδH (the derivative of the climb
energy with respect to height) is

EδH = Pideal/w (4)

with the ideal power Pideal and vertical climb speed w, the thrust vector has to be found
to calculate the ideal power for the flight state during the climb using the equilibrium
of forces

~FThrust + ~FWeight + ~FDrag + ~FLi f t = 0 (5)

whereas the lift force generated by the wing is not present for rotary-wing systems. The
aerodynamic forces are

FDrag,Li f t = pdynamic · CDrag,Li f t · ARe f erence (6)

with pdynamic = 0.5 · ρ · v2. For the calculation of a rotary wing, the assumed exemplary
invariant body drag coefficient is CDrag = 0.5 according to the drag coefficient of a sphere
in addition with a reference area of ABody = 0.05 m2. For the energy estimation of the fixed
wing system, the approximation CDrag = CDrag 0 + k · CLi f t

2 [38] is used, with an estimated
drag coefficient at zero lift CDrag 0 = 0.04 and

k =
1

e · AR · π (7)

where e denotes the Oswald efficiency factor and AR denotes the aspect ratio of the wing.
For the calculations, e = 0.5 and AR = 5 are used in addition to a wing area of 0.5 m2. The
ideal power (neglecting the profile drag of the propeller/rotary-wing blades) is calculated
using momentum theory (according to e.g., [39]) and applied to the rotary wing as well as
the propeller of the fixed wing system, assuming a radius of 0.4 m for both.

For the comparison between a rotary wing and a fixed-wing system, the wind speed
(assumed to equal the horizontal true airspeed component) is varied from 0 km h−1 to
160 km h−1, and climb rates of w = [10, 20, 40]m s−1 are assessed. The resulting energy
consumption per unit height is shown in Figure 6 at an altitude of 5 km and an efficiency of
η = 1. Applying realistic efficiencies (e.g., overall efficiency of a power train including the
propeller of η = 0.5) will linearly increase the energy consumption.
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Figure 6. Energy consumption per height unit for a rotary wing and a fixed-wing system for
wind speed from 0 km h−1 to 160 km h−1, which is assumed to equal the horizontal true airspeed
component, and climb rates of w = [10, 20, 40]m s−1. As a reference, the potential energy increase per
height unit is shown. Thrust efficiency was neglected for the calculations, but might be applied as a
linear coefficient on the results to calculate more realistic energy consumption.

As seen in Figure 6, the illustrative fixed-wing system is generally more efficient than
the rotary-wing system for the specific mission and wind speeds up to 160 km h−1, except
at a low wind speed of around 20 km h−1. For the parameters chosen, a climb speed of
20 m s−1 is optimal from an energy perspective, but will result in a high power requirement,
which in turn leads to the increased mass of the propulsion system, possibly mismatching
with the assumption of a total mass of 5 kg. Regarding rotary-wing systems and keeping in
mind the exclusion of efficiency effects, a major disadvantage of rotary-wing systems is the
need of additional energy during the descent for controlling the flight-except autorotation
techniques, during which in turn an insufficient glide ratio is achieved (around 1:3 for a
manned helicopter [40]).

However, even if it may be possible to reach an altitude of 10 km with copters, they
have strong limitations for operation under high wind speed and it would barely be possible
to meet the requirement of wind speed up to 100 km h−1. Such horizontal airspeed during
an ascent up to 10 km altitude can up to now only be achieved by specifically designed
fixed-wing aircraft. Therefore, the most flexible and promising solution was an ascending
fixed-wing UAS, electrically propelled on its own on spiral trajectories to the designated
altitude, which then descended again.

