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Abstract

The accurate measurement of wind patterns and profiles 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 difficulties, including the necessity
to rely on fixed 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 flexible 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 fixed- and
rotary-wing UAS, addressing several aspects of these two inherently different flight
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 effectiveness of this method. This procedure, which is independent of the
specific rotary-wing system, has been applied to numerous UASs subsequently used
for different research purposes.

At the same time, the capabilities of the small fixed-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 different 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 flying over long horizontal distances,
while the accuracy of turbulence measurements was found to be influenced by the
heterogeneity of the terrain around the test site, with optimal results obtained
where the terrain is flat and homogeneous and greater discrepancies where it is
covered by forest patches. This finding 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, offering enhanced mobility and precision in
various environmental contexts.






Zussammenfassung

Die genaue Messung von Windmustern und -profilen in der atmospheric boundary
layer (ABL) ist fiir eine Reihe von meteorologischen Anwendungen wie Wettervorher-
sage, Klimastudien und Umweltiiberwachung von groffer Bedeutung. Herkommliche
Verfahren stofen haufig auf Schwierigkeiten, u. a. auf die Notwendigkeit, sich auf
ortsfeste Instrumente zu verlassen und auf die Annahme der Homogenitét in un-
terschiedlichen topografischen Umgebungen. Angesichts dieser Herausforderungen
untersucht dieses Forschungsprojekt die potenziellen Anwendungsméglichkeiten
der neuen Technologie der uncrewed aircraft system (UAS) fiur atmosphérische
Messungen und Meteorologie.

UAS-Systeme sind als vielseitige Instrumente mit flexiblen automatischen Mis-
sionsplanungsfahigkeiten bekannt, die einen schnellen Einsatz zur Datenerfassung
an abgelegenen Orten oder in unmittelbarer Nahe empfindlicher Strukturen er-
moglichen. Diese Studie konzentriert sich auf die Messung des atmosphérischen
Windvektors durch den Einsatz von UAS mit festen und rotierenden Fliigeln und be-
fasst sich mit verschiedenen Aspekten dieser beiden von Natur aus unterschiedlichen
Flugsysteme.

Es wird eine kostenglinstige Technik zur Verwendung eines beliebigen Drehflii-
glers als Sensor zur Messung des horizontalen Windvektors vorgestellt und unter ver-
schiedenen Aspekten analysiert. Die experimentellen Ergebnisse werden vorgestellt
und zeigen die Praktikabilitdt und Wirksamkeit dieser Methode. Dieses Verfahren,
das unabhéngig vom spezifischen Drehfliiglersystem ist, wurde auf zahlreiche UASs
angewendet, die anschliefsend fiir verschiedene Forschungszwecke eingesetzt wurden.

Gleichzeitig werden die Fahigkeiten des kleinen fixed-wing UAS, des Multi-
purpose Airborne Sensor Carrier-3 (MASC-3), fiir 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 Stirken und Schwéchen dieses
Ansatzes fiir die Validierung anderer stationérer Instrumente aufzuzeigen. Im
10-Minuten-Mittel erwies sich der UAS als gute Referenz fiir stationdre Sensoren,
selbst wenn sie iiber grofe horizontale Entfernungen fliegen. Hierbei wurde die
Genauigkeit der Turbulenzmessungen von der Heterogenitit des Gelandes um das
Testgeldnde herum beeinflusst, wobei optimale Ergebnisse dort erzielt wurden, wo
das Gelande flach und homogen ist, und grofere Diskrepanzen dort, wo es von
Waldstiicken bedeckt ist. Dieses Ergebnis verdeutlicht die Herausforderungen und
Grenzen, die mit der Verwendung von UAS fiir atmosphérische Turbulenzstudien in
heterogenen Landschaften verbunden sind.

Insgesamt veranschaulicht diese Arbeit das Potenzial der UAS-Technologie als
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vielseitiges Instrument fiir die Messung des atmosphérischen Windes, das in ver-
schiedenen Umgebungen mehr Mobilitdt und Prézision 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 influence of various localised supernatural deities!®?!.
However, with the advent of the first 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!®!!.

During the period spanning the Renaissance to the Age of Enlightenment,
significant 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!*). These innovations included the swinging plate anemometer, the
barometer, rain gauges, and the thermometer®’]. These inventions facilitated the
systematic collection of weather data, although adherence to scientific 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!'?!,

The advent of predictive numerical models in the early 1900s constituted a
significant milestone in the evolution of weather forecasting, bringing it closer to
the form that is recognisable today!™!. The ability to comprehend meteorological
phenomena with greater accuracy has become not only a necessity for modern living
but also a significant 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!*!). In any case, beginning with data collected at specific
times and locations, this field 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 fluid dynamics and thermodynamicsl®*. At the present time,
these models primarily involve solving partial differential 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 futurel™!. 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(®?/. 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 profiles 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(*6!.

Among the variables predicted by models, the wind speed vector is of particular
significance across numerous spheres of human activity. Airports regularly modify
their take-off 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!®®l[®]. Moreover, in the context
of fire prevention, the atmospheric wind assumes a pivotal role. In order to
ensure the protection of communities at risk of wildfires, it is essential to consider
wind dynamics in order to optimise the safeguarding of vulnerable areas and
individuals/®". 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 significant impact on human health and safety in daily
life, as these particles traverse thousands of kilometres, affecting air quality and
allergen exposure levels in diverse regions!'®). 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 first conceived!43!,

Pioneering researchers conceived the idea of coupling a dynamo to a windmill
to charge batteries, effectively 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!®®). The growing interest in renewable
energy sources during the 1970s and 1980s led to a notable increase in research and
development activities within the field of wind energy. This newfound enthusiasm
boosted innovations in wind turbine design, efficiency, and deployment strategies,
which ultimately established wind power as a prominent player in the global quest
for sustainable energy solutions!®7!.

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!%!. 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!®. Since the
very first constructions, wind turbine technology has undergone a significant 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!?. 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!?!l. 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!??l. 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
fluctuating 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 affected by
wind farms, concerns regarding visual impacts and potential disruptions to local
wildlife are particularly prevalent.

Although offshore wind turbine clusters are already a reality, ongoing research in
this field is vibrant and indicative of a clear trajectory for the future of this renewable
energy sourcel?!). There is a growing interest among companies and investors in
offshore installations, which are seen as a crucial step in achieving renewable energy
objectives. Despite persistent concerns regarding marine ecosystems, offshore
wind turbines offer 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!®!. Moreover, the emergence of
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innovative technologies, such as floating wind turbines, is expanding the range
of potential projects. Previously constrained by a maximum depth limit of 60
meters, floating turbines are now unlocking new possibilities and locations, enabling
installations in deeper waters that were previously inaccessiblel™.

