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Abstract

The accurate measurement of wind patterns and proles in the atmospheric
boundary layer (ABL) is of great importance for a number of meteorological applica-
tions, including weather forecasting, climate studies and environmental monitoring.
Conventional techniques frequently encounter diculties, including the necessity
to rely on xed instruments and the assumption of homogeneity in diverse topo-
graphical settings. In light of these challenges, this research project investigates the
potential applications of the emerging technology of uncrewed aircraft system (UAS)
to atmospheric measurements and meteorology.

UAS systems are known to be versatile instruments with exible automatic
mission planning capabilities, allowing rapid deployment to collect data in remote
locations or in close proximity to sensitive structures. This study focuses on the
measurement of the atmospheric wind vector through the use of both xed- and
rotary-wing UAS, addressing several aspects of these two inherently dierent ight
systems.

A low-cost technique for using any rotary-wing UAS as a sensor capable of
measuring the horizontal wind vector is presented and analysed from several as-
pects. The experimental results are presented and demonstrate the practicality
and eectiveness of this method. This procedure, which is independent of the
specic rotary-wing system, has been applied to numerous UASs subsequently used
for dierent research purposes.

At the same time, the capabilities of the small xed-wing UAS, the Multi-
purpose Airborne Sensor Carrier-3 (MASC-3), for the validation of remote sensing
instruments are analysed in detail using data from three dierent experimental
campaigns. Both mean wind and turbulent component vectors are analysed to
highlight the strengths and weaknesses of this approach for the validation of other
stationary instruments. On a 10-minute time average, the UAS proved to be a good
reference for stationary sensors even when ying over long horizontal distances,
while the accuracy of turbulence measurements was found to be inuenced by the
heterogeneity of the terrain around the test site, with optimal results obtained
where the terrain is at and homogeneous and greater discrepancies where it is
covered by forest patches. This nding emphasises the challenges and limitations
associated with the use of UAS for atmospheric turbulence studies in heterogeneous
landscapes.

Overall, this thesis illustrates the potential of UAS technology as a versatile tool
for atmospheric wind measurement, oering enhanced mobility and precision in
various environmental contexts.
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Zussammenfassung

Die genaue Messung von Windmustern und -prolen in der atmospheric boundary
layer (ABL) ist für eine Reihe von meteorologischen Anwendungen wie Wettervorher-
sage, Klimastudien und Umweltüberwachung von groûer Bedeutung. Herkömmliche
Verfahren stoûen häug auf Schwierigkeiten, u. a. auf die Notwendigkeit, sich auf
ortsfeste Instrumente zu verlassen und auf die Annahme der Homogenität in un-
terschiedlichen topograschen Umgebungen. Angesichts dieser Herausforderungen
untersucht dieses Forschungsprojekt die potenziellen Anwendungsmöglichkeiten
der neuen Technologie der uncrewed aircraft system (UAS) für atmosphärische
Messungen und Meteorologie.

UAS-Systeme sind als vielseitige Instrumente mit exiblen automatischen Mis-
sionsplanungsfähigkeiten bekannt, die einen schnellen Einsatz zur Datenerfassung
an abgelegenen Orten oder in unmittelbarer Nähe empndlicher Strukturen er-
möglichen. Diese Studie konzentriert sich auf die Messung des atmosphärischen
Windvektors durch den Einsatz von UAS mit festen und rotierenden Flügeln und be-
fasst sich mit verschiedenen Aspekten dieser beiden von Natur aus unterschiedlichen
Flugsysteme.

Es wird eine kostengünstige Technik zur Verwendung eines beliebigen Drehü-
glers als Sensor zur Messung des horizontalen Windvektors vorgestellt und unter ver-
schiedenen Aspekten analysiert. Die experimentellen Ergebnisse werden vorgestellt
und zeigen die Praktikabilität und Wirksamkeit dieser Methode. Dieses Verfahren,
das unabhängig vom spezischen Drehüglersystem ist, wurde auf zahlreiche UASs

angewendet, die anschlieûend für verschiedene Forschungszwecke eingesetzt wurden.

Gleichzeitig werden die Fähigkeiten des kleinen xed-wing UAS, des Multi-
purpose Airborne Sensor Carrier-3 (MASC-3), für die Validierung von Fernerkun-
dungsinstrumenten anhand von Daten aus drei verschiedenen Versuchskampagnen
eingehend analysiert. Sowohl der mittlere Wind als auch die Vektoren der tur-
bulenten Komponenten werden analysiert, um die Stärken und Schwächen dieses
Ansatzes für die Validierung anderer stationärer Instrumente aufzuzeigen. Im
10-Minuten-Mittel erwies sich der UAS als gute Referenz für stationäre Sensoren,
selbst wenn sie über groûe horizontale Entfernungen iegen. Hierbei wurde die
Genauigkeit der Turbulenzmessungen von der Heterogenität des Geländes um das
Testgelände herum beeinusst, wobei optimale Ergebnisse dort erzielt wurden, wo
das Gelände ach und homogen ist, und gröûere Diskrepanzen dort, wo es von
Waldstücken bedeckt ist. Dieses Ergebnis verdeutlicht die Herausforderungen und
Grenzen, die mit der Verwendung von UAS für atmosphärische Turbulenzstudien in
heterogenen Landschaften verbunden sind.

Insgesamt veranschaulicht diese Arbeit das Potenzial der UAS-Technologie als
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vielseitiges Instrument für die Messung des atmosphärischen Windes, das in ver-
schiedenen Umgebungen mehr Mobilität und Präzision bietet.
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Chapter 2

Introduction

2.1 Wind in meteorology

In ancient times,the study of meteorology and the ability to predict weather pat-
terns were frequently associated with divination, as it was thought that atmospheric
phenomena resulted from the inuence of various localised supernatural deities[32].
However, with the advent of the rst comprehensive treatise on meteorology, tradi-
tionally attributed to Aristotle around 350 B.C., this perspective gradually shifted
away from its religious connotations, evolving into a distinct branch within the
atmospheric sciences[31].

During the period spanning the Renaissance to the Age of Enlightenment,
signicant advancements were made by the intellects of the era, leading to the
invention of several instruments that remain integral to meteorological studies in
the present day[40]. These innovations included the swinging plate anemometer, the
barometer, rain gauges, and the thermometer[30]. These inventions facilitated the
systematic collection of weather data, although adherence to scientic standards
was primarily limited to local levels. It was not until the latter half of the nineteenth
century, particularly with the advent of the telegraph, that the establishment of a
widespread network for measuring, forecasting, and issuing weather warnings over
long distances became feasible[12].

The advent of predictive numerical models in the early 1900s constituted a
signicant milestone in the evolution of weather forecasting, bringing it closer to
the form that is recognisable today[75]. The ability to comprehend meteorological
phenomena with greater accuracy has become not only a necessity for modern living
but also a signicant factor in historical developments. Indeed, it is probable that
such knowledge altered the course of entire continents, as evidenced by its pivotal
role in the Second World War. As an example, the Allies made use of meteorological
predictions in order to plan the Normandy landing on the 6th June 1944. The
operation, originally scheduled for the 5th June, was postponed due to inclement
weather conditions. The rescheduling of the D-Day operation and its subsequent
success, guided by meteorological insights, demonstrated the critical importance of
accurate weather forecasting in the execution of large-scale military operations and
the shaping of historical outcomes.

Modern meteorology is structured into a number of distinct subcategories, each
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4 Chapter 2. Introduction

of which is based on the length scale of the phenomena being studied. These
range from the microscale, which is the smallest unit of measurement, to the global
scale, which is the largest[41]. In any case, beginning with data collected at specic
times and locations, this eld of study aims to provide forecasts regarding the
atmospheric conditions at those same locations at some future point in time. To
accomplish this, meteorologists rely on weather prediction models, which are built
upon the principles of uid dynamics and thermodynamics[51]. At the present time,
these models primarily involve solving partial dierential equations, which, due to
their inherent complexity, cannot typically be solved analytically. Consequently,
numerical methods are employed, enabling approximation-based solutions. Although
these approximations are essential for obtaining numerical solutions, at the same
time they introduce uncertainties and errors, particularly as the forecast time
horizon extends into the future[76]. It is therefore essential to continually reinitiate
numerical models, which can be achieved through the incorporation of standardised
in-situ data obtained from specialised instruments[92]. Common variables of interest
include temperature, pressure, humidity, wind speed, and wind direction. The
most commonly investigated variables are temperature, pressure, humidity, wind
speed and wind direction. While these data can be readily obtained on the ground
thanks to an extensive network of weather stations, it is more challenging to obtain
vertical proles covering the lower part of the atmosphere (100 m - 6 km) with a
high degree of reliability, as this requires the use of remote sensing techniques[46].

Among the variables predicted by models, the wind speed vector is of particular
signicance across numerous spheres of human activity. Airports regularly modify
their take-o and landing procedures in accordance with prevailing wind patterns.
Strong gusts can cause discomfort for passengers and, in extreme cases, impede
aircraft from safely navigating certain locations[58],[89]. Moreover, in the context
of re prevention, the atmospheric wind assumes a pivotal role. In order to
ensure the protection of communities at risk of wildres, it is essential to consider
wind dynamics in order to optimise the safeguarding of vulnerable areas and
individuals[61]. Furthermore, atmospheric winds act as a vector for a multitude of
particles, including pollutants, pollen, and dust, dispersing them over vast distances.
This dispersion can have a signicant impact on human health and safety in daily
life, as these particles traverse thousands of kilometres, aecting air quality and
allergen exposure levels in diverse regions[18]. It is therefore essential to gain an
understanding of and to be able to forecast wind behaviour if risks are to be
mitigated and various aspects of human existence optimised.

2.2 Wind in wind-energy research

The utilisation of wind power has been a fundamental aspect of human history,
with its potential being harnessed for a multitude of purposes. From the earliest
civilisations, sailing vessels have played a pivotal role in facilitating trade, asserting
maritime dominance and embarking on exploratory voyages. On land, wind energy
was employed to power heavy machinery for tasks such as grain milling and water
pumping. However, it was not until the late 1800s, when advancements were made
in electricity generation and storage technologies, that the concept of the wind
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turbine was rst conceived[43].
Pioneering researchers conceived the idea of coupling a dynamo to a windmill

to charge batteries, eectively laying the groundwork for modern wind energy
systems. Initially deployed to provide electricity to remote areas beyond the reach
of urban power grids, the potential of wind power remained largely unexplored
until the latter part of the 20th century[36]. The growing interest in renewable
energy sources during the 1970s and 1980s led to a notable increase in research and
development activities within the eld of wind energy. This newfound enthusiasm
boosted innovations in wind turbine design, eciency, and deployment strategies,
which ultimately established wind power as a prominent player in the global quest
for sustainable energy solutions[37].

Modern wind turbines typically consist of a tower that supports a hub, upon
which a rotor is mounted. The rotor typically features three aerodynamically
designed blades that rotate around a horizontal axis[63]. The interaction between
the wind and these blades allows the conversion of a portion of the wind’s kinetic
energy into electrical energy through the rotational motion of the rotor[8]. Since the
very rst constructions, wind turbine technology has undergone a signicant and
remarkable evolution. Early prototypes featured relatively modest tower heights
and power generation capacities. However, technological advancements have driven
the industry towards increasingly ambitious goals in terms of both size and power
generation capabilities[2]. Today, the pinnacle of this progress is represented by wind
turbines boasting staggering dimensions, with the largest installations featuring
rotor diameters reaching 252 meters, towering at heights of 146 meters, and capable
of generating 16 megawatts. Nevertheless, despite these impressive achievements,
Europe’s pursuit of ambitious targets for reducing greenhouse gas emissions and
achieving carbon neutrality by 2030 demands further advancements in renewable
energy[91]. It is therefore imperative that the wind energy sector continues to
innovate and expand its capabilities in order to play a pivotal role in meeting these
sustainability objectives.

The use of land-based wind turbines has become commonplace, yet it continues to
confront several challenges[22]. The most critical challenges include technical issues
such as the preservation of natural ecosystems, the management of complex terrain,
the mitigation of turbine-generated noise, and the integration of wind resources with
uctuating availability. Furthermore, a substantial challenge remains in obtaining
social acceptance for this technology. The construction of wind farms frequently
results in alterations to the local landscape, which often leads to scepticism and
resistance from those residing in the vicinity. Among the communities aected by
wind farms, concerns regarding visual impacts and potential disruptions to local
wildlife are particularly prevalent.

Although oshore wind turbine clusters are already a reality, ongoing research in
this eld is vibrant and indicative of a clear trajectory for the future of this renewable
energy source[21]. There is a growing interest among companies and investors in
oshore installations, which are seen as a crucial step in achieving renewable energy
objectives. Despite persistent concerns regarding marine ecosystems, oshore
wind turbines oer a number of distinct advantages. These include access to more
consistent and powerful wind resources, along with the potential for deploying larger
rotors with minimal impact on social acceptance[33]. Moreover, the emergence of
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innovative technologies, such as oating wind turbines, is expanding the range
of potential projects. Previously constrained by a maximum depth limit of 60
meters, oating turbines are now unlocking new possibilities and locations, enabling
installations in deeper waters that were previously inaccessible[7].

Whether for onshore or oshore projects, it is evident that signicant investments,
ranging from tens to hundreds of thousands of euros, are at stake[77]. Consequently,
thorough wind resource studies are imperative to pinpoint the most viable locations
for wind turbine installations. Simultaneously, it is crucial to conduct measurements
and gather data from existing operational installations, whether they are wind farms
or individual turbines. This approach allows for a comprehensive understanding
of the impact of these facilities on their surrounding airow dynamics, thereby
facilitating the renement and optimisation of future projects.

2.3 Uncrewed aircraft systems

Over the past 20 years, uncrewed aircraft systems (UASs) have emerged as a
cost-eective and innovative technology with diverse applications spanning various
industries[39]. These applications range from healthcare[70], search and rescue
operations[54],[42], and agriculture[69], to parcel delivery[20] and even sports[71].

UASs oer a more economical operational alternative to crewed aircraft and grant
increased exibility in accessing remote or hard-to-reach locations where interesting
data may be lacking. This versatility, coupled with the ability to perform repetitive
and scalable missions, has garnered signicant interest and enthusiasm from both
the scientic community and industry stakeholders, driving further advancements
in UAS technology[57].

The earliest known use of UAS for meteorological purposes can be traced back to
the early 1970s, when Konrad et al. [45] conducted pioneering research to explore
the potential of this new technology in enhancing the understanding of convective
processes in the lower atmosphere. Nevertheless, the extensive adoption of UAS by
the scientic community only occurred in recent years, coinciding with a decline
in the cost of electronic components, which made them more accessible to small
research teams.

UASs are remotely controlled aircraft weighing up to 25 kg, equipped with
pre-programmable and autonomous ight capabilities. The ongoing trend of sensor
miniaturization has facilitated the seamless integration of various meteorological
payloads onto these systems, leading to their classication as weather-sensing or
weather-research UAS.

These weather-research UASs possess remarkable versatility, enabling vertical
proling up to altitudes of approximately 5-6 km and conducting ad-hoc measure-
ments such as investigating airow behind wind turbines or within wind parks. The
specic quantities measured by a meteorological UAS depend on the payload, but
typically include wind speed and direction, pressure, temperature, and humidity.
Data collection frequencies vary among systems, ranging from as low as 10 to 100
Hz in some cases.

Nowadays, with UAS technology rmly established and further reductions in
component costs at the horizon, a growing number of researchers are exploring the
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potential of implementing a network of automated UASs to enhance weather forecast
models. Addressing gaps in the measurement of thermodynamic and kinematic
properties within the lowest part of the Earth’s atmosphere is pivotal for advancing
weather forecasting capabilities[60].

A study conducted by Leuenberger et al. [50] demonstrate how drone obser-
vations can eectively bridge spatial and temporal data gaps in temperature and
humidity, particularly in regions with limited access to remote sensing technologies
or in sparsely covered areas such as polar regions. This research underscores the
potential contribution of weather-sensing UAS technology in enhancing our under-
standing and prediction of meteorological phenomena across diverse geographic and
climatic contexts.

2.4 Dissertation structure

For over a decade, the Umweltphysik working group at the University of Tübin-
gen has been at the forefront of successfully operating weather-research UASs.
Leveraging insights and expertise gained from the use of precursor technologies,
such as the Helipod[5], this research group has made considerable progress in the
development of its own remotely operated xed-wing aircraft, equipped with sensors
capable of measuring essential atmospheric parameters: the Multi-purpose Airborne
Sensor Carrier-3 (MASC-3)[67]. At the same time, a small eet of multi-rotor aircraft
has been progressively developed in order to expand the possibilities with regard to
measurement strategies[14].

The work of the candidate of this thesis is positioned in both areas, having
actively participated in the creation of the multi-rotor eet, but at the same time
having used a substantial part of his time for the analysis of data collected in recent
experimental campaigns using the xed-wing aircraft.