2.2.2. Parametric Design Approach

The technical feasibility of a fixed-wing UAS to meet the trajectory requirements is not
questionable. Scaling up the measurement system will ease reaching the target altitude,
but is in contrast to the challenge to design a small and lightweight system. A small system
implies low cost and limited effort in obtaining permission. Starting from the trajectory
requirements and boundary conditions (ascent up to 10 km with a horizontal airspeed
component of 100 km h−1), the resulting total mass of the UAS shall be approximated
by varying over two principal design parameters wing area and climb speed during the
mission. Although the optimal climb speed during the mission might vary depending on
the altitude, it is assumed as constant for the parametric design approach. In addition, the
efficiency of the aircraft represented by CDrag = f (CLi f t), the efficiency of the power train
as well as the efficiency of the propeller were approximated as constant over the mission.
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Hence, the Reynolds number effects are excluded. This vagueness has to be kept in mind
during the interpretation of the results of the parametric design approach, as the propeller
efficiency might vary up to 15% during the mission caused by a significant change of the
Reynolds number with height [41]-not compensated by the increased rotational speed of
the propeller needed to generate propulsion at lower air densities.

In the following, m denotes mass, H—height, and Ḣ its derivative with respect to time,
A is the area, P—power, E—energy, F—force, C— coefficient, and p—pressure. As the total
mass strongly depends on vertical speed Ḣ and wing area AWing, the basic equation is

mTotal = f (Ḣ, AWing) (8)

as an initial iteration. Subsequently, the function has to be framed further. mtotal can be
split into four parts:

• mPayload-the payload weight is assumed to be a fixed value;
• mAir f rame-the airframe weight can be considered to be proportional to the total mass;
• mMotor-the motor mass can be estimated as a function of maximum continuous

shaft power;
• mBattery-and the battery mass depends on the energy needs including some overhead.

Therefore, the following dependencies are valid:

mMotor = f (PMotorMAX )

mBattery = f (EBattery)

Assuming a constant horizontal velocity component in the wind fixed coordinate
system as defined in the requirements, the remaining equations depending on variables are

EBattery = f (PMotor, Ḣ)

PMotor = f (FThrust)

FThrust = f (FGravity, Ḣ, FDrag)

FGravity = f (mTotal)

FDrag = f (pdynamic, CDrag, AWing)

pdynamic = f (H, Ḣ)

CDrag = f (CLi f t)

CLi f t = f (pdynamic, FGravity, AWing, Ḣ)

which are either known or have to be approximated. Note that fixed requirements (e.g.,
horizontal airspeed, ceiling) do not show up in the illustrating functions and VTrueAirspeed
has been substituted using Ḣ = f (VTrueAirspeed, VHorizontal).

For a payload of 0.5 kg, a horizontal airspeed VHorizontal of 100 km h−1, and an airframe
to total mass ratio of 0.3, as well as an energy buffer of 30%, the calculations lead to the
results shown in Figure 7. During the calculation, a limit for the dimensionless maximum
lift generation coefficient CLmax has to be applied. The value of CLmax = 0.8 has been chosen
but might be reassessed, as the value strongly depends on the aircraft design [42,43], such
as airfoil selection, Reynolds number regime during flight, surface roughness and, hence,
additionally, the effect of rain and icing on the airplane.
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Figure 7. Total UAS mass under the prerequisites of reaching 10 km with a horizontal airspeed of
100 km−1. Additional assumptions are the payload mass of 0.5 kg, the energy buffer of 30%, and an
airframe to total mass ratio of 0.3. The borders of the field are determined by limits set to CL < 0.8
and a total mass exceeding 7 kg during the calculations.

Figure 7 gives some important insights into the resulting design. The minimum in
the mass is reached for small wing areas, and as mass is decreasing less than the wing
area towards the left side of the calculated field, the wing loading increases toward small
wing areas. Subsequently, this yields to the high overall lift coefficient, which has to be
considered during the aircraft design, also characterized by the boundary of the resulting
field. The mass minimum depending on vertical speed indicates a distinct minimal mass
around 12 m s−1 with a gradient increasing towards higher wing areas. The field is only
limited by the maximum total mass (criterion mTotal < 7 kg, upper and right boundary)
and the maximum overall lift coefficient (CLmax < 0.8, lower and left boundary.

In addition, the optimal vertical speed of approximately 12.5 m s−1 is relatively high
for any wing area considering an average climb rate of airliners around 10 m s−1.

The results of such a parametric design have to be refined considering available
components and physical constraints. In the project AEROMET_UAV, the refinements
consisted of using the momentum theory (Froude and Rankine) [44] instead of a simple
energy-efficiency approach and variations in the selected drive train components as well as
further variations in trajectory parameters such as vertical and horizontal speed.