Whether for onshore or offshore projects, it is evident that significant investments,
ranging from tens to hundreds of thousands of euros, are at stakel”. 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 airflow dynamics, thereby
facilitating the refinement and optimisation of future projects.

2.3 Uncrewed aircraft systems

Over the past 20 years, uncrewed aircraft systems (UASs) have emerged as a
cost-effective and innovative technology with diverse applications spanning various
industries!®. These applications range from healthcarel™ search and rescue
operations!®[*2] and agriculture!®, to parcel delivery!?’! and even sports!™!.

UASs offer a more economical operational alternative to crewed aircraft and grant
increased flexibility 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 significant interest and enthusiasm from both
the scientific community and industry stakeholders, driving further advancements
in UAS technology!®7.

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 scientific 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 flight capabilities. The ongoing trend of sensor
miniaturization has facilitated the seamless integration of various meteorological
payloads onto these systems, leading to their classification as weather-sensing or
weather-research UAS.

These weather-research UASs possess remarkable versatility, enabling vertical
profiling up to altitudes of approximately 5-6 km and conducting ad-hoc measure-
ments such as investigating airflow behind wind turbines or within wind parks. The
specific 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 firmly 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!5.

A study conducted by LEUENBERGER et al. [50] demonstrate how drone obser-
vations can effectively 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 Tiibin-
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!®, this research group has made considerable progress in the
development of its own remotely operated fixed-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 fleet of multi-rotor aircraft
has been progressively developed in order to expand the possibilities with regard to
measurement strategies!'l.

The work of the candidate of this thesis is positioned in both areas, having
actively participated in the creation of the multi-rotor fleet, 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 fixed-wing aircraft.

The thesis is structured as follows:

e 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 scientific concepts, these pages aim
to offer a foundational understanding necessary for the comprehension of the
subsequent three scientific 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
Tiibingen Umweltphysik research group, with a focus on their similarities and
differences, as well as an overview of the primary scientific questions.

e In Chapter 4, each scientific question is addressed by linking it to the main
findings of the three scientific papers that form the core of this thesis. Detailed
descriptions of the UASs employed in the respective studies are provided, and
the most significant results are highlighted and contextualized within existing
literature gaps and initial hypotheses.
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e Chapter 5 provides a more detailed examination of the findings 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.

e 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 fleet.



Chapter 3

Basic Concepts

3.1 Why do we have wind?!?%):(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 differential, resulting in an airflow 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 flows towards the
mid-latitudes, where the pressure is relatively lower. At approximately 60 degrees
of latitude, the temperature of the air has increased sufficiently 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 influenced by
temperature differences. 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 effect further influences atmospheric dynamics by deflecting 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 classified based on their duration. Changes spanning over a decade to
three decades fall under the category of climate changes, while annual fluctuations
are typically attributed to the seasonal cycle. Additionally, variations associated
with the diurnal cycle occur as a result of direct solar radiation influencing 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 fluid
movement, such as that of air.

3.2 Turbulencel!9:[34,(62],[85]

There is no single, universally accepted definition of turbulence. Turbulence
is typically described as a state of a flow 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 flow itself. Since turbulence is characterised by the continuous variability of
the properties of the flow (velocity, temperature, pressure, humidity, etc.) it is
commonly analysed by separating average values from fluctuations 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 defined boundaries in space
or time and x is the random fluctuation.

Several factors contribute to the onset of turbulence in the atmosphere. Differen-
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 different 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 fluctuations lead to increased mixing, diffusion, and transport of
momentum, energy, and scalar quantities compared to non-turbulent (or laminar)
flow. This characteristic is beneficial in efficiently distributing heat, moisture, and
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regulating temperature. However, turbulent phenomena can also rapidly disperse
pollen or pollutants, and pose significant 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!™®
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 modified set of equations known
as the Eulerian equations of motion:
8?1 = 8UZ 1 6p 82UZ ﬁuiuj
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with the U being the mean wind speed vector while w the fluctuating part, g the
local gravitational field of the Earth, f. the Coriolis parameter!, p the air density,
p the pressure field and v 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 effect, 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!?%/8]

The most straightforward simplification 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.

8t + Uj awj == fCEingj — ——' (33)
In the case of steady-state motion, a solution is obtained that describes a straight
and uniform wind flow parallel to the isobar contours, with its intensity determined
by the Coriolis parameter and the local pressure gradient.

— 1 0p
fceijSUj =

o, (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 specific conditions, notably
minimal frictional forces, which are typically observed at high altitudes where
the influence of the Earth’s surface can be disregarded. This region is commonly
referred to as the free atmosphere.

!The Coriolis parameter depends on the latitude ¢ and the angular velocity of the Earth
w=27/24h as f. = 2wsin¢
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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

significantly influences atmospheric dynamics is commonly referred to as the atmo-

spheric boundary layer (ABL). According to STULL [83], the ABL is defined as:

"that part of the troposphere that is directly influenced by the presence of Farth’s
surface, and responds to surface forcings with a timescale of about an hour or less.”

Turbulence characterizes the airflow within the ABL, stemming from interactions
between the surface and the overlying air mass. Given the chaotic and unpredictable
nature of air movement, defining an average velocity profile is inherently affected.
Even in an idealized scenario of uniform rectilinear motion, the Eulerian equations
must incorporate terms related to frictional forces.

— 1 107,
where 7;; is defined as the stress tensor including viscous and turbulent stresses
defined previously.