The thesis is structured as follows:

• Chapter 3 provides a concise overview of fundamental concepts concerning
atmospheric wind, particularly its behavior in the lower part of the atmosphere.
Rather than an exhaustive exploration of scientic concepts, these pages aim
to oer a foundational understanding necessary for the comprehension of the
subsequent three scientic publications that form the core of the work of
the candidate. For readers seeking more extensive explanations and further
readings, references cited within the text are provided for additional study.
The chapter will conclude with an introduction to the UASs employed by the
Tübingen Umweltphysik research group, with a focus on their similarities and
dierences, as well as an overview of the primary scientic questions.

• In Chapter 4, each scientic question is addressed by linking it to the main
ndings of the three scientic papers that form the core of this thesis. Detailed
descriptions of the UASs employed in the respective studies are provided, and
the most signicant results are highlighted and contextualized within existing
literature gaps and initial hypotheses.
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• Chapter 5 provides a more detailed examination of the ndings presented in
the previous section, establishing a clear connection to the central theme of
measuring wind with weather-sensing UASs. Furthermore, research activities
not covered in the aforementioned publications are described and analysed.

• In conclusion, Chapter 6 turns its attention to prospective future developments
weather-research UAS technology, with particular focus on the evolution of
the Umweltphysik group’s eet.



Chapter 3

Basic Concepts

3.1 Why do we have wind?[25],[82]

Wind on Earth is a direct result of the uneven distribution of solar radiation
hitting the surface of the planet. This non-uniform radiation creates areas of high
and low pressure, leading to the generation of wind that moves from regions of high
pressure to those of low pressure. Broadly speaking, there are three primary global
wind-circulation cells: Hadley Cells, Polar Cells, and Ferrel Cells.

Hadley cells span from the equator to approximately 30 degrees latitude in
both hemispheres. The intense solar radiation at the equator causes the air to
become heated and rise towards the tropopause, forming a low-pressure zone at the
surface. As a result, winds develop at ground level in order to counterbalance this
pressure dierential, resulting in an airow directed towards the equator. Conversely,
at higher altitudes, the warm air moves away from the equator, condenses, and
precipitates frequently in tropical regions. It then cools gradually and descends
back to the surface around 30 degrees latitude.

Polar cells, which are situated around the poles up to approximately 60 degrees
of latitude, are driven by the temperature contrast between the polar regions and
mid-latitudes. At the poles, the descent of cold air is facilitated by the presence of
minimal solar radiation and frozen surfaces, which collectively contribute to the
formation of a high-pressure zone. Subsequently, this cold air ows towards the
mid-latitudes, where the pressure is relatively lower. At approximately 60 degrees
of latitude, the temperature of the air has increased suciently for it to rise and
circulate back towards the poles.

Between the polar and Hadley cells lie the Ferrel cells, characterized by air
movement contrary to the preceding two circulation cells and less inuenced by
temperature dierences. Instead, their movement is primarily governed by the
rotational direction of the polar and Hadley cells. Consequently, surface winds in
Ferrel cells tend to blow towards the poles, transporting warm air.

These three distinct circulation cells broadly determine climatic macro-zones:
regions where air ascends in the troposphere tend to exhibit predominantly low-
pressure systems accompanied by heavy rainfall, while areas where air descends are
characterized by high-pressure zones with minimal precipitation. Additionally, the
Coriolis eect further inuences atmospheric dynamics by deecting air movement

9
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from its original north-south trajectory, ultimately giving rise to the prevailing
winds observed across the Earth’s surface.

A variety of circulation phenomena are observed at smaller spatial scales as a
consequence of the heterogeneous nature of the Earth’s surface. Such phenomena
include, but are not limited to, hurricanes, monsoons, and cyclones. At an even
smaller scale, local topography gives rise to a variety of phenomena, including land
and sea breezes, valley and mountain winds, and atmospheric disturbances such as
thunderstorms and tornadoes.

Wind exhibits variability not only over space scales but also on temporal scales
which can be classied based on their duration. Changes spanning over a decade to
three decades fall under the category of climate changes, while annual uctuations
are typically attributed to the seasonal cycle. Additionally, variations associated
with the diurnal cycle occur as a result of direct solar radiation inuencing the
movement of air masses. Furthermore, variability occurring within the span of
1 to 10 minutes is primarily attributed to the inherently chaotic nature of uid
movement, such as that of air.

3.2 Turbulence[19],[34],[62],[85]

There is no single, universally accepted denition of turbulence. Turbulence
is typically described as a state of a ow characterised by chaotic, irregular, and
unpredictable motion. Turbulence frequently gives rise to the formation of vortices,
swirls, and eddies of varying sizes and intensities, which emerge and dissipate within
the ow itself. Since turbulence is characterised by the continuous variability of
the properties of the ow (velocity, temperature, pressure, humidity, etc.) it is
commonly analysed by separating average values from uctuations across these
variables. This analytical approach, known as the Reynolds average, is widely used
to describe turbulence:

X = X + x (3.1)

Where X represents any of the previously mentioned variable, function of space or
time while X is its average value computed over well dened boundaries in space
or time and x is the random uctuation.

Several factors contribute to the onset of turbulence in the atmosphere. Dieren-
tial heating of the Earth’s surface can lead to density variations, which in turn can
give rise to the chaotic motion of air masses and the formation of turbulent eddies.
Additionally, the interface between air and surface serves as a source of turbulence,
driven by the roughness of the surface itself. Physical obstacles such as buildings,
houses, bridges, and wind turbines, which stand out prominently compared to the
surrounding environment, can generate large eddies. Furthermore, shear between
two air masses moving at dierent speeds creates turbulence in the interface zone.
The phenomenon of atmospheric turbulence is observed across a vast range of
spatial scales, from the formation of small eddies generated by ground-level shrubs
to the development of large vortices induced by towering skyscrapers.

Turbulent uctuations lead to increased mixing, diusion, and transport of
momentum, energy, and scalar quantities compared to non-turbulent (or laminar)
ow. This characteristic is benecial in eciently distributing heat, moisture, and
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regulating temperature. However, turbulent phenomena can also rapidly disperse
pollen or pollutants, and pose signicant risks to civil aviation and the structural
integrity of buildings exposed to strong winds, such as bridges or skyscrapers.

Although turbulent phenomena are inherently chaotic, it is possible to identify
statistical properties that allow for analytical modelling to a certain extent.

3.3 Mean wind profile[78]

To mathematically describe the motion of an air particle in the atmosphere,
it’s common to start from the Navier-Stokes equations and apply the Reynolds
averaging. With few steps it is possible to derive a modied set of equations known
as the Eulerian equations of motion:

∂U i

∂t
+U j

∂U i

∂xj

= −δj3g + fcϵij3U j −
1

ρ

∂p

∂xi

+ ν
∂2
U i

∂x2
j

− ∂ uiuj

∂xj

(3.2)

with the U being the mean wind speed vector while u the uctuating part, g the
local gravitational eld of the Earth, fc the Coriolis parameter1, ρ the air density,
p the pressure eld and ν the kinematic viscosity of the air. The terms on the
left side of the equal sign represents the total derivative of the particle velocity
(change in time and due to advection), while on the right side we have the forcing
terms: gravity, Coriolis eect, pressure gradient and two terms usually addressed
as stresses. One is proportional to the kinematic viscosity of the air while the other
is a mere consequence of turbulence itself and it is called Reynolds stress.

3.3.1 Geostrophic wind[25],[80]

The most straightforward simplication of the Eulerian equations of motion is
applicable to a scenario of purely horizontal wind conditions, in which the dominant
forces are the Coriolis force and the pressure gradient.

∂U i
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+U j

∂U i

∂xj

= fcϵij3U j −
1

ρ
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(3.3)

In the case of steady-state motion, a solution is obtained that describes a straight
and uniform wind ow parallel to the isobar contours, with its intensity determined
by the Coriolis parameter and the local pressure gradient.

fcϵij3U j =
1

ρ

∂p

∂xi

(3.4)

These equations yield a solution for a type of wind commonly referred to as
geostrophic wind, whose magnitude is determined by the Coriolis parameter and
the local pressure gradient.

The development of this type of wind occurs under specic conditions, notably
minimal frictional forces, which are typically observed at high altitudes where
the inuence of the Earth’s surface can be disregarded. This region is commonly
referred to as the free atmosphere.

1The Coriolis parameter depends on the latitude ϕ and the angular velocity of the Earth

ω = 2π/24h as fc = 2ω sinϕ
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3.3.2 Atmospheric Boundary Layer[19],[24],[62],[79],[83],[84],[87]

The vertical layer near the Earth’s surface where the presence of the surface
signicantly inuences atmospheric dynamics is commonly referred to as the atmo-
spheric boundary layer (ABL). According to Stull [83], the ABL is dened as:

"that part of the troposphere that is directly influenced by the presence of Earth’s

surface, and responds to surface forcings with a timescale of about an hour or less."

Turbulence characterizes the airow within the ABL, stemming from interactions
between the surface and the overlying air mass. Given the chaotic and unpredictable
nature of air movement, dening an average velocity prole is inherently aected.
Even in an idealized scenario of uniform rectilinear motion, the Eulerian equations
must incorporate terms related to frictional forces.

fcϵij3U j −
1

ρ

∂p

∂xi

+
1

ρ

∂τij
∂xj

= 0 (3.5)

where τij is dened as the stress tensor including viscous and turbulent stresses
dened previously.

Close to the Earth’s surface, friction forces exert a signicant inuence compared
to Coriolis forces. Consequently, near the ground, the wind direction will be
perpendicular to the isobar lines. As one moves away from the surface, frictional
eects diminish while Coriolis forces become increasingly dominant. In this part of
the ABL, the wind vector gradually rotates until, at the height of the ABL, it aligns
with the geostrophic wind, completing a 90-degree rotation.

The analytical description of the mean wind prole within the ABL can be
determined through various methods, all of which rely on similarity theory. This
theory postulates that for each turbulent boundary layer, there exists a dimensionless
velocity prole as a function of dimensionless distance from the surface, exhibiting
a universal trend.

U

u⋆

=
1

κ
ln


z

z⋆


(3.6)

with u⋆ being the roughness speed, z⋆ the roughness length and κ a constant
called Von Kármán constant. This relationship, derived through dimensional
analysis, lacks a theoretical proof but has been validated by numerous experiments.
The Von Kármán constant κ is typically determined experimentally as well (0.4).
Dimensionless variables are normalized using quantities characteristic of the ow
under analysis. Determining variables such as roughness length or roughness speed
analytically or through models can be challenging, so experimental results are
commonly utilized to obtain these parameters.

In ABL meteorology, it is common to categorize the ABL into three distinct
zones:

• The roughness sublayer, located directly above the Earth’s surface and only a
few millimeters thick. In this layer, ow is primarily inuenced by viscous
frictional stresses, and turbulence remains predominantly laminar.
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• The Prandtl layer, also known as the surface layer, is dened as the portion
of the ABL where turbulent ows deviate less than 10% from their value
immediately at the Earth’s surface. Here, wind speed increases rapidly with
altitude, and turbulent interaction forces are predominant.

• The Ekman layer, covering the majority of the ABL (about 90%), is where
pressure, turbulent friction, and Coriolis eects coexist on a similar magnitude.
In certain cases, it is possible to derive an analytical solution for wind speed
as a function of height, assuming well-dened trends for turbulent friction
forces. This solution describes an exponential approach to the geostrophic
wind as altitude nears the upper limit of the ABL. Additionally, within the
Ekman layer, the mean wind direction tends to rotate until aligning with the
direction of the geostrophic wind.

3.3.3 Thermal stratification[25],[79],[87]

Thermal stratication within the ABL is a crucial aspect in the study of mean
proles and atmospheric turbulence. The primary factors contributing to thermal
stratication include solar heating of the Earth’s surface and the heat capacity of
the surface itself.

The high heat capacity of marine and lacustrine surfaces makes them less suscep-
tible to solar heating, maintaining a relatively consistent temperature regardless of
external conditions. In contrast, on terrestrial surfaces, a substantial proportion of
incident solar radiation is transformed into heat, which is subsequently transferred
to the lower portion of the surface layer (or vice versa if the surface is cooler than
the surrounding air).

Thermal stratication is typically classied in three main conditions: stable,
unstable, and neutral. Stable stratication occurs when colder air ows beneath
layers of warmer air, while unstable conditions are characterized by the opposite
scenario. The names of these conditions reect their dening characteristics; under
unstable conditions, vertical air movements are accentuated, leading to increased
turbulence.

In order to mathematically distinguish these three cases, we employ a variable
known as virtual potential temperature. This parameter is derived from virtual
temperature, accounting for the inuence of humidity:

Θv = T


p0

p

 R
cp

· (1 + 0.609 · q) (3.7)

In a neutrally stratied ABL, this variable remains constant with altitude. However,
it decreases in unstable conditions and increases in stable conditions. In unstable
scenarios, an upwardly displaced air parcel exhibits a higher virtual potential
temperature (Θv) compared to its surrounding environment, resulting in further
ascent. Conversely, in stable stratication, the parcel returns to its original position
due to lower Θv.

The important quantity is not solely the virtual potential temperature itself
but rather its gradient at a specic point within the ABL. Consequently, it is
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common to dene a dimensionless number characterizing the stability condition.
This parameter, known as the Bulk Richardson number, is expressed as:

RiB =
g∆Θv∆z

T v (∆u)2
(3.8)

Positive values of the Bulk Richardson number denote stable atmospheric conditions,
while negative values indicate instability. A value of 0 signies a neutrally stratied
ABL. Given that the mean wind prole, particularly within the lower ABL layer
where turbulent uxes are most pronounced, is determined using similarity theory,
it becomes evident that thermal stratication directly inuences the generation or
suppression of turbulence, thereby impacting the proles themselves.

In practice, correction functions are often applied to logarithmic wind proles.
In unstable stratication, turbulent mixing is intensied, resulting in reduced
wind shear and consequently lower wind speeds at equivalent altitudes compared
to neutral stratication. Conversely, in a stable ABL, wind shear is more pro-
nounced, leading to higher wind speeds at the same altitudes compared to neutral
stratication.

3.3.4 ABL diurnal cicle[79],[81],[83],[86]

All three stability conditions mentioned earlier can manifest in the same location
within a span of 24 hours or even less. Since solar radiation predominantly inuences
the heating or cooling of the Earth’s surface, the ABL over homogeneous terrain
typically exhibits diurnal variations.

Shortly after sunrise, a convective boundary layer (CBL) begins to form due to
turbulent convective motions. This layer reaches its maximum height typically in
the late afternoon. Within the CBL, the wind prole still exhibits a logarithmic
pattern in the surface layer. However, due to the presence of signicant instability
and turbulence, this prole gradually increases with altitude but generally does
not reach wind speeds observed above the CBL itself. The growth process occurs
through the gradual entrainment of less turbulent air situated above this layer. This
entrainment is driven by both convective turbulence and mechanical turbulence
arising from wind shear at the interface between the CBL and the air above.

Shortly before sunset, solar radiation ceases to heat the Earth’s surface, while the
CBL occupies the entire ABL. This layer is often addressed as the residual layer (RL),
as it essentially comprises what remains of the earlier CBL. Simultaneously, the
Earth’s surface transitions into a heat sink, resulting in the gradual formation of
a stable boundary layer (SBL) in the lower portion of the ABL during nighttime.
Within this layer, turbulent motions are suppressed. However, the growth of the
SBL is slower compared to the CBL due to the lack of key factors such as convective
motions. Consequently, in most cases, the nighttime ABL remains divided into the
SBL and the RL.

The mean wind prole during nocturnal hours may exhibit distinctive features,
including the occurrence of low-level jets, characterised by wind speeds exceeding
the geostrophic wind. These phenomena contribute to the complex dynamics of
the nocturnal atmospheric boundary layer.
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3.3.5 Heterogeneous terrain[19],[24],[26],[62]

So far, our discussions have revolved around horizontally homogeneous terrain.
However, in reality, such conditions are rarely encountered, and the Earth’s surface
typically comprises diverse zones with varying physical characteristics. As outlined
in the preceding section, similarity theory provides a solution for the prole of mean
velocity as a function of dimensionless variables, achieved by utilizing characteristic
dimensions pertinent to the ow under examination.

Among these variables, the roughness length stands out as one of the most
signicant. Dened as the vertical height at which the mean wind speed reduces
to zero in the logarithmic velocity prole, this length scale lacks a direct physical
interpretation and does not correspond to the vertical extent of surface obstacles.
Nevertheless, it serves as a widely adopted parameter for categorizing dierent
surface types. Surfaces with dierent roughness lengths give rise to varying turbulent
stresses, consequently altering the proles of mean wind velocity.