3. Results
3.1. Air and Ground Segment of the UAS

The developed UAS and its different subsystems as well as the strategy to mitigate
the risk of In-Flight Icing are discussed subsequently. Figure 8 shows the final developed
system on the catapult launcher. The positions of the meteorological sensor package and
the sensor bay in the wing are marked up in the figure and discussed in the following.
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Figure 8. System LUCA on the catapult launcher during a test flight campaign in Todendorf (Panker),
Germany on 28 May 2021. The locations of the meteorological sensor package (a) and the sensor bay
in wing (b) are indicated.

3.1.1. Strategy to Mitigate the Risk of In-Flight Icing

As indicated before, in-flight icing has the potential to disrupt regular measurements
with UAS, mostly depending on the mission and the site where the UAS is deployed.
UAS flying mostly horizontally and, therefore, without the capabilities of climbing out
of the icing zone are especially prone to in-flight icing. In addition to icing zones in
cumulonimbus clouds, which can be actively avoided as their life cycle is temporally
limited, the vertical extent of the icing zone within stratiform clouds (consisting of super-
cooled liquid water droplets) usually does not exceed 1 km (e.g., measurements in [45]).
Currently, the key challenge for regular drone operations is icing detection, as indicated
by Hann and Johansen [46]: “Ice detection is a key element for unmanned aircraft that
are operating BVLOS and for systems with all-weather capabilities”. In addition, active
in-flight de-icing techniques and (passive) anti-ice chemicals and coatings were considered
for the mission of LUCA. As active de-icing relies on a substantial amount of electrical
energy [47] and the active spray of chemicals during the flight inherits additional technical
complications, icephobic coatings were considered during the design of the UAS LUCA,
but the technology has not yet been accessible outside laboratories [46].

The operation of LUCA in icing conditions, therefore, relies on the current state, such
as a mitigation-using forecast, e.g., ADWICE (Advanced Diagnosis and Warning System for
Aircraft Icing Environments [48]). Although the forecast of icing is generally difficult, as the
presence of supercooled liquid water strongly depends on aerosols and their properties [49],
progress has been made in generating now-casts using remote sensing instruments [50–52].
On the other hand, the risk mitigation relies on the detection of in-flight icing. Therefore, a
dedicated ice detection sensor has been developed and tested in the icing wind tunnel at
the Technische Universität Braunschweig (Germany) in collaboration with the company
Coldsense (Germany). However, the icing sensors have not yet been implemented and
tested under real-world icing conditions up to now. During the flights performed so far,
the strategy to detect icing consisted of an additional onboard “watchdog” to detect icing
through performance degradation similar to [53]. In the Antarctic, rime ice is expected
due to the low temperatures, and because “Rime ice shapes typically have a streamlined
form with limited effect on the airfoil aerodynamics except for cases with extensive icing
durations” [46], the UAS LUCA is expected to be capable of climbing through the icing
zone [54] with its climb speed similar to an airliner climb. The mass increase is expected
to be low, as liquid water content usually decreases with temperature and diminishes
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statistically below −10 °C [55]. In northern Germany, the expected mixed-ice accumulation
denotes a threat to the aerodynamics of the UAS LUCA, and if this kind of icing is to be
expected, regular flights have to be suspended or canceled based on the forecast/now-cast
to mitigate the risk. Therefore, the developed strategy to mitigate the risk of in-flight icing
consists of

• Situational awareness through the consultation of the forecast, in particular, the explicit
forecast and now-cast of icing, humidity, liquid water content, and the presence
of clouds.

• Detection of in-flight icing by using the onboard ice detection sensor and check-
ing the consistency of performance data in combination with the probability of
icing occurrence.

• Operational Procedures defined in the concept of operations based on a decision tree,
to either climb through the icing zone, return to launch and recover the aircraft, or
delay/cancel the operation prior to the UAS launch.

Currently, only the first point of the strategy has been applied during the flights, and
more testing is required in the future.