Close to the Earth’s surface, friction forces exert a significant influence 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
effects 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 profile 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 profile as a function of dimensionless distance from the surface, exhibiting

a universal trend. o
U 1
A Y (i) (3.6)

Uy K Zy

with u, being the roughness speed, z, the roughness length and x a constant
called Von Karméan constant. This relationship, derived through dimensional
analysis, lacks a theoretical proof but has been validated by numerous experiments.
The Von Karmén constant & is typically determined experimentally as well (0.4).
Dimensionless variables are normalized using quantities characteristic of the flow
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:

e The roughness sublayer, located directly above the Earth’s surface and only a
few millimeters thick. In this layer, flow is primarily influenced by viscous
frictional stresses, and turbulence remains predominantly laminar.
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e The Prandtl layer, also known as the surface layer, is defined as the portion
of the ABL where turbulent flows 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.

e The Ekman layer, covering the majority of the ABL (about 90%), is where
pressure, turbulent friction, and Coriolis effects 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-defined 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!23}:(79),[87]

Thermal stratification within the ABL is a crucial aspect in the study of mean
profiles and atmospheric turbulence. The primary factors contributing to thermal
stratification 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 stratification is typically classified in three main conditions: stable,
unstable, and neutral. Stable stratification occurs when colder air flows beneath
layers of warmer air, while unstable conditions are characterized by the opposite
scenario. The names of these conditions reflect their defining 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 influence of humidity:

R

0,=T (%) 7 (140,609 - g) (3.7)

In a neutrally stratified 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 (©,) compared to its surrounding environment, resulting in further
ascent. Conversely, in stable stratification, the parcel returns to its original position
due to lower O,.

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

_ gAB,Az

Ri =
. T, (Au)?

(3.8)
Positive values of the Bulk Richardson number denote stable atmospheric conditions,
while negative values indicate instability. A value of 0 signifies a neutrally stratified
ABL. Given that the mean wind profile, particularly within the lower ABL layer
where turbulent fluxes are most pronounced, is determined using similarity theory,
it becomes evident that thermal stratification directly influences the generation or
suppression of turbulence, thereby impacting the profiles themselves.

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

3.3.4 ABL diurnal ciclel7):[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 influences
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 profile still exhibits a logarithmic
pattern in the surface layer. However, due to the presence of significant instability
and turbulence, this profile 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 profile 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 profile of mean
velocity as a function of dimensionless variables, achieved by utilizing characteristic
dimensions pertinent to the flow under examination.

Among these variables, the roughness length stands out as one of the most
significant. Defined as the vertical height at which the mean wind speed reduces
to zero in the logarithmic velocity profile, 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 different
surface types. Surfaces with different roughness lengths give rise to varying turbulent
stresses, consequently altering the profiles of mean wind velocity.

Similarly, different 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!*):. While this difference
doesn’t directly impact the logarithmic velocity profile, it does give rise to localized
phenomena such as plumes, thermals, or downdrafts.

The presence of vegetation, particularly forested areas, significantly alters wind
behaviorl®. Primarily, the forest acts as an obstacle impeding the normal flow of
wind. If the foliage is dense enough, the logarithmic wind profile 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!*7].

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 flow often experiences acceleration, while beyond the forest, a wind shear zone
emerges, intensifying mechanical turbulence within the ABL1!.

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
flow gradually adjusts to them. While the vertical profile of mean wind is indeed
modified 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!*. 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 fixed location!®®!,

Nowadays, other instruments are typically used to measure wind speed profiles.



16 Chapter 3. Basic Concepts

radar wind profilers (RWPs) represent a mature and integrated technology in me-
teorological data acquisition*®]. These instruments exploit the Doppler shift of
a continuous radio frequency to obtain measurements of atmospheric wind speed
and direction. RWPs have the significant 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 profile. These instruments emit pulses of sound
waves and measure the amplitude of the return signal, which is indicative of turbulent
structures within the atmospherel”. 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(®®). 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!®!. Consequently,
good measurement accuracy is often limited to the height of the atmospheric
boundary layer and is significantly reduced in completely clean air. DWLs are
frequently used not only to perform vertical profiles but also to study the airflow
behind wind turbines or within wind farms!®4.

As a complement to these three remote sensing techniques, radiosondes are
regularly used to profile the wind and other atmospheric variables up to the
tropospherel?®]. Radiosondes consist of a weather balloon filled 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[®"!. 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-effective alternative to piloted
aircraft for targeted measurements and, more recently, as automated tools for
vertical profiling.
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Figure 3.1: The MASC-3 UAS positioned on the catapult and ready to take-off. The
sensorhood with the 5HP and the fine-wire thermometer is visible in the front, while on
the wings is mounted an optical particle counter pod[7] (right wing) and an atmospheric
charge sensor pod!”™! (left wing). From BRAMATTI et al. [15]

3.5 UASs at Umweltphysik group

3.5.1 Fixed-wing UASs

The first truly complete weather-research UAS platform built by the Umwelt-
physik group of the University of Tiibingen is the MASC-3[57). Built on the foundation
of previous fixed-wing aircraft designed by the team, this system is considered the
final version, featuring significant improvements in terms of design and efficiency
(Figure 3.1).

The aircraft is 2.1 meters long with a wingspan of 4 meters and has a maximum
take-off weight of about 8 kg. It features a V-tail configuration with a pusher engine
located at the end of the fuselage. Powered by a 4S lithium-polymers battery, it
has an average flight endurance of about 1.5 hours under normal flying 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 defining the aircraft’s
behavior during flight operations. It also enables the programming of missions
that the system will execute once the automatic mode is engaged. The autopilot is
configured to maintain a true air speed (TAS) of approximately 19.5 m s~ 1.

The scientific payload is positioned at the very front of the aircraft and includes
a b holes probe (5HP), a fine 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!™!["™. 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 modified
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 flight sections are
relevant!!. Sections where the UASs makes turns are useless for retrieving the wind
vector. Consequently, there are two main data acquisition strategies. The first is
called racetrack, consisting of a rectangular pattern with two longer sides called legs.
The second is called kite, which involves flying 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!6®.

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 flight. 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 fluid
dynamics models!?®)| a first identification of tip vortices behind a wind turbinel5?,
the development of new sensors [?3b17 for wind and turbulence studies in the
ABL and in complex terrains!?[97] for ABL research in arctic regions!™! and more
recently for atmospheric electric charge measurements!™!

3.5.2 Rotary-wings UASs
$900

The s900 multi-copter was developed based on the DJI S900 hexacopter model.
From the original model supplied by the manufacturer, the carbon fibre 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-off weight of approximately 8 kg. With
this configuration, this UAS provides a flight 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 flight controller (as explained in BRAMATI et al. [14]). The
autopilot logs the flight data at 10 Hz.

An array of six 12C protocol sensors was installed on the $900, 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 flight. 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 CO5 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 $900
(Figure 3.2). Its characteristic dimension is 500 mm with 10-inch propellers.

The basic configuration provided by the manufacturer has been significantly
modified 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 configuration, the maximum take-off weight is 2 kg, providing a flight 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-off. 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 fiber 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 efficient 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-off 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~ . In
this configuration, the system has demonstrated a flight endurance of 40 minutes.