Similarly, dierent surfaces such as asphalt, grass, and water surfaces exhibit
distinct behaviors in absorbing and emitting heat into the atmosphere due to
variations in their thermal capacities and heat conductivities[4],. While this dierence
doesn’t directly impact the logarithmic velocity prole, it does give rise to localized
phenomena such as plumes, thermals, or downdrafts.

The presence of vegetation, particularly forested areas, signicantly alters wind
behavior[6]. Primarily, the forest acts as an obstacle impeding the normal ow of
wind. If the foliage is dense enough, the logarithmic wind prole doesn’t form
from the Earth’s surface but instead begins from a certain altitude known as the
displacement height, which varies depending on the characteristics of the forest and
the height of the trees[47].

Prior to reaching the forested area, there is typically a blocking phenomenon
as the wind encounters the physical presence of trees. Upon traversing the forest,
the ow often experiences acceleration, while beyond the forest, a wind shear zone
emerges, intensifying mechanical turbulence within the ABL[16].

All the aforementioned factors, along with numerous others beyond the scope
of this text, contribute to the formation of what are known as internal boundary
layers (IBLs). These zones within the ABL arise precisely due to the evolving
characteristics of the interface between the Earth and the atmosphere, as the
ow gradually adjusts to them. While the vertical prole of mean wind is indeed
modied within the IBL, it still adheres to the logarithmic trend. However, there
may be more discontinuities in the vertical direction depending on the number of
distinct IBLs that have developed and remain discernible at a given location.

3.4 How do we measure wind?[46]

Historically, wind data was recorded using ground weather stations or instru-
ments mounted on meteorological towers, such as cup anemometers and wind
vanes[44]. The main limitation of these instruments is that they must be positioned
at most a few tens of meters above the ground and remain in a xed location[88].

Nowadays, other instruments are typically used to measure wind speed proles.
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radar wind prolers (RWPs) represent a mature and integrated technology in me-
teorological data acquisition[48]. These instruments exploit the Doppler shift of
a continuous radio frequency to obtain measurements of atmospheric wind speed
and direction. RWPs have the signicant advantage of providing wind speed data
independent of meteorological conditions up to a height of 10-20 km, with a resolu-
tion typically ranging between 100 and 600 meters. RWPs provide measurements
at sampling times on the order of minutes but require careful calibration and fre-
quent maintenance. They can be subject to interference from other systems, large
objects or atmospheric clutter, and the wind measurement relies on sophisticated
post-processing algorithms of the recorded radio signal.

Additionally, sonic detection and ranging (SODAR) technology is employed for
the purpose of obtaining a velocity prole. These instruments emit pulses of sound
waves and measure the amplitude of the return signal, which is indicative of turbulent
structures within the atmosphere[9]. These instruments are capable of measuring
already at an altitude of a few tens of metres from the instrument, although they
are commonly limited to approximately 1 km due to the strong absorption of sound
waves by the air. The precision and accuracy of the measurements are susceptible to
alteration by atmospheric conditions, with precipitation events having a detrimental
impact on the quality of the acquired data.

A similar technology is doppler wind lidar (DWL). Instead of using radio
frequency or sound waves, these instruments emit laser pulses and record the
frequency shift of the scattered signal to calculate wind speed[68]. DWLs generally
provide higher vertical resolution but are highly dependent on the presence of
aerosol particles or dust that can scatter the laser beam back[59]. Consequently,
good measurement accuracy is often limited to the height of the atmospheric
boundary layer and is signicantly reduced in completely clean air. DWLs are
frequently used not only to perform vertical proles but also to study the airow
behind wind turbines or within wind farms[94].

As a complement to these three remote sensing techniques, radiosondes are
regularly used to prole the wind and other atmospheric variables up to the
troposphere[28]. Radiosondes consist of a weather balloon lled with hydrogen or
helium that, when released from the ground, travels several kilometers upward,
carrying a set of specialized sensors that directly measure the variables of interest.
The great advantage of radiosondes is that they provide direct measurements without
the need for complex data processing algorithms. However, their deployment
is weather-dependent, they can experience unexpected errors, especially at low
altitudes, and it is impossible to control the trajectory of the probe, which is simply
carried by the wind[29]. Additionally, there are environmental concerns, as it is not
always possible to recover the payload of the radiosonde once it falls to the ground.

In this array of sensors and complex systems, the technology of weather-sensing
UAS has emerged over the past decade as a cost-eective alternative to piloted
aircraft for targeted measurements and, more recently, as automated tools for
vertical proling.
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Figure 3.1: The MASC-3 UAS positioned on the catapult and ready to take-o. The
sensorhood with the 5HP and the ne-wire thermometer is visible in the front, while on
the wings is mounted an optical particle counter pod[74] (right wing) and an atmospheric
charge sensor pod[73] (left wing). From Bramati et al. [15]

3.5 UASs at Umweltphysik group

3.5.1 Fixed-wing UASs

The rst truly complete weather-research UAS platform built by the Umwelt-
physik group of the University of Tübingen is the MASC-3[67]. Built on the foundation
of previous xed-wing aircraft designed by the team, this system is considered the
nal version, featuring signicant improvements in terms of design and eciency
(Figure 3.1).

The aircraft is 2.1 meters long with a wingspan of 4 meters and has a maximum
take-o weight of about 8 kg. It features a V-tail conguration with a pusher engine
located at the end of the fuselage. Powered by a 4S lithium-polymers battery, it
has an average ight endurance of about 1.5 hours under normal ying conditions.

The autopilot system is a Pixhawk Cube Orange, running a stable version of the
open-source Arduplane software. This software, together with third-party tools like
Mission Planner, provides easy access to the main parameters dening the aircraft’s
behavior during ight operations. It also enables the programming of missions
that the system will execute once the automatic mode is engaged. The autopilot is
congured to maintain a true air speed (TAS) of approximately 19.5 m s−1.

The scientic payload is positioned at the very front of the aircraft and includes
a 5 holes probe (5HP), a ne wire thermometer, a temperature, pressure, and relative
humidity sensor, and optionally a chilled mirror hygrometer. The sensorhood is
the minimum payload required to obtain a reliable wind speed measurement with
a temporal resolution of 100 Hz, which at the UAS cruise speed corresponds to a
spatial resolution of approximately 20 cm. Additionally, various sensor pods can
be mounted on both sides of the wings[73],[74]. The sensorhood’s position at the
foremost part of the UAS ensures minimal disturbance in the measurements from
system components such as airfoils and the propulsion system.
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Figure 3.2: The s900 (left) and x500 (right) UAS. The two systems have been modied
through the incorporation of a spherical dome around the central frame. The bigger
system has six rotors with the landing gears extending from the frame while the smaller
has four rotors and the landing gears are positioned directly below the electric motors.

For the correct functioning of the 5HP, only uniform straight ight sections are
relevant[66]. Sections where the UASs makes turns are useless for retrieving the wind
vector. Consequently, there are two main data acquisition strategies. The rst is
called racetrack, consisting of a rectangular pattern with two longer sides called legs.
The second is called kite, which involves ying the same straight line in opposite
directions, making a U-bend at the end of each leg.

The calibration of the 5HP is performed at the cruising speed that the autopilot
is programmed to maintain. This procedure is conducted in a wind tunnel, mapping
442 possible combinations of angles of attack and sideslip angles[65].

The estimation of the wind vector occurs during the data post-processing stage.
This is because the system directly acquires the pressure data recorded by the 5HP

and the respective high-frequency transducers without performing any conversion
in real time. The precise calculation of the wind vector is achieved by merging data
from all sensors used in the sensorhood, including an inertial navigation system
that records the position, speed, and attitude of the aircraft in ight. A subsequent
correction is also necessary to account for potential misalignment errors in the
position of the 5HP. This correction is only possible after obtaining an initial
estimate of the wind vector and selecting consecutive legs for analysis.

The MASC-3 platform was initially validated in Rautenberg et al. [67] and
used in several other studies including a comparison with computational uid
dynamics models[23], a rst identication of tip vortices behind a wind turbine[52],
the development of new sensors [53],[74], for wind and turbulence studies in the
ABL and in complex terrains[96],[97], for ABL research in arctic regions[72] and more
recently for atmospheric electric charge measurements[73]

3.5.2 Rotary-wings UASs

s900

The s900 multi-copter was developed based on the dji s900 hexacopter model.
From the original model supplied by the manufacturer, the carbon bre main frame,
the six motors and the 14 inch propellers have been retained. A 500 mm diameter
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styrofoam sphere was added to protect the central part of the frame, attached to
the six arms with velcro straps (Figure 3.2). The system is powered by two 12Ah
batteries connected in parallel, it has a characteristic dimension (rotor-to-rotor
distance) of 900 mm and a maximum take-o weight of approximately 8 kg. With
this conguration, this UAS provides a ight autonomy of approximately 25 min.

The autopilot used in this system is a Pixhawk Cube Orange, running a stable
version of the Arducopter software. This open-source autopilot is particularly
crucial for this platform, as the wind vector analysis algorithm relies on the attitude
data logged by the ight controller (as explained in Bramati et al. [14]). The
autopilot logs the ight data at 10 Hz.

An array of six i2c protocol sensors was installed on the s900, with one sensor
placed on each arm beneath the propeller disk to ensure proper ventilation. These
sensors are housed within a special shield to protect them from solar radiation
during ight. The sensor array is designed to operate with various sensor types,
currently accommodating temperature, pressure, and relative humidity sensors
(sht31 by Sensirion and bme280 by Bosch), as well as co2 sensors. Data acquisition
is managed by an esp32 microcontroller, an sd card reader, and a multiplexer, which
allows up to six sensors of the same type to be mounted and read simultaneously.
These sensors are logged at a frequency of 2 Hz.

x500

This multi-copter, based on the commercially available frame of the Holybro
x500, was designed and built to be a smaller and more compact version of the s900

(Figure 3.2). Its characteristic dimension is 500 mm with 10-inch propellers.

The basic conguration provided by the manufacturer has been signicantly
modied by designing new landing gear and a new battery compartment (4S, 7Ah).
A spherical structure was also installed around the central part of the frame. This
sphere was 3d printed with ultra-light material and held in place by magnets. In
this conguration, the maximum take-o weight is 2 kg, providing a ight autonomy
of approximately 20 minutes.

The choice of autopilot remained consistent with the use of a Pixhawk Cube
Orange, ensuring continuity and reliability in the system’s control and data logging.
Wind vector estimation is carried out in a similar manner to the s900 system,
leveraging the precise attitude data provided by the autopilot.

The sensor array philosophy has been similarly adopted for this smaller drone,
with four sensors positioned on the four arms, each equipped with a solar radiation
shield. Data acquisition is managed by an Adafruit Feather m0 Adalogger, which
includes an integrated sd card reader. Due to space and weight constraints, a
multiplexer was not utilized in this design, limiting the system to mounting only
two sensors of the same model simultaneously. The default sensors equipped are
two sht31 and two bme280, providing essential atmospheric measurements with
high precision.
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Figure 3.3: The fw-xl10 UASs shortly after take-o. Due to the performance-oriented
design, on this system was not possible to incorporate a spherical dome. In the picture it
is visible, on top of the main battery, a safety parachute, used to reduce the ground risk
during aerial operations.

fw-xl10

The most recent system designed and manufactured is called the fw-xl10

(Figure 3.3). This system uses a carbon ber frame supplied by IFlight fw-xl10-v5,
which has been slightly shortened in the middle part. While it has a similar size to
the x500 with a characteristic size of 500 mm and 10-inch propellers, the fw-xl10 is
a more powerful and ecient system due to careful optimization of the components.

The autopilot for the fw-xl10 is an mRobotics PixRacer Pro, on which a stable
version of the Ardupilot software is installed. The aircraft is powered by a 6S
lithium-ion battery with a capacity of 8 Ah, allowing for a maximum take-o weight
of 2 kg. To ensure safety, the fw-xl10 is equipped with a parachute designed to
slow the descent in case of a malfunction, granting a descent speed of 5.5 m s−1. In
this conguration, the system has demonstrated a ight endurance of 40 minutes.

The scientic payload consists of four sensors (two sht31 and two bme280),
similar to the x500 multi-copter. However, the payload system in the fw-xl10

is completely independent and powered by an 800 mAh battery, which can be
activated via a switch. The wind vector estimation follows the strategy used in
the spherical copters, with adjustments to account for the lack of symmetry of the
fw-xl10 frame.

3.6 Scientific questions

The candidate’s work in this thesis is centred on the topic of wind measurement
using weather-research UAS. In particular, two macro-level topics can be identied:

• Optimizing a rotary-wings UAS for wind measurements and mete-
orological applications: In light of the practical operability and low cost
of multi-copter systems, it is imperative that such systems undergo accurate
calibration in order to ensure the precision of the wind measurements they
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produce, which must adhere to established standards. How might this feature
of practicality and low cost be maintained for this calibration? What factors
may potentially impact the quality of the wind retrieval? What are the
performance limits of such systems in wind measurement? What are the
operational limitations associated with the environment, and what potential
applications may this emerging technology be applied for?

• Using fixed-wing UAS for the validation of remote-sensing devices:
A comprehensive dataset acquired during multiple experimental campaigns
is employed to assess the potential of xed-wing UAS systems as reference
sensors. This assessment is conducted through a systematic analysis and
contextualisation of the system’s capabilities, with the objective of validat-
ing remote sensing instruments for measuring wind (mean and uctuating
components). What are the advantages and disadvantages of comparing data
from a moving sensor to a stationary one? Are there any factors that would
preclude such a comparison? Are there any technological or environmental
factors that could potentially inuence the quality of the comparison?

The scientic issues are dierent depending on the system used, particularly
given that the rotary-wing eet was developed and expanded during the applicant’s
period of activity, whereas the MASC-3 technology was already well established.
Consequently, the subjects addressed and the experiments conducted with multi-
copters are of a more technical nature than those concerning the strictly scientic
analysis of the MASC-3 data. The three scientic papers forming the core of this
thesis seek to address these questions. With regard to the multi-copter, a signicant
proportion of the scientic questions have been addressed by a substantial body
of experimental data that has been collected but not yet published. These latest
results and examples are discussed in detail in chapter 4.





Chapter 4

Results

This chapter oers a brief summary of the principal ndings presented in this
dissertation, which are discussed in greater detail in the attached peer-reviewed
publication.

4.1 Optimizing rotary-wing UASs for wind measure-

ment

Multi-rotor UAS systems are increasingly popular today, largely due to their
versatility in planning automated missions and the ease of deployment in a short
timeframe. The acquisition of measurements of thermodynamic variables, including
pressure, temperature, and humidity, is a relatively straightforward process when
using rotary-wings UAS, due to the availability of integrated sensors that can be
easily located on board. Conversely, the accurate estimation of wind speed and
direction represents a signicant challenge for these systems[1].

The signicant advantage of UASs of this type lies in their ability to maintain a
xed position during ight – a condition commonly known as hovering – making them
ideal for conducting vertical proles and/or acquisitions near sensitive structures.
However, it is precisely this characteristic that complicates the task of acquiring
wind speed and direction. The multi-rotor itself substantially alters the wind eld
around it[27], so that traditional sensors such as Pitot probes, 5HPs[64], or sonic
anemometers[90] become ineective if they are not positioned at a sucient distance
from the rotors[35].

This is why a commonly employed strategy for estimating horizontal wind
is the tilt angle method[56],[93]. This method relies on fundamental aerodynamic
principles, specically the concept that an object located in a uid with a certain
speed generates a force parallel to the uid’s velocity, known as drag[3]. In the
scenario where a multi-copter is hovering, the atmospheric wind will induce a drag
force on the system that the UAS has to balance. The only means by which a
multi-rotor system can generate this force is by adjusting its orientation. In doing so,
a portion of the force produced by the rotors (thrust), typically oriented vertically
in calm conditions, is redirected onto the horizontal plane to balance the drag. In
this scenario, with data from the autopilot regarding the attitude of the UAS, we
can calculate the tilt angle (refer to Figure 4.1a), which increases with higher wind
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Figure 4.1: a) Representation of the forces acting on a multi-rotor while hovering. Γ is
the tilt angle. b) Example of UAS mission (collection of waypoints), for the calibration
ights. From Bramati et al. [14].
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speeds.

The equation relating wind speed and tilt angle is readily obtained from the
dynamics equations of the UAS and by modelling the drag force using the Reynolds
equation[38]:

V =


2mg tan(Γ)

ρA0CA(Γ)
(4.1)

In this equation, m represents the mass of the multi-copter, g is the Earth’s
gravitational eld, ρ denotes the density of air, and A0 stands for a reference
characteristic area specic to the UAS under examination. The term CA is dened
as:

CA =
A(Γ)

A0

· CD(Γ) (4.2)

It encompasses UAS-related variables that are challenging to model accurately.
Specically, the cross-sectional area – representing the area exposed to wind – is
inherently dicult to quantify, particularly as it varies with the inclination of the
UAS. Similarly, the drag coecient CD follows the same pattern of variability.