3.1.2. Air Segment

LUCA is designed as a tailless aircraft with an electrically driven pusher propeller.
The tailless configuration with a wingspan of 1.75 m results from reflections of minimizing
the system components and keeping the propeller distant from the sensor package. The
autopilot system for flight control consists of the commercially available hardware “Cube
Orange” (HexAero, Singapore) based on the open hardware design “FMUv5” running
the open source hardware “ArduPlane 4.1”. As the command and control link (C2), a
868 MHz long-range model RFD868x (RFDesign, Australia) is used as the primary link, and
a commercially available RC-Module “Archer RS” (FrSky Electronic Co., Jiangsu, China)
using a 2.4 GHz band as the secondary link. LUCA has three servos per wing which are
responsible for flight control. For primary flight control (pitch and roll) the wing flaps
(elevons) are redundant. This allows one actuator on each side to fail without affecting the
flight control. The flaps and air brakes do not have a primary flight control function and
cannot endanger the primary control due to their generated flight mechanical moment. The
use is only intended for manual landing. The UAS is equipped with an ADS-B (automatic
dependent surveillance–broadcast) receiver that registers position data from other nearby
aircraft. The device is capable of detecting equipped aircraft within 150 km ADS-B and
transmitting this information to the ground control station (GCS) to enable the controller to
take evasive action.

Sensor package: The choice of sensors for the system test flights consisted of the
humidity and temperature sensor HMP110 (Vaisala, Vantaa, Finland). For deriving the
wind speed and wind direction, a miniaturized pitot tube was included in the measurement
compartment providing measurements of the total pressure and dedicated positions around
the airframe, pressure ports to measure static pressure. The difference between these
pressure ports is the dynamic pressure, which provides information on the airflow. The
integrated navigation solution of the autopilot system, which fuses measurements of the
global navigation satellite system and measurements of the inertial measurement unit into
position and attitude, was used to calculate the wind speed and wind direction according
to [28].

Sensor bay in the wing: At the leading edge of the wing root, the system provides
additional space for mission-specific sensor technology on either side of the fuselage. Form-
fitting sensor units can easily be inserted in the resulting sensor bay. They are securely
held in place when the wings are mounted to the fuselage. A configurable D-sub connector
provides power, a data link, and optional pneumatic connections. Figure 9 shows the sensor
bay and a custom-built ice detector unit (Coldsense Technologies, Braunschweig, Germany).
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Figure 9. Sensor bay included at the wing root on both sides of the fuselage. Additional sensors,
e.g., an ice detector unit, can be inserted. The unit is securely held in place when the wings are fully
mounted to the fuselage.

Aerial camera unit: A form-fitting aerial camera unit was developed to capture video
and audio during the mission. It can be inserted in the previously described sensor bay.
The inbuilt camera is capable of recording high-definition video at 60 frames per second,
a small microphone captures an audio signal. In addition to scientific evaluation, the
video recordings can provide valuable information for post-flight analysis of the mission
regarding flight dynamics and control. A sample image of the aerial camera unit is shown
in Figure 10.

Figure 10. Photo taken by the aerial camera unit during a test flight from the military restricted area
Todendorf (Panker), Germany, at an altitude of around 8000 m on 28 October 2021, with a view of the
Baltic Sea, the island of Fehmarn, and the horizon of the Danish coastline.
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3.1.3. Ground Control Station

The developed ground control station consists of a computer running the open
source ground control station software “MissionPlanner” and a long-range radio frequency
(868 MHz) modem including antennas. As a secondary link, telemetry data are transmitted
to a handheld remote control station on 2.4 GHz which also bears the chance to intervene
manually during the flight or even land the aircraft in the manual mode.