The scientific 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 identified:

¢ 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?

e 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 fixed-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 fluctuating
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 influence the quality of the comparison?

The scientific issues are different depending on the system used, particularly
given that the rotary-wing fleet 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 scientific
analysis of the MASC-3 data. The three scientific papers forming the core of this
thesis seek to address these questions. With regard to the multi-copter, a significant
proportion of the scientific 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 offers a brief summary of the principal findings 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 significant challenge for these systemsl!.

The significant advantage of UASs of this type lies in their ability to maintain a
fixed position during flight — a condition commonly known as hovering — making them
ideal for conducting vertical profiles 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 field
around it[*"!, so that traditional sensors such as Pitot probes, 5HPs!%! or sonic
anemometers®! become ineffective if they are not positioned at a sufficient distance
from the rotors!3!,

This is why a commonly employed strategy for estimating horizontal wind
is the tilt angle method!®6}[®3). This method relies on fundamental aerodynamic
principles, specifically the concept that an object located in a fluid with a certain
speed generates a force parallel to the fluid’s velocity, known as dragl®/. 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. I' is
the tilt angle. b) Example of UAS mission (collection of waypoints), for the calibration
flights. 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!®®!:

2mg tan(l)

v ==
pA()CA(F)

(4.1)

In this equation, m represents the mass of the multi-copter, g is the Earth’s
gravitational field, p denotes the density of air, and A, stands for a reference
characteristic area specific to the UAS under examination. The term C is defined
as:

A(l)

Cr =52 Col) (4.2)

It encompasses UAS-related variables that are challenging to model accurately.
Specifically, the cross-sectional area — representing the area exposed to wind — is
inherently difficult to quantify, particularly as it varies with the inclination of the
UAS. Similarly, the drag coefficient Cp follows the same pattern of variability.

After formalising the above-mentioned models and equations in detailed steps,
BRAMATI et al. [14] deals with three different 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 I' are known. Typically, this involves conducting either wind tunnel tests[®®! or

in situ experiments near a sonic anemometer!!?).

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 effects. Conducting tests in real-world environments near sonic anemometers
also poses challenges. Primarily, the inability to control wind speed is a significant
drawback as the calibration is likely to be constrained to the wind speed range
encountered during the day of the calibration flights.

To achieve a consistent mapping of tilt angle versus wind speed, our study
introduces a strategy involving straight-line flights at different ground speeds
conducted in low atmospheric wind conditions (see Figure 4.1b). In such a way,
the stationary part of the straight flights 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 flights. The methodology simply
requires the capacity to fly in a sufficiently 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 flight envelope of the UAS.
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Figure 4.2: The two different calibration models proposed in the publication. TAS stands
for the true air speed of the copter during the calibration flights. 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 specific 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 flights (see Figure 4.2) for the modified
DJI S900 UAS. Subsequent validation flights conducted near a sonic anemometer
confirmed 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 C'y model. This approach accounts for potential variations in the
UAS payload and the different environmental conditions the system may encounter
throughout the year.

4.1.3 Directional independence and sensitivity enhancement

A notable modification to the conventional DJI S900 configuration employed
in this study was the incorporation of a circular sphere around the frame of the
UAS. This styrofoam sphere offered several benefits, 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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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 field site in Falkenberg site
close to the MOL-RAO (Meteorological Observatory Lindenberg-Richard-Afsmann-
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!®!. These experimental campaigns took place over
several consecutive weeks in different 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 I0Ps of the VALUAS project
were used to validate, under different 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 efficiency in acquiring this
type of data. Additionally, the typical issues related to the physical space required
for take off and landing did not arise, as the measurement site is located in the
countryside, surrounded by sufficiently large meadows. As a matter of facts, during
these experimental campaigns, the MASC-3 UAS was successfully operated in more
than 140 flights. This fixed-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 flying, a
typical acquisition strategy involves flying 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™!.
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 first 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 different 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 flight 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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MASC-3. For the UAS vs DWL comparison only 10-minutes averages have been used from
all the available legs at different 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 coefficient. The subscript v refers to the
wind speed while ¢ to the wind direction. From BOVENTER et al. [13]

Wind speed
Averaging period Number of data pairs n RMSD, R, MBD,,
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 RMSD, Rs;  MBDy

leg-wise 197 17.5°  0.982 4.7°
10 minutes 47 13.5°  0.987 3.3°
30 minutes 8 9.9° 0989 2.7°

Once the accuracy and precision of the MASC-3 had been confirmed, the second
part of the study involved validating the two DWLs by considering different oper-
ational parameters. For this purpose, data at all flight 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 different 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 effectively
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 flight trajectory with the wind direction during flight. Therefore, in the initial
phase of data filtering, a compromise was made between retaining a significant
number of flight 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 filter 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 first
part of the validation was to define 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 flight legs were grouped into altitude ranges to check
for any anomalous behavior exhibited by the two DWL at different altitudes. This
analysis did not reveal any significant anomalies. On the contrary, as expected,
the precision and accuracy of one of the DWLs improved where the laser beam was
focused.

In the final part of the study, the analysis focused on the stability conditions of
the ABL. The Bulk Richardson number was chosen to characterize different regimes.
Fortunately, with data available from three different years and different 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 fixed-wing UAS can
effectively 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 sufficient 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 filtered in accordance with the methodology
previously outlined in BOVENTER et al. [13], specifically by filtering 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 different sensors. Consequently, this study
essentially corresponds to the first 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 defined as the sum of the averages of the three fluctuating components of
the wind speed squared and it can be obtained from the each and every UAS leg as:

k= % - [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 artificial 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 flight sections.
However, we have opted to consider only those legs that are referred to as upwind,
which are those where the MASC-3 flies 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 flight 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 identification 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
efficacy of this procedure hinges on the fulfilment of two important assumptions:
a zero fetch angle and the Taylor hypothesis of frozen turbulence. In the present
case, both hypotheses are not strictly satisfied. 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 verified and
represents one of the scientific questions addressed by the study. Nevertheless, the
data displayed in figure 4.6 demonstrated that the utilisation of this algorithm
markedly enhanced the comparisons between UAS and sonic, thereby effectively
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 different 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) 3%  51% 43%  63% 55%  101% 97%  160%
Var(v) 922%  129% -4%  59% 81% 147% 8%  142%

TKEgy 59%  76% 13%  4™% 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 significantly influenced
by this latter variable. It was found that no other environmental or wuas! (wuas!)
flight-dynamic parameter exerted a comparable influence to that of the atmospheric
wind direction. An analysis of the UAS leg map in Figure 4.7 and the statistical
breakdown for different 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 fields and predominantly flat 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 findings of numerous
previous publications!®’'"] and the results of the LITFASS!') 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 flies 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 satisfied. 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 first order) of the wind direction and, consequently, the direction
of flight. It is thus not possible to definitively 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 findings
of this study indicate that it is not advisable to utilise a fixed-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 flat 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].
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Discussion

5.1 Validating remote sensing devices with fixed-
wing UASs

The validation of sensors such as DWLs or other remote sensing instruments
that profile thermodynamic variables in the lower ABL can be effectively conducted
in situ using fixed-wing UAS systems. This approach, demonstrated in BOVENTER
et al. [13], provides reliable results for time-averaged values the wind speed vector.