After formalising the above-mentioned models and equations in detailed steps,
Bramati et al. [14] deals with three dierent aspects of this method, described in
the following sections.

4.1.1 Calibration strategy

To derive a calibration curve for equation 4.1 and thereby estimate wind speed
from the multi-copter’s tilt angle, it is essential to gather a dataset where both V

and Γ are known. Typically, this involves conducting either wind tunnel tests[56] or
in situ experiments near a sonic anemometer[17].

Wind tunnel testing presents some drawbacks such as high cost, spatial limita-
tions that may not accommodate all UAS types, and potential biases introduced by
wall eects. Conducting tests in real-world environments near sonic anemometers
also poses challenges. Primarily, the inability to control wind speed is a signicant
drawback as the calibration is likely to be constrained to the wind speed range
encountered during the day of the calibration ights.

To achieve a consistent mapping of tilt angle versus wind speed, our study
introduces a strategy involving straight-line ights at dierent ground speeds
conducted in low atmospheric wind conditions (see Figure 4.1b). In such a way,
the stationary part of the straight ights can be representative of an hovering
state, where the wind speed is essentially the ground speed. This approach is
complemented by a post-processing algorithm capable of adjusting the calibration
curve, even in the presence of wind during the ights. The methodology simply
requires the capacity to y in a suciently large open space, the size of which is
determined by the maximum speed the user intends to calibrate. This method
ensures minimal costs and a calibration curve tailored to the user’s requirements,
ensuring a uniform dataset across the entire ight envelope of the UAS.
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Figure 4.2: The two dierent calibration models proposed in the publication. TAS stands
for the true air speed of the copter during the calibration ights. This represents the
atmospheric wind speed when the copter is hovering. From Bramati et al. [14].

4.1.2 Calibration model

When dealing with equation 4.1, there are two approaches upon obtaining a
dataset of tilt angle versus V . The conventional method involves directly calibrating
the relationship between these two variables, treating all factors to the right of the
equation as unknown.

In contrast, the strategy proposed in this study suggests calibrating the term
CA, which is inherently linked to the specic UAS and remains the sole unknown
component. This approach eliminates the dependency of the calibration curve on
multi-copter mass and air density. Two distinct calibration curves were derived
from the identical dataset of calibration ights (see Figure 4.2) for the modied
dji s900 UAS. Subsequent validation ights conducted near a sonic anemometer
conrmed that both strategies yield comparable results in terms of precision and
accuracy. Consequently, for ensuring an unbiased estimate, the preferred strategy
is to use the CA model. This approach accounts for potential variations in the
UAS payload and the dierent environmental conditions the system may encounter
throughout the year.

4.1.3 Directional independence and sensitivity enhancement

A notable modication to the conventional dji s900 conguration employed
in this study was the incorporation of a circular sphere around the frame of the
UAS. This styrofoam sphere oered several benets, including protection of the
electronics and battery components against weathering and minor impacts.

However, the primary advantage provided by this addition was twofold in
enhancing wind measurement acquisition. Firstly, a sphere inherently has isotropic
properties, ensuring a consistent response to drag forces irrespective of the system’s
orientation relative to the wind direction. Consequently, there is no need for the
wind-vane mode wherein the UAS must align itself with the wind direction before
accurate measurements can be obtained.

Secondly, we demonstrated that the usage of this sphere increases the absolute
value of the cross-sectional area, consequently augmenting the multi-copter’s re-
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Figure 4.3: Comparison of tilt angle values obtained with two multi-copters of the
same type ying simultaneously, one with the styrofoam sphere and one without. From
Bramati et al. [14].
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sponsiveness to atmospheric wind loads. Essentially, for identical atmospheric wind
conditions, a system with a larger cross-sectional area necessitates a greater tilt
angle. This translates to an enhanced sensitivity of the system, functioning as a
sensor, to its inputs. In our study, we observed an approximate 16.5% increase in
sensitivity with the incorporation of the sphere on the UAS frame.
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4.2 Fixed-wing UASs for remote-sensing instruments

validation

As part of the valuas project (Validation of remote sensing and numerical sim-
ulations of the deutsche wetterdienst (DWD) using UAS), three intensive observation
periods (IOPs) were conducted at the boundary layer eld site in Falkenberg site
close to the mol-rao (Meteorological Observatory Lindenberg-Richard-Aûmann-
Observatory). Several permanent instruments are installed in Falkenberg, including
a 99 m height meteorological tower, providing a comprehensive dataset to study the
so called Lindenberg Column [55]. These experimental campaigns took place over
several consecutive weeks in dierent years (July 2020, June 2021, and November
2022) and involved the use of various types of weather-research UAS to collect
data for comparison with more traditional measurement techniques as well as
with newly installed DWL. In particular, the June 2021 campaign coincided with
the fesstval (Field Experiment on submesoscale spatio-temporal variability in
Lindenberg) campaign, which saw multiple research teams collaborating to provide
in situ measurements of the lower ABL.

4.2.1 Mean wind

In Boventer et al. [13], the dataset of the three IOPs of the valuas project
were used to validate, under dierent operating conditions, the 10 minutes mean
wind vector estimates of two DWLs (doppler wind lidar 143 and doppler wind lidar
177) installed and used by the deutsche wetterdienst. A detailed description of the
lidar systems can be found in the aforementioned publication, here attached in
the appendix.

The MASC-3, with its endurance of one and a half hours and ease in reaching
altitudes around 2000 meters agl, ensured excellent eciency in acquiring this
type of data. Additionally, the typical issues related to the physical space required
for take o and landing did not arise, as the measurement site is located in the
countryside, surrounded by suciently large meadows. As a matter of facts, during
these experimental campaigns, the MASC-3 UAS was successfully operated in more
than 140 ights. This xed-wing system operates a more complex data acquisition
strategy compared to a multi-rotor UAS type. Since it must maintain a certain
velocity relative to the surrounding air to generate the necessary lift for ying, a
typical acquisition strategy involves ying straight segments of arbitrary ground
length aligned with the wind direction (Figure 4.4). Each of these straight segments
is usually referred to as a leg. To remain within the correct calibration range of the
main wind measurement sensor (5HP mounted at the very front of the system), the
MASC-3 is programmed to maintain a constant TAS of approximately 19.5 m s−1.
In this way a leg represents a snapshot of the wind conditions along the segment
covered by the leg. The data collected with the weather-sensing UAS were used for
several validation steps. The rst step was to validate the UAS system itself against
the cup anemometers and wind vanes installed on the meteorological tower at 98 m
agl as a reference. For this type of validation, three dierent time averages were
used: the average time of a single leg, 10 minutes, and 30 minutes.
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Figure 4.4: Representation of all the ight legs used for the mean wind vector analysis
of the valuas project. The red column represents the Falkenberg meteorological tower.
A consistent amount of legs are located around 99 m altitude which corresponds to the
top of the tower itself. The height of the remaining legs has been chosen to match the
scanning heights of the two DWLs systems. From Boventer et al. [13].
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Figure 4.5: Flowchart of data processing. Only the legs at 98 m altitude have been
grouped into three dierent time averages in order to study accuracy and precision of the
MASC-3. For the UAS vs DWL comparison only 10-minutes averages have been used from
all the available legs at dierent altitudes. From Boventer et al. [13].
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Table 4.1: Statistical measures describing the quality of the MASC-3 UAS as horizontal
wind vector sensor. rmsd represents the root mean squared deviation, mbd the mean
bias deviation while R the Pearson correlation coecient. The subscript v refers to the
wind speed while ϕ to the wind direction. From Boventer et al. [13]

Wind speed
Averaging period Number of data pairs n rmsdv Rv mbdv

leg-wise 230 0.194 0.935 -0.018
10 minutes 54 0.137 0.971 -0.007
30 minutes 10 0.143 0.991 0.037

Wind Direction
Averaging period Number of data pairs n rmsdϕ Rϕ mbdϕ

leg-wise 197 17.5◦ 0.982 4.7◦

10 minutes 47 13.5◦ 0.987 3.3◦

30 minutes 8 9.9◦ 0.989 2.7◦

Once the accuracy and precision of the MASC-3 had been conrmed, the second
part of the study involved validating the two DWLs by considering dierent oper-
ational parameters. For this purpose, data at all ight altitudes between 98 and
550 m agl were grouped into 10-minute averages to match the data format of the
two DWLs. The breakdown of the data into dierent time averages is summarized
in Figure 4.5.

An important parameter to consider when comparing two sensors, one stationary
and one in motion as in our case, is what it was labeled as the fetch angle. It indicates
how closely the trajectory of the UAS aligns with the direction of the atmospheric
wind. Considering that the MASC-3 provides measurements of a spatially distributed
dataset, the fetch angle indicates how much of that same air mass is eectively
measured over time by the stationary sensor. The closer the fetch angle is to zero,
the more these two sets of measurements will correspond to the same mass of air
containing the same quantities. However, it’s not always possible or easy to align
the ight trajectory with the wind direction during ight. Therefore, in the initial
phase of data ltering, a compromise was made between retaining a signicant
number of ight legs and discarding those legs with excessively high average fetch
angles. The acceptance limit was set at 39.3° as legs with larger fetch angle values
showed higher scatter in the wind speed magnitude when compared with the cup
anemometers.

Once this lter was applied, the results of the validation of the weather-research
UAS showed a progressive improvement in precision and accuracy in measuring
the wind vector as the averaging time increased from leg-wise to 10 minutes. The
results for the 30-minute average were considered unrepresentative due to being
based on a sample of fewer than a dozen data points. The conclusion of this rst
part of the validation was to dene the accuracy and precision of our UAS in terms
of 10-minute wind retrieval as reported in Table 4.1. The next and most important
part of this study shifts its focus to using the MASC-3 to validate the two DWLs

systems. Initially, all available data were used to calculate any bias and/or scatter.
Subsequently, the analysis was limited to conditions in which both DWLs were active
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simultaneously to obtain a comparison of the accuracy and precision of the two
systems against each other.

In a further analysis, the ight legs were grouped into altitude ranges to check
for any anomalous behavior exhibited by the two DWL at dierent altitudes. This
analysis did not reveal any signicant anomalies. On the contrary, as expected,
the precision and accuracy of one of the DWLs improved where the laser beam was
focused.

In the nal part of the study, the analysis focused on the stability conditions of
the ABL. The Bulk Richardson number was chosen to characterize dierent regimes.
Fortunately, with data available from three dierent years and dierent seasons,
the dataset covers a wide range of stability regimes. Due to the limited availability
of data for the DWL143 system, the stability analysis was only performed for the
DWL177 system. As expected, precision and accuracy improved as the stability of
the system increased, and these metrics were even better than those of the MASC-3

system.
In conclusion, this study has demonstrated that the use of a xed-wing UAS can

eectively collect useful data in a variety of situations where traditional sensors
struggle to achieve the same precision and accuracy. For average values of the wind
vector, which tend to vary on a timescale greater than 10 minutes, it is sucient to
correct the data from the UAS based on the fetch angle parameter.

4.2.2 Turbulence

The same data set from the project valuas was employed in Bramati et al. [15]
to investigate the feasibility of a comparative analysis between the weather-research
UAS and a DWL in the context of turbulent quantities. Among the numerous sensors
employed by the DWD during the three experimental campaigns there was a DWL

capable of providing an estimate of the turbulent kinetic energy (TKE) with a
temporal resolution of 30 minutes.

The MASC-3 data were processed and ltered in accordance with the methodology
previously outlined in Boventer et al. [13], specically by ltering the legs
according to the so-called fetch angle using the same treshhold of 39.3°. The study
of turbulent quantities poses additional challenges with regard to post-processing
and comparison of data from two dierent sensors. Consequently, this study
essentially corresponds to the rst part of the previous study focused on mean wind.
The objective at this initial stage was to quantify the accuracy and precision of the
MASC-3 UAS in measuring TKE.

TKE is dened as the sum of the averages of the three uctuating components of
the wind speed squared and it can be obtained from the each and every UAS leg as:

k =
1

2
· [Var(u) + Var(v) + Var(w)] (4.3)

The TKE measured by the MASC-3 was compared with a sonic anemometer mounted
at 98 m agl on the Falkenberg meteorological tower which served as the reference
instrument.

A challenge arises when comparing turbulent quantities, as these must be
calculated for each individual leg, as this alone constitutes a coherent time series of
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Figure 4.6: Comparison between TKE measured by the sonic anemometer and the
MASC-3. Each of the scatter points corresponds to one leg. a) comparison performed
with the correct amount of air for the sonic anemometer, b) comparison performed by
simply considering the sonic and UAS time series cut with the start and end time of each
leg. From Bramati et al. [15].

the state of the atmosphere. The combination of consecutive legs would result in the
introduction of articial frequency contributions, which would have a detrimental
impact on the TKE calculation. From the perspective of UAS data, this is a relatively
straightforward process, as the data format is limited to straight ight sections.
However, we have opted to consider only those legs that are referred to as upwind,
which are those where the MASC-3 ies against the wind. These legs are the longest
in terms of time and, according to Lenschow, Mann, and Kristensen [49],
guarantee a lower systematic statistical error.

In a second stage it is necessary to consider the type of comparison to be made
with a static sensor. It is not possible to use as boundaries of the time series of
the static sensor the beginning and end of each leg, since the UAS, moving an
average of 1.8 km in its ight path, will sample a much larger amount of air than
that recorded by the sonic anemometer. It is necessary to wait for the air mass
measured by the UAS to be advected over the static sensor. This study delineates
a methodology for identifying the optimal boundaries for the sonic anemometer
time series. The identication of start and end of the sonic anemometer data is
achieved by transforming the time series of both sensors into a space series and
performing a cross-correlation between them. It is crucial to highlight that the
ecacy of this procedure hinges on the fullment of two important assumptions:
a zero fetch angle and the Taylor hypothesis of frozen turbulence. In the present
case, both hypotheses are not strictly satised. The fetch angle hypothesis has
been relaxed as it is practically impossible to perfectly align the MASC-3 trajectory
with the wind direction, whereas the Taylor hypothesis has yet to be veried and
represents one of the scientic questions addressed by the study. Nevertheless, the
data displayed in gure 4.6 demonstrated that the utilisation of this algorithm
markedly enhanced the comparisons between UAS and sonic, thereby eectively
eliminating a large bias that was due to an erroneous amount of sampled air.

The persistence of a consistent bias and scatter in the comparison necessitated
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Table 4.2: mbd and rmsd between UAS measurements and sonic anemometer measure-
ments for the dierent wind directions. From Bramati et al. [15].

E S WNW NNW
mbd rmsd mbd rmsd mbd rmsd mbd rmsd

TKE 59% 78% 21% 53% 68% 103% 97% 151%
Var(u) 37% 51% 43% 63% 55% 101% 97% 160%
Var(v) 92% 129% -4% 59% 81% 147% 85% 142%
TKEH 59% 76% 13% 47% 62% 103% 87% 136%
Var(w) 62% 87% 51% 95% 92% 134% 122% 195%

further analysis. The division of the leg data with respect to the atmospheric wind
direction demonstrated that the comparison statistics are signicantly inuenced
by this latter variable. It was found that no other environmental or wuas! (wuas!)
ight-dynamic parameter exerted a comparable inuence to that of the atmospheric
wind direction. An analysis of the UAS leg map in Figure 4.7 and the statistical
breakdown for dierent incoming wind directions in Table 4.2 revealed that the
best statistical outcomes occurred when the wind originated from the south. This
region is characterized by cultivated elds and predominantly at terrain, with
altitudes slightly below the 73 m agl of the Falkenberg site. In contrast, the least
favourable statistics were observed when the wind came from the west and north,
areas with a high proportion of forest cover and at altitudes exceeding that of the
Falkenberg site.

The initial conclusion of our study, which corroborates the ndings of numerous
previous publications[5],[11] and the results of the litfass[10] project, is that the
terrain surrounding the Falkenberg test site is heterogeneous. The presence of a
forest in the north-west inevitably results in a higher level of turbulence in the
ABL. This additional contribution is present in the UAS data, particularly when the
aircraft ies in proximity to the forest, yet is not recorded by the sonic anemometer
on the meteorological tower. Therefore, it can be concluded that Taylor’s frozen
turbulence hypothesis is not satised. This implies that the precision and accuracy
of the MASC-3 as a reference sensor for the DWL is not constant but is a function
(at least in the rst order) of the wind direction and, consequently, the direction
of ight. It is thus not possible to denitively establish these two fundamental
parameters for the MASC-3 in this context.