3.1.4. Launch and Landing Concept

Catapult launcher: For ensuring a controllable flight during the propeller run-up right
after the launch, a minimum speed of 75 km h−1 is required due to the wing loading of
16 kg m−1. This can be accomplished by the spring-loaded catapult shown in Figure 8
(ElevonX, Tržič, Slovenia). A specially designed fixture to accommodate the aircraft on
the catapult was later developed and integrated based on the first tests. Its total length of
approximately 4 m and a folding mechanism make the catapult easy to transport. However,
achieving the required minimum speed on such a short length while keeping the peak
acceleration moderate is challenging. During initial testing, the velocity of the aircraft
was determined by evaluating the individual frames of a high-speed camera located next
to the catapult. The distance traveled from frame to frame times the frame rate of the
camera yielded the velocity. The acceleration profile during the launch was recorded by
the inbuilt inertial measurement unit (IMU). A test launch performed with an aircraft mass
of 5.5 kg gave a final velocity of 75 km h−1 and a peak acceleration of about 10 g (10 times
the Earth acceleration), which has to be considered during the design of the structure. For
comparison, a catapult launcher for manned aircraft typically accelerates with less than 4 g.

Net landing: The high wing loading of the aircraft and a stall speed of around
65 km h−1 comparable to the minimum airspeed of a manned sailplane make a conven-
tional landing challenging even in good visibility conditions. As visibility during night
and in high wind speed conditions at Neumayer is low, an automatic landing has been
implemented. Regarding the efforts needed to ensure conventional autonomous landings
(e.g., a rangefinder applicable during rain and snowfall) and the risk of damage or even a
complete loss of the system including its sensors, a landing into a net has been developed.
Assuming changing wind directions and a horizontal position accuracy exceeding the
vertical position accuracy, a landing into a horizontally oriented net as depicted in Figure 11
was opted for. The components of the net and materials have been chosen carefully so that
the net can withstand even harsh environmental conditions such as Antarctic temperatures,
high wind speed, ice, and snow. A specially developed automated flight maneuver ensures
a safe landing after every mission. The final approach is oriented against the wind and
targeted to a point a few meters above the net. When this point is reached, the aircraft will
pitch down and dive right into the net where it can easily be recovered by the operating
personnel. As the sensor package is implemented in a closed path, it is ensured that the
sensors are not damaged.

3.2. Flight Tests and First Measurements

To conduct flight tests, the permission needed for the planned mission and test site
have to be granted by authorities. The requirements concerning safety and redundancy in-
crease strongly with the weight of the UAS, and increase for air space that is not specifically
reserved for the mission. The process to obtain permission to fly above an altitude of 120 m
is significantly more demanding. For the performance flight tests with the newly developed
system LUCA up to 10 km altitude, an explicit risk assessment according to the Specific
Operations Risk Assessment (SORA) has been required by legislation from the European
Union since 2021. The SORA process according to the EASA (European Union Aviation
Safety Agency) ruleset implemented in Germany follows closely the proposals of JARUS
(Joint Authorities for Rulemaking on Unmanned Systems), and might, therefore, be applied
to other regions. As the operational volume for the mission was completely contained
in a restricted airspace and over a controlled ground area, moderate requirements of the
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UAS, the operations, and the staff involved had to be met. Nevertheless, flight tests had
to be announced early to the German Federal Agency for Air Traffic Control (BAF) and a
NOTAM (notice to airmen) was published.

Figure 11. The missions terminate with an automated landing into a horizontally oriented net. The
time interval between the aircraft positions in this multi-exposure image is 1/6 s. After a horizontal
approach including a decision phase, the main motor is stopped and the aircraft dives into the
horizontal net with dimensions of 16 m × 16 m.

The performance flight tests were conducted in cooperation with the German Armed
Forces in a reserved airspace over a controlled ground area at the coast of the Baltic See
in the military restricted area of Todendorf (Panker), Schleswig–Holstein, in the north of
Germany at the Baltic Sea, as shown in Figure 12.