However, fixed-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 significant 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 flight direction is perfectly aligned with the wind direction (fetch
angle ~ 0). While the first condition could be considered valid for short time
intervals (no more than 10 minutes), realigning the flight direction with the wind
direction during flight is extremely challenging for operators and sometimes entirely
impossible due to flight area limitations. Additionally, at different altitudes, the
wind direction tends to change constantly (Ekman spiral), further complicating the
task of maintaining alignment with the flight track.

There is, therefore, no definitive method to avoid this problem either in situ
or during post-processing. The only viable solution is to accept a margin of error
and find a compromise between the number of flight 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 BRAMATTI 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 flight mission. By
fixing 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
different systems each time. This strategy has already been used by RAUTENBERG
et al. [67] and allowed for the comparison of the fixed-wing UAS MASC-3 with sensors
mounted on a meteorological tower.

Moreover, since atmospheric turbulence is an extremely local phenomenon,
the terrain in the flight area must be as homogeneous as possible. Obstacles
like buildings or forests, as well as the different heat capacities of various types
of soil, can easily generate local turbulent eddies that might be recorded by the
UAS along its flight 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 flat, 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 specific 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 coefficient-based wind estimation model offers the significant 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 BARTHOLMALI [56].

Moreover, an interesting aspect worth exploring is whether similar multi-rotors
exhibit comparable Cy (I") 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 significant size difference between the two
systems, the Cx(I") 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 Cs coefficient obtained experimentally for the two copters

of different 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 differences in the number of rotors and landing gear configurations
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
defines a unique cross-sectional area value Ay, useful for normalizing the multi-
copter’s drag coefficient. This development paves the way for establishing a single
Ca(T") calibration curve applicable across systems of varying sizes and weights,
thereby streamlining the deployment of a multi-purpose rotary-wings UAS fleet.

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 $900 wind estimate aligns with the power spectral density of the sonic
anemometer up to approximately 107! Hz. Moreover, by conducting simultaneous
flights 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
107! Hz, while the smaller and lighter X500 system seems to adhere to a similar
trend, at least down to 1 Hz. These findings 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 flight endurance of only 15 minutes under
optimal conditions. Therefore, with current technology, there exists a trade-off
between the capability to resolve atmospheric turbulence and flight duration.
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Figure 5.2: Comparison of the power spectral densities of the two copters of different
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 fields of research. The examples provided are not exhaustive of each
research field but are intended to demonstrate how rotary-wing platforms serve as
useful tools in numerous scientific disciplines.

Wind energy applications

The $900 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 Schopfloch, Baden-Wiirttemberg. This turbine, owned by Windkraftanlage
Schopfloch/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
o.3a.

The flight, 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 first 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 deficit forms a characteristic W-profile. Due to the
imperfect alignment of the hovering points with the direction of the wake, it is
difficult 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 Schopfloch, Baden Wiirttemberg. b) Horizontal mapping
of the Schopfloch wind turbine wake obtained during a $900 UAS mission.
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Figure 5.4: The X500 UAS shortly after take off from the maintenance vessel inside the
Rgdsand IT wind farm. For this specific missions the UAS has been equipped with floating
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 scientific 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 confirms the safety and feasibility of flying
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 fixed-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 significant 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 Rgdsand
IT 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-off and landing, initial flights
within the offshore 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 profiles with several hovering stations of approximately
40 seconds each, centrally with respect to the rotor, at two different distances
behind the turbine. For safety reasons, the UAS was restricted from flying 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 offshore 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 deficit 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 different profiles taken at three different times of the
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Figure 5.5: Vertical profiles of the wind deficit behind the K07 turbine in the Rgdsand

II wind park.

day. The dashed grey line represents the theoretical limit for the velocity deficit as

per Betz’s theory.

At a distance of 0.6 rotor diameters, the velocity deficit exhibits a characteristic
W-shaped pattern, which in this case is probably superimposed on a logarithmic
increase of the mean wind profile in undisturbed conditions. Even at a distance of
0.9 diameters, this trend can still be observed, although the profile 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 figures 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 suffer from any particular problem
in the challenging operational environment of an offshore maintenance vessel. No
errors of the compass system were found related to the metal structures near the
UAS, especially during take-off 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 final 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 differential 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 profiles 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 profiles 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~! for both ascent and
descent. Thanks to the high endurance of the FW-XL10 system, it was possible to
complete up to three profiles per flight, approximately every 20-25 minutes. For
space reasons, only the first profile of each flight is shown in Figure 5.6. The figure
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 profiling. Additionally, by incorporating
further automation, such as automatic landing and recharging, these platforms can
safely operate autonomously. This capability allows them to complement profiler
and radiosonde measurements effectively.
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Figure 5.6: Quicklook of the thermodynamic variables collected the morning of May
9, 2024 by profiling the first 900 m of the lower ABL in Lindenberg, Tauche with the
FW-XL10 UAS. Timestamp are in UTC.






Chapter 6

Outlook

Regarding the fixed-wing aircraft within the Umphy group’s fleet, 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. Significant 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 fluxes more accurately. The integration of these advanced
sensors will significantly augment the capabilities of the fixed-wing aircraft, allowing
for more comprehensive and precise atmospheric measurements. This continuous
evolution in sensor technology underscores the potential for fixed-wing platforms to
contribute substantially to atmospheric research and environmental monitoring.

However, as emphasized throughout this text, the fixed-wing flight strategy lacks
flexibility 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 specific
case being studied.

A potential advancement for the MASC-3 platform is the transition to a vertical
take-off and landing (VTOL) type aircraft. This development would address many
of the issues associated with the large space required for take-off and landing in the
current configuration. By adopting VTOL capabilities, the platform will become
more versatile and easier to deploy in a wider range of environments, significantly
enhancing its operational flexibility and efficiency.