It is important to note that the observed result does not indicate any inherent
limitations of the weather-sensing UAS system or its inability to accurately measure
atmospheric turbulence. Conversely, the system has been validated in numerous
studies with regard to the feasibility of measuring atmospheric eddies. The ndings
of this study indicate that it is not advisable to utilise a xed-wing UAS for the
validation of turbulence-related measurements of static sensors in heterogeneous
terrain. This is due to the fact that such an approach may result in the measurement
of a greater number of eddies than would be recorded by the aforementioned static
sensor.
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Figure 4.7: Map including all the legs and the two main wind direction sectors. The
purple sector spans from 140° to 220° and includes the E (6 legs) and S (24 legs) wind
direction groups: it is characterized by at cultivated land and a lower elevation than the
Falkenberg tower. The red sector spans from 240° to 360° and includes the WNW (47
legs) and the NNW (25 legs) groups: it is characterized by forest patches and a higher
elevation than the Falkenberg tower. From Bramati et al. [15].



Chapter 5

Discussion

5.1 Validating remote sensing devices with fixed-
wing UASs

The validation of sensors such as DWLs or other remote sensing instruments
that prole thermodynamic variables in the lower ABL can be eectively conducted
in situ using xed-wing UAS systems. This approach, demonstrated in Boventer

et al. [13], provides reliable results for time-averaged values the wind speed vector.

However, xed-wing UASs are unique in the range of the meteorological instru-
ments due to their horizontal movement at a velocity relative to the wind – the
very quantity they aim to measure. This characteristic can be highly advantageous
for mapping extensive areas both horizontally and vertically. Nonetheless, it also
introduces signicant challenges when these systems are compared with static
sensors.

The main issue lies in the fact that a static sensor and a dynamic sensor, which
moves relative to the wind, will only record the same values under two precise
conditions: assuming the wind remains unchanged (i.e., stationary conditions) and
assuming the UAS ight direction is perfectly aligned with the wind direction (fetch
angle ≈ 0). While the rst condition could be considered valid for short time
intervals (no more than 10 minutes), realigning the ight direction with the wind
direction during ight is extremely challenging for operators and sometimes entirely
impossible due to ight area limitations. Additionally, at dierent altitudes, the
wind direction tends to change constantly (Ekman spiral), further complicating the
task of maintaining alignment with the ight track.

There is, therefore, no denitive method to avoid this problem either in situ
or during post-processing. The only viable solution is to accept a margin of error
and nd a compromise between the number of ight legs to be discarded and the
maximum fetch angle to be included in the acceptable data. This approach allows
for a balance between retaining enough data for meaningful analysis and ensuring
that the data included provides a reasonably accurate representation of the wind
vector.

If this compromise works well for temporal averages of about 10 minutes,
the problem becomes even more complicated when the subject of comparison is
atmospheric turbulence. As explained in Bramati et al. [15], it is essential that
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quantities related to turbulent air motion are calculated on exactly the same air
mass by both sensors. Ideally, this would require a null fetch angle and, in addition,
the assumption that Taylor’s frozen turbulence condition is met, meaning that
turbulent statistics calculated over space and time variables yield identical results.

The method for identifying the correct air mass to be considered for the two
types of sensors, as formalized in Bramati et al. [15], proves to be of considerable
help but could be improved by more accurate planning of the ight mission. By
xing the beginning or end of each leg at the location of the static sensor, one would
have a pivot point where the two time series are known to coincide. This approach
eliminates the need to use the autocorrelation of the series provided by the two
dierent systems each time. This strategy has already been used by Rautenberg

et al. [67] and allowed for the comparison of the xed-wing UAS MASC-3 with sensors
mounted on a meteorological tower.

Moreover, since atmospheric turbulence is an extremely local phenomenon,
the terrain in the ight area must be as homogeneous as possible. Obstacles
like buildings or forests, as well as the dierent heat capacities of various types
of soil, can easily generate local turbulent eddies that might be recorded by the
UAS along its ight trajectory but, for one reason or another, are not advected
towards the static sensor. In other words, the Taylor hypothesis never holds over
heterogeneous terrain. The excellent results shown in Rautenberg et al. [67] were
indeed obtained under highly stable atmospheric conditions over at, homogeneous
terrain (ice surface). If these conditions are not met, the UAS would, at best,
measure the same turbulent statistics, but most likely it will overestimate them, as
was the case for the experiments analyzed in Bramati et al. [15]. This does not
necessarily mean that the MASC-3 provides incorrect data of turbulent quantities in
the atmosphere, but simply that it is probably not the most suitable instrument
for this specic type of validation under these environmental operating conditions.

5.2 Further insights on rotary-wings UASs wind

measurements

5.2.1 Drag coefficient

The drag coecient-based wind estimation model oers the signicant advantage
of being independent of parameters such as multi-copter mass and air density. This
means that the system can be used consistently without the need for extensive
post-processing corrections, regardless of the payload or variations in air density
(such as altitude or seasonal changes). This represents a considerable improvement
over the simpler tilt method proposed by Neumann and Bartholmai [56].

Moreover, an interesting aspect worth exploring is whether similar multi-rotors
exhibit comparable CA(Γ) functions. Since both the x500 and s900 systems were
constructed and adapted with the same design philosophy, it was possible to obtain
a comparison by applying the same calibration procedure. The results, as shown
in Figure 5.1, reveal that despite the signicant size dierence between the two
systems, the CA(Γ) functions have very similar values, particularly at tilt angles
greater than 10 degrees. The largest discrepancies occur between 5° and 10°, likely
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Figure 5.1: Comparison of the CA coecient obtained experimentally for the two copters
of dierent size. The values of this parameter are particularly similar for both systems
especially for tilt angles (and therefore wind speeds) exceeding 9-10°.

attributable to dierences in the number of rotors and landing gear congurations
between the two systems.

Thus, the incorporation of a spherical structure around the main body of the
multi-copter not only enhances its sensitivity to atmospheric wind inputs but also
denes a unique cross-sectional area value A0, useful for normalizing the multi-
copter’s drag coecient. This development paves the way for establishing a single
CA(Γ) calibration curve applicable across systems of varying sizes and weights,
thereby streamlining the deployment of a multi-purpose rotary-wings UAS eet.

5.2.2 Turbulence

One pertinent question arises: how rapidly can wind be sampled using multi-
copters? An initial insight is provided in Bramati et al. [14], where it is observed
that the s900 wind estimate aligns with the power spectral density of the sonic
anemometer up to approximately 10−1 Hz. Moreover, by conducting simultaneous
ights alongside a sonic anemometer, the x500 and s900 systems were compared,
revealing their respective power spectral densities, as depicted in Figure 5.2. Once
again the s900 system deviates from the sonic anemometer’s performance around
10−1 Hz, while the smaller and lighter x500 system seems to adhere to a similar
trend, at least down to 1 Hz. These ndings suggest an increase in valid sampling
frequency as the mass of the multi-copter decreases. This observation is further
supported by Wildmann and Wetz [95], where even lighter multi-copters exhibit
similar resolution of turbulent eddies. However, it’s important to note that the
UASs utilized in this recent study have a ight endurance of only 15 minutes under
optimal conditions. Therefore, with current technology, there exists a trade-o
between the capability to resolve atmospheric turbulence and ight duration.
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Figure 5.2: Comparison of the power spectral densities of the two copters of dierent
size and weight, plotted together with a sonic anemometer spectrum and the Kolmogorov
-5/3 decay law.

5.2.3 Case studies

This section presents several case applications where multi-rotor systems were
used in diverse elds of research. The examples provided are not exhaustive of each
research eld but are intended to demonstrate how rotary-wing platforms serve as
useful tools in numerous scientic disciplines.

Wind energy applications

The s900 system was used in a brief experimental campaign to map the horizontal
plane of a wind turbine (WT)’s wake. The campaign focused on the Enercon E-82
E2 wind turbine, located at coordinates 48°24’14.8"N, 8°33’31.0"E, in the village
of Schopoch, Baden-Württemberg. This turbine, owned by Windkraftanlage
Schopoch/EnBW, has a rated power of 2 MW, a hub height of 138.4 meters agl,
and a rotor diameter of 82 meters. Built in 2012, the turbine is depicted in Figure
5.3a.

The ight, conducted on 15 October 2021, involved 16 hovering points of 60
seconds each arranged in rows of four at varying distances behind the main rotor,
starting ad half radius distance, all at the converter’s hub height. One of these
points was positioned outside the turbine’s wake, while the other three in the same
row were intended to capture the wake. As seen in Figure 5.3b, the multi-copter
successfully captured the mean wind vector during this mission, highlighting typical
characteristics of the near wake of a turbine. In the rst row of points behind the
turbine, the wind vector shows a lower modulus at the two points located at half
of the radius distance from the center of the rotor, a typical phenomenon of the
near wake where the velocity decit forms a characteristic W-prole. Due to the
imperfect alignment of the hovering points with the direction of the wake, it is
dicult to determine how the wake has developed at the second rows of hovering
points. However, it is likely that near-wake structures are still present because of
the short distance behind the rotor (1D).

As already mentioned, the alignment of the mission with the turbine itself was
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Figure 5.3: a) Wind turbine in Schopoch, Baden Württemberg. b) Horizontal mapping
of the Schopoch wind turbine wake obtained during a s900 UAS mission.
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Figure 5.4: The x500 UAS shortly after take o from the maintenance vessel inside the
Rødsand II wind farm. For this specic missions the UAS has been equipped with oating
bags inside the spherical dome and on the four arms, in order to grant buoyancy in case
of landing on water.

not entirely successful, resulting in the multi-copter exiting the wake area in the last
two rows. A slight increase in wind speed can still be observed near the boundaries
of the wake.

As well as providing scientic insights, this mission also suggests that, given
the unpredictable yawing of the turbine rotor, a cone-shaped mission should be
adopted to map its wake, either to compensate for possible misalignment or simply
to take into account the fact that the wake itself widens as the distance from the
rotor increases. This experiment also conrms the safety and feasibility of ying
and measuring very close to the wind turbine, maintaining a distance of just over
20 metres. Such proximity would be extremely dangerous to achieve using the
MASC-3 system, especially considering the sudden change in TAS that the xed-wing
system would experience by entering the wake. Therefore, multi-rotors are more
suitable for studying near-wake phenomena of wind turbines. These phenomena are
of signicant interest to researchers, who are constantly striving to create accurate
analytical models. Real-world data from full-scale environments, as opposed to
small-scale wind tunnel experiments, are increasingly needed for such research.

Another interesting case study involved a two-day experimental campaign on
board a maintenance vessel used by rwe for turbine repair operations at the Rødsand
II wind farm. This wind farm consists of 90 turbines, each with a capacity of 2.3
MW, a tower diameter of 90 meters, and a hub height of 69 meters. Using the x500

system, which was chosen due to limited space for take-o and landing, initial ights
within the oshore wind farm (at turbine K07, 54°33’35.7"N, 11°31’19.0"E) were
conducted the 22nd of September 2022 (Figure 5.4). The data acquisition strategy
involved collecting vertical proles with several hovering stations of approximately
40 seconds each, centrally with respect to the rotor, at two dierent distances
behind the turbine. For safety reasons, the UAS was restricted from ying above
120 m agl. However, this limitation did not hinder the ability to map the entire
vertical extent of the wind turbine rotor, as the turbines in this oshore wind farm
are typically lower in height compared to onshore turbines. The two graphs in
Figure 5.5 show the trend of the wind speed decit measured by the multi-copter
at distances of 0.6 and 0.9 rotor diameters behind the wind turbine. The velocity
was normalized by recording the free-stream wind speed, outside the wake. For
each distance, there are three dierent proles taken at three dierent times of the
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(a) 0.6 diameter behind the rotor. (b) 0.9 diameter behind the rotor.

Figure 5.5: Vertical proles of the wind decit behind the K07 turbine in the Rødsand
II wind park.

day. The dashed grey line represents the theoretical limit for the velocity decit as
per Betz’s theory.

At a distance of 0.6 rotor diameters, the velocity decit exhibits a characteristic
W-shaped pattern, which in this case is probably superimposed on a logarithmic
increase of the mean wind prole in undisturbed conditions. Even at a distance of
0.9 diameters, this trend can still be observed, although the prole is beginning to
lose its regularity compared to the graph on the left.

Additionally, it can be observed that even though the highest hovering point is
formally outside the rotor area (represented in the gures by the two black lines),
the velocity does not return to the undisturbed value. This indicates that the wake
has already extended vertically to cover a greater area than just the rotor area.

This brief experimental campaign was very useful in ascertaining that the
components used in the x500 system did not suer from any particular problem
in the challenging operational environment of an oshore maintenance vessel. No
errors of the compass system were found related to the metal structures near the
UAS, especially during take-o and landing. However, the initialization of the
autopilot was slowed down by the oscillatory motion of the vessel, which did not
allow for the correct initialization of the imu. Since the landing target was a
moving platform, this procedure was managed manually by the pilot. Occasionally,
instability in the nal approach was encountered due to turbulence generated by
the structure of the boat itself.
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Meteorology applications

In a recent experimental campaign the fw-xl10 system was deployed to validate
a dierential absorption lidar (DIAL). The primary goal of this campaign was to
collect in situ data of the mixing ratio in the lower part of the ABL to address
some discrepancies observed in the DIAL results. This instrument, operated by the
DWD, in Lindenberg, Tauche, has two retrieval zones: a near range and a far range,
which overlap at around 400-500 meters. This overlapping zone appears to contain
artifacts that cannot be attributed to physical phenomena. Therefore, the most
advanced and powerful rotary-wing UAS from the Umphy group was deployed for
a brief experimental campaign: over two days, vertical proles were conducted at
a frequency of approximately two per hour, starting at 07:30 am local time and
continuing until 06:00 pm

A preliminary analysis of some of the most interesting proles from the morning
of May 9, 2024, is presented in Figure 5.6. The multi-copter was programmed
to ascend to an altitude of 900 m agl at a speed of 5 m s−1 for both ascent and
descent. Thanks to the high endurance of the fw-xl10 system, it was possible to
complete up to three proles per ight, approximately every 20-25 minutes. For
space reasons, only the rst prole of each ight is shown in Figure 5.6. The gure
illustrates the development of the ABL throughout the morning, transitioning from
the nocturnal SBL still evident at 07:23 am (05:23 utc) to a fully developed ABL

by 09:57 am (07:57 utc).
The comparison of data between the weather-research UAS and DIAL is still

being analysed. However, this campaign has demonstrated that multi-rotor systems
are well-suited for continuous vertical proling. Additionally, by incorporating
further automation, such as automatic landing and recharging, these platforms can
safely operate autonomously. This capability allows them to complement proler
and radiosonde measurements eectively.



5.2. Further insights on rotary-wings UASs wind measurements 45

Figure 5.6: Quicklook of the thermodynamic variables collected the morning of May
9, 2024 by proling the rst 900 m of the lower ABL in Lindenberg, Tauche with the
fw-xl10 UAS. Timestamp are in utc.
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Outlook

Regarding the xed-wing aircraft within the Umphy group’s eet, future devel-
opments will focus on integrating new sensors, either mounted on the wings via
pods or within the sensorhood. Pods are particularly advantageous as they provide
enough space to accommodate both the sensor and the entire acquisition system,
facilitating easy interchangeability. Signicant progress has already been made in
this area with the development and introduction of opc and charge pods.

The current advancements within the sensorhood system are focused on devel-
oping and integrating humidity sensors capable of achieving higher frequencies than
those provided by the existing sht sensors. These enhancements will enable the sys-
tem to study latent heat uxes more accurately. The integration of these advanced
sensors will signicantly augment the capabilities of the xed-wing aircraft, allowing
for more comprehensive and precise atmospheric measurements. This continuous
evolution in sensor technology underscores the potential for xed-wing platforms to
contribute substantially to atmospheric research and environmental monitoring.

However, as emphasized throughout this text, the xed-wing ight strategy lacks
exibility and requires straight-line paths to obtain valid time series of dynamic and
thermodynamic quantities. For studies aimed at mapping atmospheric quantities
on a horizontal and vertical plane or when covering long horizontal distances, this
method reliably yields mean quantities, such as mean wind speed and direction.
However, when it comes to acquiring data related to atmospheric turbulence, caution
is needed. It is essential to assess whether the assumptions of uniform homogeneous
turbulence are met and/or whether these assumptions are necessary for the specic
case being studied.

A potential advancement for the MASC-3 platform is the transition to a vertical
take-o and landing (VTOL) type aircraft. This development would address many
of the issues associated with the large space required for take-o and landing in the
current conguration. By adopting VTOL capabilities, the platform will become
more versatile and easier to deploy in a wider range of environments, signicantly
enhancing its operational exibility and eciency.

Multicopter systems, on the other hand, can be operated in conned spaces and
have the signicant advantage of maintaining a xed position during ight. This
makes them particularly suitable for validating static sensors, ying close to xed
structures or buildings, and conducting vertical prole operations. However, even
at the commercial level, it is challenging for these systems to achieve a ight time
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of more than 45 minutes.
The Umphy group’s philosophy is to avoid mounting wind sensors on these

systems in order to save weight and therefore ight time. Instead the multi-rotor’s
ight dynamics is used to estimate wind. This approach, explained and developed
in this study, is left with some open questions. For instance, is it truly the case
that the time resolution cannot exceed 1 Hz, as suggested by Wildmann and
Wetz [95]? Is it possible to achieve a higher resolution without signicantly
impacting the system’s endurance? These questions remain open and require
further investigation to determine the optimal balance between wind measurement
resolution and endurance for multi-rotor systems.