Figure 12. Map of the region where flight tests up to 10 km were conducted. The restricted areas
ED-R10 (emphasized in light yellow) enveloped the operational volume, and the Baltic Sea below the
airspace was secured by two military boats. The map center is at 54.5° N and 10.7° E. Map source [56].
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After initial flight tests on nearby test sites and areas for recreational model aircraft
flying, tests of the automated catapult launch, and tuning of the autopilot controller, efforts
have been taken to test the automated net landing procedures, as missing the net would
certainly destroy the UAS. The test for timing and positioning accuracy revealed the appli-
cability of the landing maneuver, and maneuver tests distant from the ground provided
insightful data to adjust the net landing maneuver trajectory. Several subsequent auto-
mated landings into the net finalized the successful development. The landing maneuver
into the horizontal net as discussed above is shown in Figure 11. Due to the complexity of
the system, basic flight tests, catapult launch tests and landing maneuver tests (including
recurring tests after improvements of the UAS) started in 2019 and lasted until the flight
tests up to higher altitudes were successful in October 2021. The maximum altitude flight
tests were conducted between July 2020 and October 2021 during short campaigns in
Todendorf (Panker), Germany. For validation of the first measurements and to retrieve
environmental conditions, a radiosonde was launched in parallel to the flights of the UAS,
and the first results are shown in [57]. An overview of the scale of the uncertainties based
on simple RMSE (root mean square error) calculus between LUCA and the radiosonde data
for two flight tests is shown in Table 3. Data uncertainty does not comply with the OSCAR
“breakthrough” requirements as shown in Table 1, caused by the simplistic sensor package
and sensor integration as well as the spatiotemporal dislocation between the radiosonde
and the UAS during the intercomparison.

Table 3. Uncertainty (RMSE) of the measurements based on the intercomparison between the UAS
LUCA and a radiosonde for two test flights.

Date/Time Pressure Temperature Dew Point Wind FF Wind DD

25 Oct 2021
09:41 0.5 hPa 1 K 4.8 K 2.7 m s−1 5°

26 Oct 2021
08:45 1.7 hPa 2.6 K 3.9 K 2.2 m s−1 7.6°

The trajectory of the flight tests consists of a climb into the direction of the center of the
segregated airspace and subsequent spiral pattern in a cylinder of less than 1 km diameter
up to the ceiling altitude. In order not to leave the cylinder even under high wind speed
conditions, the horizontal component of the airspeed is 100 km h−1. The vertical speed for
climb and descent during the flight tests was between 10 m s−1 and 15 m s−1. The descent
is organized similarly but with the propeller in the windmilling state to blast the trajectory
energy and protect the UAS from exceeding the maximum speed (never exceeding the
speed) VNE = 240 km h−1. The performance parameters of LUCA and onboard data as well
as ADS-B data are constantly monitored by the ground crew and any faults are passed
on to the remote pilot. The ground crew can initiate a return-to-launch maneuver at any
time through either the 2.4 GHz or the 868 MHz radio link. The remote pilot can take
over manual control of LUCA as soon as LUCA is within visual line of sight control. Both
radio links were reliable even for a distance beyond 10 km, despite short connection losses
depending on the attitude of the UAS with respect to the ground segment antennas. As the
flight tests were conducted in restricted airspace, no air traffic was encountered during the
operation of LUCA.

During the flight tests with the system originally designed for flights in the Antarctic
(cold conditions), the power electronics of the drive train overheated under summer-like
mid-European conditions. The mitigating action that has been taken in the field was to
implement several circular holding patterns at constant altitudes to facilitate the cooling
down of the electronics. The performance flight tests conducted during the campaigns in
Todendorf (Panker), Germany, are listed in Table 4. LUCA and radiosonde data are partly
available at [58,59].
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Table 4. Table of the envelope flight tests in the military restricted area Todendorf (Panker). The num-
ber of flights is limited as the clearance for takeoff depended on coincident military training activities.

Date and Time Altitude Reached Wind Speed
(Maximum)

Temperature
(Minimum)

03 Jul 2020 08:11 3.3 km 55 km h−1 −4 °C
28 May 2021 09:24 4.6 km 60 km h−1 −20 °C
28 Sep 2021 13:24 7.9 km 60 km h−1 −35 °C
25 Oct 2021 09:41 3.8 km 65 km h−1 −8 °C
25 Oct 2021 12:34 8.8 km 100 km h−1 −45 °C
26 Oct 2021 08:45 10.0 km 90 km h−1 −50 °C
28 Oct 2021 07:20 9.9 km 60 km h−1 −47 °C
28 Oct 2021 13:07 8.8 km 80 km h−1 −38 °C
29 Oct 2021 07:22 8.9 km 85 km h−1 −42 °C