Multicopter systems, on the other hand, can be operated in confined spaces and
have the significant advantage of maintaining a fixed position during flight. This
makes them particularly suitable for validating static sensors, flying close to fixed
structures or buildings, and conducting vertical profile operations. However, even
at the commercial level, it is challenging for these systems to achieve a flight 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 flight time. Instead the multi-rotor’s
flight 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]7 Is it possible to achieve a higher resolution without significantly
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 significant question is the feasibility of estimating the vertical velocity.
This component of the wind vector is crucial for studying vertical fluxes in the
atmosphere, such as momentum, heat, and latent heat fluxes. 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 flight 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 fixed-wing and multi-rotor systems face significant limitations
due to adverse flight weather conditions. It is evident that beyond certain wind
speeds, it becomes unsafe to take-off. Rainy conditions are also unsuitable for flight,
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 fixed-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 profiles in certain atmospheric conditions. The only way to
ensure safe flight 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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ABSTRACT: The use of small uncrewed aircraft systems (UAS) can effectively capture the wind profile in the lower atmo-
spheric boundary layer. This study presents a calibration process to estimate the horizontal wind vector using a rotary-wing
UAS in hovering conditions. This procedure does not require wind tunnels or meteorological masts, only the data from the
flight control unit and a specific set of calibration flights. A model based on the UAS drag coefficient was proposed and com-
pared to a traditional approach. Validation flights at the German Weather Service MOL-RAO observatory showed that the
system can accurately predict wind speed and direction. A modified DJI S900 hexacopter with a Styrofoam sphere casing
was used for the study and calibrated for wind speeds between 1 and 14 m s~ ', Power spectral density analysis showed the
system’s ability to resolve atmospheric eddies up to 0.1 Hz The overall root-mean-square error was less than 0.7 m s~ " for

wind speed and less than 8 for wind direction.

KEYWORDS: Wind; In situ atmospheric observations: Instrumentation/sensors; Measurements; Unpiloted aerial systems

1. Introduction

Wind field measurements in the lower atmospheric bound-
ary layer are important for meteorological and industrial
applications (Chioncel et al. 2011; Platis et al. 2020, 2021).
Ultrasonic anemometers and cup anemometers, commonly
used for weather forecasting, require mounting on a mast
for single-point measurement. Lidar and sodar, on the other
hand, offer remote sensing capabilities but have lower resolu-
tion and higher maintenance needs. All of these wind field
measurement methods have limitations in terms of applicability,
measurement accuracy, and cost.

Rotary-wing uncrewed aircraft systems (UAS), also known as
multicopters, offer a cost-effective and flexible solution for mea-
suring the horizontal wind vector (Barbieri et al. 2019). These
systems can take off and land vertically, hover at a fixed point,
and fly autonomously without prior knowledge of the wind field
(Waslander and Wang 2009). In addition, several integrated sen-
sors can be mounted on a multicopter to provide temperature,
pressure, humidity, and CO, measurements (Segales et al. 2020,
Bell et al. 2020; Varentsov et al. 2021). Previous studies have
demonstrated the use of data gathered by frequent automated
profiling to improve regional and mesoscale numerical weather
prediction models (Chilson et al. 2019). Targeted observations can
also be quickly scheduled to enhance the prediction of extreme
weather events (Pinto et al. 2021). Despite limitations in flight
endurance, automatic landing procedures and self-recharging
stations can improve the operability of these systems.

Mounting onboard sensors, such as sonic anemometers
(Shimura et al. 2018) and multihole pressure probes (Prudden
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et al. 2018), on small multicopters enables the measurement of at-
mospheric wind. However, the proper placement of these sensors
is crucial to minimize the disturbance caused by the UAS rotors
and maintain flight stability without compromising endurance.

The use of the effect of wind on a UAS’s attitude to estimate
the wind vector is a well-known method for horizontal wind es-
timation. Neumann and Bartholmai (2015) first introduced this
approach and calibrated the UAS in a wind tunnel, achieving
an estimation model with a root-mean-square error (RMSE) of
0.6 m s !, Palomaki et al. (2017) and Donnell et al. (2018) later
compared an attitude-based wind estimation and the estimation
from a sonic anemometer mounted on a multicopter to a ground
based anemometer, obtaining similar statistics. Crowe et al. (2020)
employed machine learning algorithms to model the relation be-
tween wind speed and multicopter attitude. Meier et al. (2022)
investigated the performance of various methods based on the
UAS’s dynamic equations and aerodynamic parameters, aiming
to measure horizontal and vertical wind during both hover and
movement. Despite advancements in technology, the traditional
approach proposed by Neumann and Bartholmai (2015) ap-
pears to remain the most accurate. Wetz et al. (2021) recently
presented a wind measurement model that leverages the drag
coefficient of a multicopter as a function of its attitude to calibrate
the UAS. This approach assumes a linear relationship between
the drag coefficient and the UAS's orientation when it is config-
ured to face into the wind (i.e., in a wind-vane configuration).
The authors then carried out UAS fleet flights to measure the
vertical profile of the wind vector and compared the results with
lidar data, finding excellent agreement and even higher temporal
and spatial resolution. Wildmann and Wetz (2022) also recently
demonstrated the capabilities of small, lightweight UASs for
measuring the vertical wind component, paving the way for
the use of this technology in turbulent flux calculations.
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The traditional method for calibrating UAS systems involves
the use of costly wind tunnels or masts equipped with anemo-
meters (Abichandani et al. 2020). However, this approach is prob-
lematic as the test chamber must be large enough to avoid wall
interferences (Ewald et al. 1998), and it is impossible to control
the atmospheric wind. As a result, building a model that covers all
possible wind speeds is a complex and time-consuming endeavor.

Brosy et al. (2017) introduced a calibration method that in-
volves flying along a square racetrack path while maintaining a
constant ground speed. This approach allows for in situ calibra-
tion in the natural atmospheric environment, providing a com-
prehensive mapping of the UAS attitude up to its maximum
flight speed. Additionally, the procedure can be easily repeated
for other multicopters under similar conditions. The author notes
that these flights were conducted under weak atmospheric wind
conditions (less than 1 m s~ 1), but does not elaborate on how to
handle the data in the presence of stronger winds.