Another signicant question is the feasibility of estimating the vertical velocity.
This component of the wind vector is crucial for studying vertical uxes in the
atmosphere, such as momentum, heat, and latent heat uxes. However, the
magnitude of vertical velocity is typically an order of magnitude lower than that of
horizontal wind. This makes it challenging to estimate vertical velocity using multi-
rotor systems that rely on the tilt method. One possible approach is to analyse the
rpm of the motors to determine if the system is experiencing positive or negative
vertical wind. However, the equations governing the multi-copter’s ight behavior
are intrinsically interconnected. Thus, incorporating vertical wind estimation is
likely to alter the method for obtaining horizontal wind, potentially complicating
the overall process rather than simply adding to the theory discussed in Bramati

et al. [14]. Further research is needed to develop a robust method for accurately
estimating both vertical and horizontal wind components using multi-rotor systems.

Furthermore, both xed-wing and multi-rotor systems face signicant limitations
due to adverse ight weather conditions. It is evident that beyond certain wind
speeds, it becomes unsafe to take-o. Rainy conditions are also unsuitable for ight,
primarily because the data acquisition electronics are overly exposed to moisture.
To address this issue, a shielding system must be designed to protect the electronics
from both solar radiation and atmospheric precipitation.

Another common challenge, particularly in continental Europe, is the risk of
icing on the wings of xed-wing aircraft and on the propellers of multi-rotor systems.
Unfortunately, there is no way to completely prevent icing, which is inevitable
when operating vertical proles in certain atmospheric conditions. The only way to
ensure safe ight under these circumstances is to develop a de-icing system that
heats the leading and trailing edges of the airfoils at risk. This solution would allow
for safe operation even in icing conditions, ensuring the reliability and safety of the
data acquisition process.
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In Situ Uncrewed Aircraft Measurements of Turbulent Kinetic Energy over
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ABSTRACT: Turbulent kinetic energy (TKE) is a key variable in understanding the energy dynamics within the atmo-
spheric boundary layer. Accurate characterization of TKE is crucial for several applications, especially in regions character-
ized by complexity and heterogeneity. This study investigates the comparison between a moving sensor, an uncrewed
aircraft system (UAS), and a stationary sensor, a sonic anemometer, in the heterogeneous terrain of the boundary layer
eld site Falkenberg (Lindenberg, Germany) operated by the GermanWeather Service (DWD). The UAS, a multipurpose
airborne sensor carrier (MASC-3), was operated during three measurement campaigns in July 2020, June 2021, and
November 2022, respectively. The comparison pairs UAS measurements with data collected by a sonic anemometer posi-
tioned at a height of 90 m on a meteorological tower. The analysis focuses on careful data processing and precise synchroni-
zation of the time series from both sensors, so that the same air mass is taken into account when calculating turbulence
statistics. The study examines several parameters that can affect the quality of the comparison. The analysis showed that
the bias and scatter between the two sensors are a function of the wind direction: the best agreement was recorded when
the wind came from the south, a region of at terrain (bias of 21%, scatter of 53%). Conversely, less favorable statistics
were obtained when the wind blew from a sector between west to north, regions that are predominantly characterized by
forest cover (bias of 68%, scatter of 103%). This result illustrates the difculties of comparing UAS measurements along a
1.5–2.0-km long path with stationary point measurements above a heterogeneous land surface.

KEYWORDS: Complex terrain; Turbulence; Wind; Measurements

1. Introduction

One of the most crucial quantities to consider when study-
ing phenomena such as convection and wind shear in the at-
mospheric boundary layer (ABL) is turbulent kinetic energy
(TKE). It is dened as the mean kinetic energy that stems
from the variances of the three wind velocity components; it
is physically related to the kinetic energy of the turbulent ed-
dies and directly connected to the transport of momentum,
heat, and moisture (Stull 1988). Over the decades, several
studies have focused on characterizing and modeling its bud-
get equation (Wyngaard and Coté 1971; Lenschow 1974;
Caughey and Wyngaard 1979). This attention arises from the
fact that certain components of the TKE budget are directly
related to commonly used atmospheric stability parameters.
The objective of these studies has been to identify similarities
or scaling parameters under specic atmospheric conditions,
with the ultimate goal of facilitating the development of sim-
plied analytical models (Wyngaard 1992).

The exponential growth in computing capabilities over re-
cent decades has led to the widespread use of large-eddy sim-
ulation (LES) models and high-resolution numerical weather

forecast models (Andren et al. 1994; Stoll et al. 2020). TKE is
a key parameter in various turbulence models used in LES, as
it provides a quantitative measure of the turbulence intensity
and dynamics, particularly at scales that are not directly re-
solved in the simulations. These tools, created by various re-
search groups, often yield similar outcomes (Hodgson et al.
2023), but, as for any numerical simulation, validation through
experimental results is still crucial (El Bahlouli et al. 2020;
Platis et al. 2021; zum Berge et al. 2021). Moreover, obtaining
input parameters closely aligned with realistic conditions be-
comes essential for enhancing the model’s ability to accu-
rately simulate real-world turbulent ows and, therefore, to
provide reliable forecasting results (Bielli and Roux 1999; Xu
et al. 2009; Wang et al. 2010; Auerswald et al. 2012; Brilouet
et al. 2020).

For these reasons, there is a signicant demand for in situ
measurements of turbulent quantities (Wilczak et al. 2019),
particularly in areas where simulations deal with distinctive
topography, heterogeneous terrain, or natural obstacles; es-
sentially, regions where the characteristics deviate from the
conventional at and homogeneous terrain (Risanto et al.
2023). This is because over such terrains, simplied models
such as similarity constants cannot be used reliably (Foken
2006), given that different terrain surfaces facilitate the devel-
opment and interaction of boundary layers with profoundly
different characteristics (Kalthoff et al. 1998; Kossmann et al.
1998; Bou-Zeid et al. 2020).

In the atmosphere, TKE can be determined with high-
resolution measurements of the three-dimensional wind vector
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(Foken and Bange 2021). For ground-based meteorological
stations or towers, sonic anemometers provide such detailed
measurements. However, these sensors provide xed-point
measurements that are generally limited to altitudes close to
the ground or up to heights of 300 m at a very few instrumented
tall towers. Measurements at higher levels or based on more
exible measurement strategies can only be obtained by using
crewed (Lenschow 1970, 1974; Pennell and LeMone 1974;
Nicholls and Readings 1979; Tjernström and Smedman 1993;
Lohou et al. 1998; Brooks et al. 2003; Saïd et al. 2010; Cook and
Renfrew 2015; Brilouet et al. 2020; Siedersleben et al. 2020;
Syed et al. 2022; Platis et al. 2022, 2023) or uncrewed aircrafts
systems (UASs) (Reuder et al. 2012; Platis et al. 2016; Alaoui-
Sosse et al. 2019; Lampert et al. 2020; zum Berge et al. 2021;
Chechin et al. 2021; Wildmann and Wetz 2022; zum Berge et al.
2022; Shelekhov et al. 2022).

As mentioned by Bange et al. (2021), smaller research
UAS can provide accurate data on temperature, humidity,
and wind, comparable to larger crewed aircraft and can y at
lower altitudes. Even though these UAS have smaller pay-
loads and less endurance, they come with cost and logistical
advantages that make them suitable tools for capturing de-
tailed small-scale patterns of atmospheric wind, temperature,
and moisture elds (Platis et al. 2016; Rautenberg et al.
2019b; zum Berge et al. 2021; Schön et al. 2022; de Boer et al.
2024). Moreover, the application of small UAS for remote
sensing validation has been established in previous studies
(Martin et al. 2011). For a comprehensive overview of meteo-
rological UAS and research aircraft in general, readers are di-
rected to Bange et al. (2013).

In our study, xed-wing UASs of type multipurpose air-
borne sensor carrier (MASC-3) (Rautenberg et al. 2019b)
were employed by the Environmental Physics Group of the
University of Tübingen, Germany, to collect in situ turbulent
wind-vector measurements during three intensive observation
periods (IOPs) in 2020, 2021, and 2022, in the frame of the
validation of numerical simulations and remote sensing using
UAS (VALUAS) project. One of the objectives of the project
was to utilize UAS-derived data as a reference for evaluating
the accuracy and precision of TKE retrievals between 100 m
and 500 m above ground level (AGL) obtained by Doppler
wind lidars (DWLs) operated by the German Weather Ser-
vice [Deutscher Wetterdienst (DWD)].

However, turbulence-related in situ measurements and re-
mote sensing devices validation using xed-wing UAS have
rarely been practiced, and a few existing studies note the im-
portance of terrain homogeneity on the results (Beyrich et al.
2012; Sun et al. 2023). As highlighted by Rautenberg et al.
(2019b), the ability to accurately compare data obtained from
a ying xed-wing UAS with a stationary sensor depends on
the validity of the Taylor hypothesis of frozen turbulence.
Therefore, it becomes crucial to examine carefully whether
this hypothesis holds true and if terrain heterogeneity plays a
role in its validity.

The primary objective of this initial phase of the study is to
evaluate the accuracy and precision of the UAS system itself
in measuring TKE. This is achieved by comparing its meas-
urements with those obtained from an ultrasonic anemometer

mounted on a meteorological tower. A similar investigation
was previously conducted, wherein the MASC-3 system ew
over a at, homogeneous ice surface under strong stable con-
ditions in Finland. The results, presented by Rautenberg et al.
(2019b), showcased a high level of agreement between the y-
ing system and a sonic anemometer installed on a meteorolog-
ical tower and demonstrated the capabilities of the MASC-3
to measure statistical moments up to second order. However,
for the region where the VALUAS IOPs took place, previous
studies (Bange et al. 2002; Beyrich et al. 2006; Platis et al.
2017a,b) on low-altitude ights for momentum and sensible
heat uxes indicated that the results were highly dependent
on the roughness of the surface below, and ights over a for-
ested area resulted in larger uxes. These results were also in
alignment with direct measurements from ground stations at
the same location. Furthermore, the effect of land use and
vegetation type on resulting turbulent ux calculations has
been shown to be signicant between classes of different sur-
face characteristics such as water, or a forest (Beyrich et al.
2002a,b, 2006). Building on these premises, this study ad-
dresses the following questions:

• How can data from a UAS be compared accurately with
that from a stationary sensor?

• Is it feasible to compare turbulence measurements obtained
by a stationary sensor and a UAS over heterogeneous ter-
rain, such as that encountered during the VALUAS IOPs?
Does the Taylor hypothesis of frozen turbulence remain
valid?

• How is the quality of the comparison, and are there any
ight-specic factors inuencing it?

The manuscript is structured as follows: section 2 introdu-
ces the measurement site, outlines the three eld campaigns,
and discusses the two systems considered for the comparison.
Special attention is given to data handling, as there is cur-
rently no established method for processing and comparing
datasets from stationary and moving sensors, requiring careful
consideration and clarication. The turbulent quantity under
analysis (TKE) is dened, along with the quality metrics em-
ployed to assess the precision and accuracy of one sensor
compared to the other. In section 3, the results of the three
IOPs are presented in an overall plot, proving the advantages
of the data-handling algorithm. Subsequently, the inuence of
different parameters on the quality of the comparison is stud-
ied in detail. Finally, section 4 summarizes the key ndings of
the study and provides an assessment of the feasibility of the
potential next validation of the DWLs by using the UAS
dataset.

2. Materials and methods

a. Measurement site and campaigns

The boundary layer eld site Falkenberg [in German,
Grenzschicht-Messfeld (GM) Falkenberg] of the DWD,
about 60 km southeast of Berlin, Germany, hosted all the
measurement campaigns for this study.
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The DWD operates this site to study the ABL in the area
around the Meteorological Observatory Lindenberg–Richard
Aßmann Observatory (MOL-RAO), aiming to provide com-
prehensive measurements of the entire tropospheric reference
prole known as the “Lindenberg column” (Neisser et al.
2002). The eld site is situated upon a low grass meadow and
surrounded closely by agricultural elds on which mostly rye,
triticale, rape, maize, and sunowers are grown as typical veg-
etation. The small village of Falkenberg is located approxi-
mately 600 m to the southeast, while forest patches grow in
the western and northwestern areas approximately 1.5 km
distant. The results of the Lindenberg Inhomogeneous
Terrain}Fluxes between Atmosphere and Surface: A Long-
Term Study project (LITFASS) (Beyrich et al. 2002a) demon-
strate within an area of 20 3 20 km2 surrounding the GM
Falkenberg, how the turbulent uxes, and in particular vertical
momentum and heat uxes, are extremely dependent on the
local surface properties (Bange et al. 2002; Beyrich et al. 2006;
Platis et al. 2017a,b). Moreover, it was also noted how even
above the same surface (forest, meadow, or agricultural eld),
there can be very high variability of the turbulent quantities
and uxes mostly due to inhomogeneities in the soil moisture
content (Mengelkamp et al. 2006). Therefore, the terrain sur-
rounding the measurement site is considered heterogeneous.

In the framework of the VALUAS project, three IOPs were
conducted at the GM Falkenberg. Details about the three mea-
surement campaigns are reported in Table 1, while more in-
depth details of the ights are presented in appendix A.

b. MASC-3 uncrewed aircraft system

The well-established UAS platform MASC-3 was utilized
to collect in situ measurements of atmospheric quantities dur-
ing the three IOPs (Fig. 1). MASC-3 has demonstrated its re-
liability across a diverse range of studies, establishing itself as
a dependable platform for sampling the lower atmospheric
boundary layer (Wildmann et al. 2017; zum Berge et al. 2021;
Schön et al. 2022; zum Berge et al. 2022). High-resolution
measurements of the three-dimensional wind vector are
achieved by outtting the system with a ve-hole probe
(5HP), an inertial measurement unit (IMU), and a fast thin-
wire resistance thermometer (van den Kroonenberg et al.
2008; Wildmann et al. 2014a,b).

A comprehensive description of the UAS system, including
the scientic payload and data postprocessing algorithms, is
provided in Rautenberg et al. (2019b). Operating at a cons-
tant airspeed (AS) of 19.5 m s21, the UAS gathers valuable

data along so-called “legs,” which denote straight and leveled
ight sections. Due to challenges in accurately postprocessing
the wind vector during turns, only the legs are considered in
the subsequent analysis. Mission planning ensured that the
aircraft traveled both forward and backward along the same
path, with adjustments made to align with the prevailing wind
direction as closely as possible. Table 2 outlines the character-
istics of the MASC-3 measurement outputs.

c. Sonic anemometer

Two Metek USA-1 ultrasonic anemometers are mounted
on the DWD’s meteorological tower at heights of 50 and 90 m
AGL (see Table 2). These anemometers operate continu-
ously, providing three-dimensional wind vector measurements
at a sampling frequency of 20 Hz.

Situated on horizontal booms extending southward from
the main tower structure, these anemometers encounter limi-
tations in specic wind directions due to interference from the
tower itself. For this study, we focused on the ultrasonic ane-
mometer mounted at 90 m AGL (Fig. 2).

d. Data processing

1) DATA FILTERING

Asmentioned in section 2c, the highest ultrasonic anemometer
installed at Falkenberg is positioned at a height of 90 m AGL.
Consequently, among all the UAS ight legs, only those with an
average altitude below 105mand above 80mAGLwere selected.

Additionally, the permanent sensor has limitations in cer-
tain wind directions, as its data should not be used for com-
parison due to the tower’s structure standing on the one side
of the ultrasonic anemometer. This creates articial distur-
bances when the wind blows from between 08 and 508. A sec-
ond lter is then applied to the entire set of legs to remove
cases where this condition is met. Approximately 6% of the
ight legs fall into this category and were consequently ex-
cluded from further analysis.

The analysis outlined in Boventer et al. (2024) underscores
the signicance of maintaining a low angle between the
ground trajectory of the aircraft and the mean atmospheric
wind direction. This is crucial to ensure that the tower-

TABLE 1. Details of the three measurement campaigns carried
out at GM Falkenberg by the Eberhard Karls Universität
Tübingen Umweltphysik group in the framework of the VALUAS
project including the number of ights and the number of legs (see
section 2b) considered for this study.

Start date End date Nflights Nlegs

IOP-1 7 Jul 2020 29 Jul 2020 13 30
IOP-2 7 Jun 2021 2 Jul 2021 17 84
IOP-3 17 Nov 2022 29 Nov 2022 8 15

FIG. 1. The UAS platform MASC-3 and launching catapult be-
fore takeoff. The standard turbulence instrumentation is mounted
at the very front of the aircraft. Additional (electrical charge and
particle}not topic of this study) sensors are mounted on the wings.
The pusher engine with two rotor blades is at the tail of the UAS.
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mounted sensor and the airborne platform measure the same
air mass. Further details about this parameter, referred to as
the fetch angle, can be found in the aforementioned study.