The table focuses on altitude, wind speed, and temperature. The envelope flight
tests for maximum airspeed at sea level reached a speed of 240 km h−1 during horizontal
flight segments. The maximum altitude was limited at the beginning by power electronic
overheating but increased with time until October 2021, when the design altitude was
reached. The encountered environmental conditions comprised up to 100 km h−1 wind
speed, which designates the design wind speed, and a minimum air temperature of −50 °C,
which is significantly higher than the minimum temperature considered for the design with
−80 °C (Antarctic atmospheric conditions). Icing has neither been detected nor encountered
during the flight, and as the ADWICE forecast showed a negligible risk of icing during
the flight tests, the ice detector unit in the wing’s sensor bay was replaced by the aerial
camera unit to record insightful videos. Extensive tests in icing conditions to evaluate the
risk mitigation strategy have to be performed in the future to assess the flight envelope in
icing conditions.

4. Discussion and Conclusions

In this study, a technical approach to designing and deploying drones for atmospheric
soundings similar to commercial aircraft-based observations, radiosondes, and dropsondes
is shown.

The upper air in situ data for numerical weather predictions and climate monitoring
are weather balloon data. From the perspectives of NWP and researchers conducting
local measurement campaigns, drone-based atmospheric soundings bear the chance of
additional observations of the atmosphere in an environmentally friendly and cost-effective
way. As drone-based observations may provide data in the planetary boundary layer,
which undergoes changes in short time scales, and less frequent observations above the
troposphere might be sufficient, opting for the thinning out of the frequency of radiosonde
ascents will further increase the benefits of UAS observations to costs and the environment.

Herein, we present a methodology to develop such systems based on requirements
defined previously for the application area. A comparison between the requirements for
measurements in northern Germany and the northern coast of Antarctica reveals large
differences in temperature, wind speed distribution with height, visibility, and the risk of
icing. For the region of central Europe, there is currently one UAS system based on multi-
copters deployed for additional atmospheric soundings to be used in operational NWP [12].
Applying the developed methodology for the combination of the assessed challenges for
Europe and Antarctica, it was found that a fixed-wing UAS will fulfill the requirements
best. A parametric design approach has then been applied using the estimated functions of
basic energy/power/efficiency relations. The resulting field of the air segment’s total mass
over the vertical ascent speed and wing area was subsequently used to design the UAS.

As the developed UAS, which is a fixed-wing small UAS representing the MASE
(medium altitude, short endurance) class [60], is intended to be used in low visibility condi-
tions and during the night, automated launch and recovery systems have been developed.
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While the automated launch consists of a spring-loaded catapult, the “splashdown”-concept
is set up as a vertical dive into a horizontal net, where the UAS is supposed to rest until it
is retrieved by the operational staff.

Permission to fly up to 10 km was granted in a restricted area, where both the air- and
the ground risk are low since both airspace and ground are under military control. The
UAS was successfully tested within its design envelope and sounded the atmosphere up to
10 km in a wind speed reaching 100 km h−1.

The need for improvements has been found regarding the stability of the communica-
tion and control link of the UAS, which could be addressed by using a different frequency
band and higher transmission power for which it is required to apply for. Weakness of
the system was also found regarding the thermal management of the electrical power
train for the environmental conditions in Europe during the summer. Resolving the issue
with better cooling would implicate cold temperatures of the electronics during opera-
tions in Antarctica, which potentially reaches down beyond the lower certification level of
the electronics.

The conducted flight performance tests can be used to refine the analytical expressions,
e.g., CD = f (CL) or the power train efficiency, which will be reflected in more detailed
parametric design parameters in the future, and enable the improved design of a UAS
for predefined requirements. During the performance test phase, the atmospheric mea-
surements were performed with low-quality sensors, as the risk of harming sophisticated
sensors had to be reduced. A more adequate sensor package has to be mounted on the UAS,
when measurements have priority over flight performance tests, e.g., for the upcoming
WMO UAS Demonstration Campaign [61].
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