This paper presents a comprehensive exploration of the latter
approach, focusing on mapping the entire range of attitudes of a
multirotor UAS. Emphasis is placed on the meticulous postpro-
cessing of the data, specifically addressing the crucial task of fil-
tering out the influence of atmospheric wind during calibration.
The fundamental aspects of this filtering process are thoroughly
elucidated. Despite the potential presence of atmospheric wind
during calibration, our postprocessing algorithm allows for cor-
rection of the data to obtain a reliable calibration function.

In this work, we also analyze in detail the model involving the
UAS drag coefficient. To improve the performance of the model,
we modified the external shape of the multicopter by enclosing
all electronic components in a Styrofoam sphere. This increased
symmetry makes it possible to avoid the wind-vane mode. in
which the copter would always try to face the incoming wind, and
therefore would be slow for our system due to its size. Our model
is explained in detail by analyzing the behavior of the drag coeffi-
cient versus the modified UAS attitude, and it is compared to the
model introduced by Neumann and Bartholmai (2015) that maps
the system attitude directly to the wind velocity. This text builds
upon the premise previously explained by the authors in Bramati
et al. (2022) by investigating, with a new set of flights, using two
parallel multicopters, the effect of the Styrofoam sphere on the
system as a wind speed sensor. The benefits of the new spherical-
shaped configuration and the drag coefficient model are discussed
throughout the text.

In section 2, the UAS used for the study is described, along
with the theory of wind estimation. The process of linking the
full rigid-body dynamics equations to the explicit relation be-
tween horizontal wind and multicopter attitude is outlined,
with the assumptions made during this process highlighted. In
section 3, the method for collecting calibration data is outlined.
The postprocessing of the data is also discussed, as well as the
introduction of the drag coefficient model and the Neumann
and Bartholmai (2015) model. Section 4 presents the method
used to evaluate the accuracy of the two models, including tests
to determine the impact of mounting a Styrofoam sphere. We
provide time series and spectral plots as evidence of our find-
ings. A thorough analysis of the results, including the benefits
of using a spherical dome and the impact of various parameters,
is presented in section 5. In section 6, the conclusions of this
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TABLE 1. Relevant specifications of the UAS used in this study.

Characteristic Description/value
Frame DIJI Spreading Wings S900
Flight control unit PixHawk 2.1 Cube Orange
GNSS Here3 GPS
Rotor-rotor distance 900 mm
Sphere diameter 500 mm
Multicopter weight 38 kg
Batteries weight 3.0 kg
Sphere weight 0.5 kg
Total weight 7.3 kg

study are presented and potential future developments are
discussed.

2. Materials and methods
a. Uncrewed aerial system

The system used for this study is a rotary-wing UAS, specifi-
cally the DJI Spreading Wings S900 hexacopter (Table 1). Using
open-source ArduCopter firmware (V4.0.5), the PixHawk 2.1
Cube Orange autopilot controls the system. The flight control
unit utilizes a Here3 GPS antenna as a GNSS receiver. During
each flight mission, the autopilot logs the flight parameters of
the system, computed with its extended Kalman filter, at a fre-
quency of 10 Hz. The only component retained from the origi-
nal DJI electronics are the six built-in arms with electronic
speed controllers (ESC). The servos responsible for retracting
the landing gears have been removed to reduce weight.

The hexacopter’s body is enclosed in a Styrofoam sphere
(Fig. 1 and Fig. A1l in appendix A). The structure is composed of
two parts with a thickness of 2 cm each. Using 3D printed acrylo-
nitrile butadiene styrene (ABS) parts and two sets of Velcro
straps for each arm, both halves are connected to the multicopter
frame. The lower part of the sphere has been manually carved to
accommodate the landing gears. As a result of this shape, sym-
metry is increased with respect to horizontal wind while a partial
shelter is provided for electronics from external elements.
Detailed discussion of this encasing will be included in section 5.

This system is powered by a pair of lithium polymer six cells
batteries each rated at 12 Ah. The weight of the whole system
is 7.3 kg, including the batteries: the maximum flight time is
24 min. In this configuration the hexacopter proved to fly up
to a peak ground speed (GS) of 19 m s L

Mission Planner is the software used on the ground station.
This open-source program allows users to create missions with
specific commands, simulate them, and then store them on the
system. Several other parameters including the altitude, battery
level, and orientation are monitored through the same interface
during flight.

b. Wind estimation theory
1) REFERENCE FRAMES

To describe an airborne system’s orientation, several refer-
ence frames can be used. In this study, only two of them are
required:
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F1G. 1. Modified DJI $900 hexacopter.

* Vehicle reference frame (i, is, i3): This reference frame has
its origin in the center of gravity of the multicopter: i,
points toward north, i, points toward east, and i; = i; X i,
will consequently point toward the center of Earth.

* Body reference frame (b;, by, bs): This reference frame
shares the same origin with the previous. However, its axes
move together with the vehicle: by points toward the front
of the vehicle, b, points toward the right of the vehicle, and
bs; = by X b, will consequently be orthogonal to the plane
defined by the first two.

Variables such as position or velocity can be expressed
in relation to one frame or another by applying three pla-
nar rotations defined by Euler angles. The rotation se-
quence is roll(¢)—pitch(8)-yaw(y) in order to switch from
body to vehicle while vice versa to switch from vehicle to
body. A rotation matrix is used to perform this operation
mathematically:

Ry_p = Ry(HIR,(OR (V) (1)
1 0 0 cos(6) 0O —sin(6)
=10 cos(¢) sin(¢d) 0 1 0
0 —sin(¢) cos(d) sin(8) 0  cos(6)
cos(y) sin(y) 0
—sin(y) cos(d) 0 @)
0 0 1
oty CoSy, =
= [ $450Cy T CoSy 4SSy T €40, Syl | (3)
CSCy T 555, CuSeSy ~ 546, C4Cy
Ry 5= Ra—-s’ 4)

with ¢ £cos(¢d) and s ‘b £sin(¢) and so on for the other Euler
angles (from Beard and McLain 2012).
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2) TILT ANGLE T

The tilt angle is defined as the angle between the vehicle ref-
erence frame vertical vector (i3) and the body reference frame
vertical vector (b;) (Neumann and Bartholmai 2015; Palomaki
et al. 2017). Figure 2 shows a simplified representation of the
airborne system and tilt angle. Making use of the rotation ma-
trix Rg_,y it is possible to obtain an expression for the tilt angle
as a function of the pitch and roll angle only. Indeed, by express-
ing the b; vector in the vehicle reference frame,

v B
b; =Ry b5, ®)
“df‘ucw -+ 545,
v " —
by = €%y — 54, |- (6)
€4Cq

Thus, the tilt angle can be computed using the three compo-
nents of the bY vector:

2 2
\/{%Sa% + 848, + (e85, — slbcw)

Cdjca

I' = arctan

(7)

By developing the calculation, it is possible to notice that the
tilt angle does not depend on the yaw angle »:

. 2
,,‘L‘bsﬂ o S

c t‘bC

I' = arctan

. (8)

f

However, the actual value of iy cannot be ignored when deter-
mining the wind direction.