Thus, in a third and nal ltering step, the ight legs were
precisely assessed for the fetch angle. Similar to Boventer
et al. (2024), only legs with a fetch angle smaller than 408 were
considered for further comparison. This additional criterion
resulted in the removal of another 35% of the remaining legs.

2) UPWIND AND DOWNWIND LEGS

As detailed in Rautenberg et al. (2019b) and emphasized in
section 2b, the MASC-3 ight controller is programmed to
maintain a constant AS during ight, irrespective of the atmo-
spheric wind, by using propulsion and pitch in order to regu-
late the speed. The ight strategy involves ying continuously
straight legs between two waypoints, resulting in legs of equal
length in space but changing duration in time in case the at-
mospheric wind is not zero. In the presence of nonzero wind
and given the low fetch angle values resulting from the lter-
ing, the UAS ies against the wind on one leg (headwind) and
with the wind on the other leg (tailwind). These two condi-
tions are commonly referred to as upwind and downwind
legs. It is straightforward that during upwind legs, the ground
speed of the aircraft is lower, while it is higher for downwind
legs. With legs of equal length, this effect results in time series
of different durations, where the time difference between up-
wind and downwind sections is merely a function of the mag-
nitude of the meteorological horizontal wind speed. Figure 3
illustrates a clear example of the difference between upwind
and downwind legs during ight number 118. In accordance
with Lenschow et al. (1994), a single, longer data series pro-
vides a lower systematic statistical error over turbulent

quantity measurements compared to averaging multiple
shorter series. Therefore, only the upwind legs are considered
for the comparison with the ultrasonic anemometer.

3) TIME SERIES VERSUS SPACE SERIES

The histogram in Fig. 4 shows the distribution of the spatial
length of the 120 legs that passed the aforementioned lters.

Although a direct comparison between the UAS leg data
and the ultrasonic anemometer data from the beginning to
the end of the leg may appear to be a straightforward ap-
proach, a closer examination reveals that it is, in fact, awed
and would inevitably yield misleading results. This discrepancy
can be attributed to the fundamentally different measurement
methods employed by the two sensors. The anemometer,
which is mounted on a tower, samples the air mass that is ad-
vected through it, whereas the UAS maintains a xed AS as it
ies through the air. Provided that the wind speed does not ex-
ceed the target AS maintained by the autopilot, it will consis-
tently sample a greater volume of air than a stationary sensor
in the same period of time. To overcome this difference when
comparing high-resolution UAS and ground-based sonic data,
both time series must be converted into space series, thus en-
suring that the same air masses are being compared.

This assumption is valid only if we consider no crosswind
along the ight leg and if the Taylor hypothesis of frozen tur-
bulence holds.

The leg-space series is obtained by integrating the instanta-
neous true AS (TAS) measured by the sensor payload over
the logging time of the leg. The same procedure is applied to
the sonic anemometer, using the horizontal wind speed and
considering a wider start and end time, given that it always
takes longer for the sonic anemometer to sample the same air
mass as the UAS. The challenge arises in determining the cor-
rect position for the smaller UAS-space series within the
wider sonic-space series. In other words, the objective is to iden-
tify the identical air mass for both sensors. This procedure is not
straightforward, as the overlap of the two data series depends on
the relative position in space of the beginning and end of the legs
with respect to the tower and the direction of themeanwind.

A mathematical method for obtaining this information is to
perform a cross correlation of the two series and identify the
maximum value in the cross-correlation coefcient, which in-
dicates the point of greatest similarity between the two series.
This procedure facilitates the identication of the spatial lag
between MASC-3 and the ultrasonic anemometer data. The
aforementioned correction has been applied to the upwind
leg of Fig. 3, as depicted in Fig. 5. This information enables

FIG. 2. View on the upper part of the 99-m tower at GMFalkenberg
toward WSW, the sonic is mounted on the boom pointing to the left
(S) at a height of 90 m. From Boventer et al. (2024).

TABLE 2. Basic measurement characteristics of the MASC-3 (Rautenberg et al. 2019a,b) and the Metek USA-1 sonic anemometer
mounted at 90-m height on the meteorological tower.

MASC-3 Metek USA-1 sonic anemometer

Sampling rate 100 Hz 20 Hz
Atmospheric wind range 0–30 m s21 0–60 m s21

Wind speed accuracy ’0.2 m s21 @ 9 m s21 2%
Wind direction accuracy ’0.48 @ 9 m s21 28 @ 5 m s21

Resolution 0.001 m s21, 0.0018 0.01 m s21, 0.18
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the determination of the start and end timestamps for the
sonic data, thus ensuring their complete representativeness of
the air mass sampled by the UAS during each leg.

Figure 6 displays the distribution of the UAS time series
duration (Fig. 6a) together with the distribution of the respec-
tive duration of the sonic anemometer time series (Fig. 6b)
and the horizontal length of the air volume sampled by the
two sensors (Fig. 6c): it can be noted, as previously explained,
that the sonic anemometer takes longer than the UAS to sample
the same length of the air volume.Only after applying this ltering
and these corrections, the two datasets, which differ in duration
but sample an equal amount of air, can be used for calculating tur-
bulent quantities that can bemeaningfully compared.

It is important to remember that this algorithm is based on
two assumptions that are linked to each other. These are the
Taylor hypothesis of frozen turbulence and the assumption
that the trajectory of the UAS during its mission is perfectly
aligned with the wind direction. In the case of our dataset, it
is not possible to verify both hypotheses, so it would be unwise to
expect to have eliminated all uncertainties simply by this proce-
dure. Taylor’s hypothesis is the subject of one scientic question

of the present study. Therefore, it is not yet possible to consider it
valid. Moreover, in order to maintain a signicant number of legs
in our analysis, it is necessary to relax the condition on the cross-
wind.However, as will be shown in the following sections, the ap-
plication of this method to the present dataset provides a
signicant improvement in the process of comparison between
theUAS and the sonic anemometer.

e. Turbulent quantities

Making use of the common Reynolds decomposition, the
wind vector can be written as

U 5 U 1 u, (1)

with U being the vector of the mean values of the wind speed
while u 5 [u, y , w] being the vector of the uctuating compo-
nent. Given this denition, it is possible to dene the follow-
ing variables which are of interest for the rest of the analysis.

TKE

The turbulent kinetic energy per unit mass k is dened as
the sum of the averages of the three uctuating components
of the wind speed squared (Pope 2001):

k 5
1
2
(u2 1 y 2 1 w2 ): (2)

For discrete random variables such as the three components
of the uctuating velocity, the TKE can be easily computed
by summing the variances of the three components:

k 5
1
2
[Var(u) 1 Var(y) 1 Var(w)]: (3)

The calculation of TKE in this study is performed over each
of the UAS legs and over the corresponding sonic anemome-
ter corrected time series and employs the formulation of
Eq. (3) also implemented in Büchau et al. (2024) after linearly
detrending both time series.

f. Quality metrics

To compare the two datasets, one coming from the meteo-
rological tower and the other one from the UAS, we dene
the following statistical quantities:

FIG. 4. Distribution of leg length for the data used in the analysis.
The black line represents the median value.

FIG. 3. Example of time difference between upwind (light green) and downwind (dark green)
legs. The variable h represents the uctuating part of the horizontal wind speed. Time series
from ight 118 (2 Jul 2021): the mean horizontal wind speed is 7.0 m s21, the upwind leg duration
is around 244 s, while the downwind leg lasts only 116 s.
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1) BIAS DIFFERENCE AND MEAN BIAS DIFFERENCE

For each UAS leg, we have corresponding TKE measure-
ments obtained from the MASC-3 and the sonic anemometer.
The bias difference (BD) is dened as the normalized error
between the two measurements:

BDi 5
kUAS
i 2 ksonici

ksonici

: (4)

Here, i represents any specic measurement within our data-
set. We chose to normalize with the measurement from the
sonic anemometer, as this instrument serves as our reference
in the initial phase of this study.

Consequently, the mean BD (MBD) will be simply the av-
erage over the total number of elements N (number of legs)
in the dataset of the BDs:

MBD 5
1
N
∑
N

i51
BDi: (5)

This quantity serves to unveil the presence of any systematic mea-
surement error between the two sensors. In the context of this
study, where we aim to conduct a form of calibration for one sys-
tem (theUAS) using a reference (the sonic anemometer), the BD

statistical measure denes the accuracy of the instrument under
the calibration procedure. It effectively quanties the extent to
which the UASmeasurements align with the reference sonic ane-
mometer, providing crucial insights into the calibration process.

2) RMSD

The root-mean-square difference (RMSD) is dened as the
square root of the average of the squared BDs:

RMSD 5


1
N
∑
N

i51
BD2

i

√
: (6)

This metric serves as a representative measure of the scatter of
the data around the reference value. In other words, it allows us
to assess the uncertainty of our instrument whenmeasuringTKE.

3. Results and discussion

a. TKE comparison

Figure 7 presents a direct comparison of the TKE measure-
ments acquired using the sonic anemometer and the UAS.
Figure 7a illustrates the outcome of our data postprocessing,
following the method detailed in section 2d(3). In contrast,

FIG. 6. Distribution of (a)MASC-3 time series duration, namely, the length in time of eachUAS leg; (b) sonic anemometer time series duration
after the space-series conversion synchronizationwith theUAS signal; and (c) horizontal length of the air volume sampled by the two sensors.

FIG. 5. Example of space-series conversion and synchronization. Here, the two space series
are overlapped to obtain the maximum of the cross correlation between them as explained in
section 2d(3). The variable h represents the uctuating part of the horizontal wind speed. Space
series from ight 118 (2 Jul 2021): the mean horizontal wind speed is 7.0 m s21. The leg shown
here corresponds to the upwind leg of Fig. 3.
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Fig. 7b displays same values obtained using the same UAS
data series, but the sonic data series are simply conned
within the start and end of each leg.

These two graphs prove that the comparison performed in
this last way is inherently awed. The comparison of two
equally long time series results in a different amount of air
sampled by the two systems, with the sonic sensor consistently
sampling less air. It is evident that, although the validity of
the frozen turbulence hypothesis remains so far unveried
and despite a permitted crosswind angle of up to 408, the sim-
ple act of comparing an equivalent amount of air reduces the
overestimation of TKE by a factor of 3 or more.

Nevertheless, even when the appropriate postprocessing
method is employed, the MBD between the UAS and the ref-
erence is still 64%, indicating a systematic overestimation in
measurements obtained from the uncrewed aircraft in compar-
ison to the tower reference. Furthermore, the RMSD stands at
105%. This overestimation and scatter appear to be consistent
for all the three components of the TKE (appendix B), sug-
gesting that there is no systematic measurement error along
any particular direction. This discrepancy demands further in-
vestigation to ascertain whether factors pertaining to the UAS
or atmospheric conditions exert a substantial inuence or
whether the two hypotheses that are not entirely fullled are
the sources of this residual bias.

b. Spatial influence

Given the comparatively poorer statistical performance
compared to the mean wind analysis conducted in Boventer
et al. (2024) (MBD: 1.8%, RMSD: 19.4% for leg-cup ane-
mometer comparison), initial interest was placed on whether
further ltering of the results by using the relative distance
to the reference sensor would improve the statistics. As elu-
cidated in section 2d, the two measurement devices operate
on inherently different principles and methodologies. De-
spite the meticulous postprocessing corrections described in
section 2d(3), statistical disparities may persist owing to the

fundamental difference that the two sensors do not measure
at the same location. As a result, the UAS legs underwent a
progressive ltering process, taking into account circular re-
gions around the meteorological tower. The minimum radius
around the tower was established at 300 m, while the maxi-
mum radius (where all data are encompassed) was set at
1800 m. An additional criterion was implemented, stating
that any new leg entering the subsequent circular region
must sample at least 100 m of air. Figure 8a visually illus-
trates the various circular regions around the meteorological
tower.

As we gradually expand the area around the meteorological
tower, two distinct factors can inuence the TKE comparison
statistics. First, in the smallest area (only 300 m around the
tower), approximately 50% of the legs fall within this range;
as we increase the radius, more legs are encompassed in the
analysis, with all legs included once the 800-m radius circle
around the tower is reached. Second, as the area considered
expands, a larger fraction of each leg is included in the analy-
sis. Consequently, the length of the space series used to calcu-
late TKE progressively increases.

In an attempt to discern between these two effects, two dis-
tinct analyses were conducted. The rst, depicted in Fig. 8b, in-
volved calculating TKE quality metrics for each leg solely at
the moment it entered the analysis area, without updating
the values at subsequent iterations. This approach involved
generally shorter space series than the ones available from
each leg; however, it allowed visualizing the inuence of the
increasing number of legs within our statistical sample. Ini-
tially, just over 50% of the legs (66) are included in the calcu-
lation of MBD and RMSD, with 100% of the legs being
reached at a radius of 800 m. It can be observed that both
MBD and RMSD do not vary signicantly as the sample
population increases: MBD starts at 82% and stabilizes at
73% when all legs are considered, while RMSD uctuates
but consistently remains around 135%.

On the other hand, Fig. 8c illustrates an analysis where only
the 66 legs within the circle of radius 300 m were utilized for
calculating quality metrics, ignoring any leg that would enter

FIG. 7. Comparison between TKEmeasured by the sonic anemometer on the meteorological tower and the UAS system.
Each of the scatter points corresponds to one UAS leg. (a) Comparison performed over shifted space series; (b) comparison
performed by simply considering the sonic and UAS time series cut with the start and end time of each leg.

B RAMAT I E T A L . 325MARCH 2025



the area of interest in further iterations. As the area consid-
ered around the meteorological tower expands, the length of
each leg increases, consequently increasing the space series
length and the amount of air utilized for TKE statistics com-
putation. Initially, only about 25% of the total air is utilized
to compute MBD and RMSD, with 100% being utilized only
in the area with a radius greater than 1800 m.

Once again, MBD initiates at 82% and decreases to approx-
imately the value depicted in Fig. 7c (around 64%), conrming
the adequacy of our statistical sample while also indicating the
bias’s independence of the leg length. Conversely, RMSD de-
creases from an initial value of 135%–105%, meaning that
considering the legs in their completeness leads to an uncer-
tainty reduction of the measurement although it means ying
further from the tower.

c. Influence of environmental and UAS-related variables

Our UAS was primarily programmed to execute ight
paths aligned either in the north–south (NS) or east–west
(EW) directions based on the prevailing wind direction each
day. Due to the terrain characteristics, it appears of interest to
investigate whether one direction yields better outcomes
when comparing the TKE measurements of the two sensors.
The parameter indicating the precise direction toward which the
UAS is ying is denoted as ground course c, typically ranging

from 08 to 3608 (starting from north in a clockwise direction).
However, at this point, it is irrelevant toward where exactly the
UAS is ying: what matters is just the orientation of the
leg on the map; therefore, wrapping the ground course be-
tween 08 and 1808 makes the analysis and the plotting of
the results simpler and easier. A ground course of 08 or
1808 signies a perfect NS leg, whereas 908 represents a
perfect EW orientation.

As depicted in Fig. 9, the ights at approximately 90 m ex-
hibit a distinct grouping into two primary ground course di-
rections. However, in order to accurately classify the legs as
either NS or EW, it is essential to allow for some margin
around 908 as well as around 08 or 1808. We chose to keep a
margin of 6308 around the exact NS and EW directions, in a
way described in Table 3.

Figure 10 presents a scatterplot comparison of the TKE for
the two distinct ground course groups. The number of legs is
almost evenly divided between the NS and EW groups. How-
ever, the statistics do not appear to be dependent on the spe-
cic ground course: the MBD remains just above 60%, while
the RMSD is 114% for the NS direction and 100% for the
EW direction.

However, even within these two ground course groups,
there is a substantial difference due to the wind direction,
which determines the direction of the upwind legs used for

FIG. 8. (a) Map of all the legs used for the analysis with the corresponding increasing cut circles around the meteo-
rological tower. (b) Behavior of the TKE statistics (MBD and RMSD expressed in percentage) with increasing cut ra-
dius, increasing the number of legs but not their space extent. (c) Behavior of the TKE statistics (MBD and RMSD
expressed in percentage) with increasing cut radius, increasing the leg’s space extent but not their number.
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the analysis. Thus, we decided to further split the two ground
course groups based on the main wind direction. The EW
group was divided into two subgroups representing winds
coming from the east (E) and west-northwest (WNW), while
the NS group was split into winds coming from the south (S)
and north-northwest (NNW). The details of the splitting are
summarized in Table 4.

The four subgroups encompass all legs where the wind
originated from the regions visualized in Fig. 11: S and E
correspond to the purple sector, while WNW and NNW cor-
respond to the red sector. In the S and E group, the wind
blows from an area predominantly characterized by atland
and cultivated ground, whereas in the other two groups, the
wind comes from an area where forest patches of different
sizes are present.

The TKE comparison for the four subgroups is depicted in
Fig. 12, while the MBD and RMSD for all the TKE compo-
nents are reported in Table 5. Unfortunately, the E group
comprises only six legs which makes the statistics more uncer-
tain than for the other groups. This analysis reveals that dur-
ing the NS ground course legs with wind coming from a
southern direction (S, at land), the MBD is 3 times smaller
than in cases where the wind blows from WNW (forest):
around 21% against 68%. Additionally, the data scatter is 2
times less for the S group. Moreover, it can be noticed in
Table 5 that when ying north–south legs with wind coming
from the south, the variance of the main wind component, in
this case y , agrees almost perfectly (only 4% difference) with
what is recorded by the sonic anemometer. A similar behavior
can be seen for the E subgroup, where the lowest MBD and
scatter are recorded for the variance of the u component;
however, as already mentioned, this group is probably not big
enough to be taken as a valid reference. The same tendency
also appears when comparing S with NNW with even higher
MBD (97%) and RMSD (151%). This suggests that even for
NS ground course legs, when the wind blows from the forest
region, the statistics considerably worsen.

The reasons for this poorer comparison observed for the
two wind directions WNW and NNW (hereafter abbreviated
as NW) are difcult to pinpoint, as the variables involved are
numerous and can act in opposite directions, masking the ef-
fects of each other. In the following sections, the data avail-
able in terms of TKE have been analyzed by separating the
two wind directions mentioned above and trying to nd a cor-
relation in the TKE BD as a function of some important

TABLE 3. NS and EW leg group splitting according to the
ground course c.

c group c boundaries Nlegs

NS 08 # c # 308 49
1508 # c # 1808

EW 608 # c # 1208 60

FIG. 10. Comparison between TKE measured by the sonic anemometer and the UAS system. (a) NS ground course
and (b) EW ground course.

FIG. 9. Map including all the legs considered for the TKE analy-
sis. The red dot represents the meteorological tower at the GM
Falkenberg. The legs plotted in red belong to the NS ground course
group, while the ones in green belong to the EW ground course
group. The black lines do not belong to either of the two groups
and were excluded from further analysis.
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variables related to both the environmental conditions and
the UAS itself.

d. Average altitude

As depicted in Fig. 13a, the average altitude of each leg can
exhibit variations of up to 15 m around the target altitude of
90 m. This is due to the fact that some of the legs were not
programmed to be own exactly at 90 m, and also because of
the many thermals that the UAS can encounter on its way, es-
pecially during the summer ights. The Pearson correlation
coefcient (Benesty et al. 2009) of the BD with the ight alti-
tude is remarkably weak for the NW direction, revealing that
this specic parameter has no discernible inuence on the
quality of the comparison between the two sensors when the
wind blows from this specic direction. On the other hand, it
is interesting to see that when analyzing the legs with south
wind direction (the dark purple ones), there is a slight ten-
dency to improve the BD, with the smallest values being
around 90 m as expected. The correlation is still quite low,
but a dependency is denitely discernible when compared to
the other wind direction.

e. Fetch angle

As elucidated in section 2d(1) and in Boventer et al. (2024),
the fetch angle holds substantial signicance in this analysis,
and a threshold of 408 was previously implemented to en-
hance the quality of comparisons. Hence, it is essential to
reevaluate whether there persists a discernible dependency of
the bias difference on this variable.

Figure 13b indicates a weak, if not entirely nonexistent, cor-
relation. Therefore, it appears that this variable does not exert
signicant inuence at this point on the quality of comparison
between the sonic anemometer and a mobile UAS platform.

f. Bulk Richardson number

The bulk Richardson number (Rib) serves as an indicator
of the stability of the lower ABL. Stull (2016) denes Rib as

Rib 5
gDQyDz

T y [(Du)
2
1 (Dy)2]

, (7)

with g5 9.81 m s22, DQy being the difference of potential virtual
temperature between two heights, and T y being the arithmetical
mean of the virtual temperatures between the two heights. The
(Du)2 and (Dy)2 are the differences in the two horizontal wind
components.

In this study, Rib is computed using variables sampled at
z1 5 1 m and z2 5 98 m by the instrumentation of the GM

Falkenberg at the meteorological tower location. The wind
speed at 1-m height was approximated as u1m ’ 0, y1m ’ 0,
and Eq. (7) then becomes

Rib 5
gDQyDz

Ty (u
2 1 y2)

, (8)

with u and y being now the two horizontal wind components
at the upper end of the vertical column, i.e., at 98-m altitude.

The Rib values above 0.25 signify thermally and dynami-
cally stable conditions, 0 , Rib , 0.25 indicates solely ther-
mally stable conditions, and Rib , 0 suggests a thermally
unstable lower ABL. Figure 13c illustrates the relationship
between the BD and Rib for all legs. Again, the correlation
coefcient is exceptionally weak for the NW wind direction,
suggesting that atmospheric stability does not signicantly af-
fect the quality of the comparison between the UAS and sonic
anemometers. For the south wind direction group, the corre-
lation coefcient is slightly higher, but it is difcult to nd a
clear dependency, at least for Rib . 0, and there is only one
point with stable atmospheric conditions, so it is difcult to
draw any conclusions.

g. TKE

Exploring whether the discrepancy between the two meas-
urements of TKE correlates with the TKE value itself is an in-
triguing aspect to investigate. As depicted in Fig. 13d, the
correlation between bias and TKE appears relatively weak
for both wind directions. However, in both cases, it is nega-
tive, and it is noteworthy that the largest bias tends to occur
for relatively low TKE values.

FIG. 11. Map including all the legs and the two main wind direc-
tion sectors considered for the analysis. The purple sector spans
from 1408 to 2208 (at land), while the red sector spans from
2408 to 3608 (forest).

TABLE 4. Subgroup division of the ground course NS and EW
groups. The different subgroups are generated according to the
mean wind direction.

c group WD group WDmin WDmax Nlegs

NS S 1408 2208 24
NNW 3008 3608 25

EW E 608 1208 6
WNW 2408 3308 47
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This can be due to the inherent uncertainty in the measure-
ments with both systems but also to the fact that under condi-
tions where the turbulence level is relatively low (e.g., lower
than 1 m2 s22), local effects}such as the terrain footprint}
might still be present but not dissipating rapidly enough. Conse-
quently, these effects could potentially corrupt the measurement
over a span of several hundred meters, contributing to the
observed discrepancies and underlining the inuence of

surface heterogeneity on the observations. Although this is
only speculation, it may be a reasonable explanation for this
weak dependence.

h. TAS standard deviation

As described in section 2b, the UAS is programmed to
maintain a constant TAS. Clearly, this is possible on average,
but instantaneously, the system will be subject to acceleration

FIG. 12. Comparison between TKE measured by the sonic anemometer and the UAS system. (a) Subgroup of the
EW ground course legs, wind blows from E; (b) subgroup of the NS ground course legs, wind blows from south;
(c) subgroup of the EW ground course legs, wind blows fromWNW; (d) subgroup of the NS ground course legs, wind
blows from NNW.

TABLE 5. MBD and RMSD between UAS measurements and sonic anemometer measurements for the different ground course
subgroups.

E S WNW NNW

MBD (%) RMSD (%) MBD (%) RMSD (%) MBD (%) RMSD (%) MBD (%) RMSD (%)

TKE 59 78 21 53 68 103 97 151
Var(u) 37 51 43 63 55 101 97 160
Var(y) 92 129 24 59 81 147 85 142
TKEH 59 76 13 47 62 103 87 136
Var(w) 62 87 51 95 92 134 122 195
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FIG. 13. Inuence of six different variables on the BD between UAS and sonic anemometer. (a) Average leg alti-
tude, (b) fetch angle, (c) bulk Richardson number, (d) TKE recorded by the sonic anemometer, (e) UAS TAS stan-
dard deviation, and (f) mean horizontal wind recorded by the sonic anemometer. Each point in the plot represents
one ight leg, while r represents the Pearson correlation coefcient (Benesty et al. 2009).
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and deceleration caused by various factors including vertical
wind, turbulent eddies, and thermal currents. No matter how
robust the ight control system is, it will take some time for it
to adapt to the new ight conditions. To try to describe, and
take into account this phenomenon, the parameter considered
here is the standard deviation of the TAS. Figure 13e shows
the BD of the TKE as a function of this ight system parame-
ter. Clearly, higher values of the standard deviation represent
legs where the UAS had more difculty in keeping the TAS
value constant. In any case, no clearly dened BD dependence
can be observed for this parameter either for the wind direc-
tion coming from at terrain or for the wind direction sector
coming from the forest.

i. Mean horizontal wind speed

The last variable analyzed here is the mean horizontal wind
measured by our reference sensor, the sonic anemometer.
Again, the BD shows no dependence on increasing wind
speed, and the correlation coefcient for both wind direction
groups only conrms what is clear from a visual inspection of
Fig. 13f.

j. Terrain characteristics

The only conclusion that can be drawn from the analysis of
all these variables is that there must be something else
inuencing the distribution of BDs between the UAS and the
sonic anemometer, especially for the NW wind direction. As
indicated by numerous preceding studies (Bange et al. 2002;
Platis et al. 2017b), the terrain heterogeneity surrounding GM
Falkenberg bears signicant importance. It is well known that
turbulent uxes are generally higher over forested regions.
The presence of trees increases the roughness length, and a
shear layer forms in the downwind region: both factors
increase the mechanical turbulence (Bange et al. 2002; Men-
gelkamp et al. 2006; zum Berge et al. 2022). Although we can-
not provide incontrovertible evidence for the following
statements, we suspect that the reasons for the poorer com-
parison observed in the NW directions are due to the ight
path crossing areas of forest and a wind blowing from the di-
rection of forest. In addition, looking at the elevation con-
tours in Fig. 11, it can be seen that the northwest area also has
a slightly higher elevation than the south area. The forest area
is at an elevation of around 85–90 m AGL, while the tower
site is at 73 m AGL. This difference, although small, must be
added to the height of the trees, and since the MASC ies by
maintaining the same altitude with respect to the starting
point, this means that the distance between the UAS and the
top of the trees is even smaller. It is the authors’ opinion that
these two effects together result in a high inhomogeneity of
atmospheric turbulence. Of course, these factors are not the
only ones that cause such high TKE scatter between their sys-
tems, but they seem to be the ones that have the largest inu-
ence, somewhat overriding other variables to which TKE
seems to be less sensitive (e.g., exact ight altitude). The even
higher MBD (97%) and RMSD (151%) of the NNW sub-
group might also be a consequence of the disturbance of the

tower structure on the sonic signal, still present despite lter-
ing wind directions between 08 and 508.

4. Conclusions and outlook

As part of the VALUAS project, three intensive observa-
tion periods were conducted near GM Falkenberg, over a het-
erogeneous rural landscape southeast of Berlin. The UAS of
type MASC-3, operated by the University of Tübingen, was
deployed to collect more than 43 h of ight data at various alti-
tudes. This dataset were intended for use in validating new
DWL systems employed by the German Weather Service
(DWD). In a prior study by Boventer et al. (2024), the validity
of utilizing UASs to provide a reference for these systems was
demonstrated, specically focusing on mean wind speed and
direction.

In the initial phase of this study, the analysis of ight data is
expanded to encompass atmospheric wind uctuation compo-
nents through turbulent kinetic energy (TKE). The specic
focus on this variable arises from the fact that the DWL sys-
tems slated for validation provide an estimate of TKE over a
30-min time average.

The primary objective of this analysis is to evaluate the ca-
pabilities of a xed-wing UAS system in delivering accurate
TKE measurements above a distinctly heterogeneous terrain
and to assess whether Taylor’s hypothesis of frozen turbu-
lence holds true under these conditions.

The current study builds upon concepts explained in
Boventer et al. (2024), such as the fetch angle, and estab-
lishes a detailed and systematic method for ltering and syn-
chronizing measurements obtained from the UAS and a
sonic anemometer operated as a reference sensor on a me-
teorological tower at 90 m above ground level. This data
processing step is crucial due to the intrinsic differences in
measurement methods between the two compared sensors:
one captures measurements along a straight line traversing
the lower atmospheric boundary layer, while the other func-
tions as a static sensor.

In the text, the correctness of the postprocessing algorithm
is demonstrated, which reduces the bias and scatter between
UAS and sonic anemometer measurements by 3/4. Addition-
ally, the inuence of the total number of legs and their length
on the quality metrics is examined. It is found that increasing
the leg length signicantly reduces the scatter but only slightly
affects the bias between the two systems. However, consider-
ing all ight legs under analysis together, there remains a no-
ticeable bias between the two systems of 64% and a scatter of
105%.

A subsequent analysis indicates improved agreement be-
tween the UAS and the sonic anemometer (MBD: 21%,
RMSD: 53%) when the ight path is directed from north to
south and the wind originates from the south, encompassing
predominantly at and cultivated land. In contrast, when
the wind blows from the west-northwest, characterized by for-
est-covered land, the quality metrics more than double
(MBD: 68%, RMSD: 103%).

In light of these results, it is evident that the frozen turbu-
lence hypothesis is not veried. It is the authors’ opinion
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that in this specic case, the terrain heterogeneity plays a
predominant role when comparing a stationary and a mov-
ing sensor as it has been shown that other variables have lit-
tle or even no inuence on the UAS–sonic anemometer
comparison.

These ndings present new challenges in validating lidars
using the MASC-3 dataset within the VALUAS project.
While it is reasonable to restrict the dataset to wind direc-
tions from the south, this results in a signicant reduction
in the available legs. Furthermore, at higher altitudes, the
effect of the terrain may be less pronounced than at the
90 m AGL of the data considered in this analysis. In light of
the current situation, where the comparison results are al-
ready predominantly dependent on the wind direction, the
additional dependence on ight altitude introduces a fur-
ther variable that cannot be compared with any reference
sensor.

Given the particular test site and ight strategy in question,
it is not possible to ascertain the accuracy of the UAS TKE
estimate with sufcient condence. It is important to note
that this issue is not inherently related to the accuracy of the
UAS data acquisition capabilities, which have been previously
validated in other studies. Rather, it is a consequence of the
fact that one sensor is stationary while the other is moving in
space.

The optimal methodology for conducting comparative ex-
periments at the Falkenberg site with regard to turbulent
quantities would be the utilization of rotary-wing UAS, which

are capable of maintaining a xed spatial position while mea-
suring atmospheric ow conditions.
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APPENDIX A

Flights Overview

The ights used in this study (Table A1) are approximately the
same as those used in Boventer et al. (2024) where the UAS is
validated against the tower and subsequently the two DWLs are
validated against the UAS in terms of mean wind speed. For this
purpose, the missions were designed to y at different altitudes
for at least 10 min. This strategy provides an average of two legs
per altitude, and therefore, we only have two legs around 90m, af-
ter which the UAS would climb to the next predened altitude.
For the next part of this work, the comparison between the UAS
and DWL in terms of TKE, theMASC-3 had to y for at least 30
min at each altitude, as the DWL TKE estimates are given with a
frequency of one every 30 min. As a result, some of the ights
(e.g., 110, 111, 115, 119, 131) have several legs around 90m.
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APPENDIX B

TKE Components

In this appendix, the comparison of the individual com-
ponents of the TKE variable is plotted together with the

TKE of the horizontal wind (Fig. B1). They consist of the
variance of the three components of the wind vector. The
data shown in these plots consist of the same legs of Fig. 7
before the application of any ltering on the ground
course or wind direction.

FIG. B1. Comparison between variables measured by the sonic anemometer on the meteorological tower and the
UAS system. Each of the scatter points corresponds to one UAS leg. (a) Var(u), (b) Var(y), (c) TKEH, and
(d) Var(w).
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and P. Vörsmann, 2008: Measuring the wind vector using the
autonomous mini aerial vehicle M2AV. J. Atmos. Oceanic

Technol., 25, 1969–1982, https://doi.org/10.1175/2008
JTECHA1114.1.

Wang, Y., C. Williamson, G. Huynh, D. Emmitt, and S. Greco,
2010: Diagnostic wind model initialization over complex
terrain using the airborne Doppler wind lidar data. Open

Remote Sens. J., 3, 17–27, https://doi.org/10.2174/18754139
01003010017.

Wilczak, J. M., and Coauthors, 2019: Data assimilation impact of
in situ and remote sensing meteorological observations on
wind power forecasts during the rst Wind Forecast Improve-
ment Project (WFIP). Wind Energy, 22, 932–944, https://doi.
org/10.1002/we.2332.

Wildmann, N., and T. Wetz, 2022: Towards vertical wind and tur-
bulent ux estimation with multicopter uncrewed aircraft sys-
tems. Atmos. Meas. Tech., 15, 5465–5477, https://doi.org/10.
5194/amt-15-5465-2022.
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