3) DYNAMICS EQUATIONS

In still air, rigid airborne systems are described by the fol-
lowing equations:

mx =mx X +F,_

(%) + mgiy — F, b )

cirl ™3

I =1l X 0+ M

serol @ X) + M (10)

ctrl®
where m is the mass of the vehicle, x is its three-component
position vector, @ its three-component rotation rate vector,
Ficro and M., are the aerodynamic forces and moments de-
veloping during flight while F.bs; and M, are the control
forces and moments applied by the autopilot in order to
achieve a specific mission (Gonzalez-Rocha et al. 2017). As a
result of the assumption of still air conditions, the aerody-
namic force F,, is a function of only the UAS speed. Section 4
provides a detailed explanation of aerodynamic forces.
Considering steady (X = 0 and @ = 0) equilibrium conditions
(X =x,, and @ = 0) the equations simplify and become inde-
pendent of each other:
0=F ()'(cq) + mgi, — F b

aero ctrl 73*

(11)

0= Maero(o' icqj +M (12)

ctrl”
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FIG. 2. Attitude of a multicopter while flying at constant speed
or while hovering under the influence of horizontal atmospheric
wind. The multicopter tilts (I') toward the wind direction so that it
can balance the aerodynamic force (Fye.o).

Equation (11) has three components along the three direc-
tions of the vehicle reference frame. In the case of horizontal
flight (with zero vertical wind speed) and no vertical aerody-
namic forces developing in the previous condition, Eq. (11)
can be written as follows:

Froa(Reg) = Fo (€484, + 5,5,) =0, (13)
P;Iurty{Yuq} = Fc(r] {Cgtysﬂslp T Smclp) = O- (14}
mg — le Cyly = 0. (15)

Accordingly, the vehicle will be subjected to the following to-
tal aerodynamic force:

Facru = V{Fz:‘crcl)z & (E:cm]z (}6}
= o \/(%Sﬁcw + Sd,stp]g + {céjsﬁslp - s‘bc.‘ﬂ)2 (17)
= Fclrl C%b“%‘ * S?«}a' (18}
Computing the ratio between Eqs. (18) and (15),
F E st + 55
Tamo "NV T8 sy, (19)
mg Fincyty
F,.., = mgtan(l). (20)
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Based on the assumptions made throughout the calculations,
it is possible to obtain an equation for the aerodynamic
forces as a function of the mass and orientation of the
multicopter.

4) AERODYNAMIC FORCES

As a solid body moves relative to a surrounding fluid, a force
distribution occurs at its surface. In general, this distribution is
simplified by taking the equivalent components parallel and
perpendicular to the direction of the relative velocity, as well as
an equivalent moment based on a reference point (Anderson
2011). The parallel component is directed opposite to the rela-
tive velocity and is often called drag. Under the assumptions
made in order to obtain Eq. (20), the drag is the only aerody-
namic force acting on the system.

The absolute value of this force can be determined using
the Rayleigh equation (Anderson 2011):

D= %pVQACD(Ma. Re)=F, .. (21)
In this equation, p represents the fluid density, V is the relative
velocity between the body and the fluid, A is the projection of
the body shape exposed to the flow (cross-section area), and Cp
is the drag coefficient, which is a function of the Mach number
(Ma), Reynolds number (Re), and body geometry.

First of all, under the assumptions made in section 3—precisely
the equilibrium hypothesis (x = X and @ = 0) and the no verti-
cal wind assumption—the velocity in Eq. (21) represents only the
horizontal velocity. Furthermore, compared to fixed-wing aircraft
and other common multicopters, our UAS offers a greater degree
of axial symmetry in the horizontal plane. As a result, it is reason-
able to assume that physical properties such as A and Cp, are in-
dependent of direction of motion (Neumann and Bartholmai
2015; Wang et al. 2018; Gonzalez-Rocha et al. 2019). It is also pos-
sible to neglect the effect of Mach number on the drag coefficient
since the expected range of velocities is considerably lower than
the speed of sound (up to 20 ms ™ ).

5) WIND SPEED ESTIMATION

Combining Egs. (20) and (21) leads to a nonlinear relation
between V and the tilt angle:

pV2AC

P 2D — tan(D). (22)
g

2m

When the tilt (or velocity) varies, A and Cp may not be cons-
tant. As the drag coefficient depends on the Reynolds number,
it cannot be considered constant a priori when flying at different
speeds. The multicopter’s physical components (rotors and
landing gear) that change the cross-section area when tilting are
included in the relation A(I).

To simplify the mapping of A(I'), the following extended
drag coefficient can be used:

A(D)
A

6,10 =S ey, (23)

0
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To keep the coefficient dimensionless, A is used as a refer-
ence area: in this case, the cross-section area of the Styrofoam
sphere. As there is a unique relationship between I' and V,
Cp is now a function of tilt angle.

It is now possible to isolate V from Eq. (22):

V= megtan(l‘] _ | tan(l) ) (24)
VpAUCA(F) KC,(I)
with
_ P4y
= (25)

So far, V has been defined as the horizontal velocity of the mul-
ticopter relative to the surrounding air; however, all equations
from Eq. (13) on are also valid if the system hovers with a hori-
zontal wind component, since this is also a steady and equilib-
rium state. The PosHold mode of ArduCopter’s autopilot
system can easily be used to achieve this state. As a result of the
extended Kalman filter on board, the UAS is able to hold its lo-
cation, heading, and altitude when in this specific flight mode.

A horizontal wind estimate can be obtained in two ways.
The first involves directly characterizing the relation between
tilt angle and velocity (Neumann and Bartholmai 2015), while
the second involves characterizing the extended drag coeffi-
cient against the tilt angle and applying Eq. (24).

It is normally necessary to calibrate UAS in a wind tunnel or
by using meteorological masts with higher accuracy reference sen-
sors (Neumann and Bartholmai 2015; Palomaki et al. 2017). Wind
tunnels, however, are often hard to find and can be extremely ex-
pensive per hour. Additionally, larger UAS would require larger
test chambers to prevent wall-wake interference. An alternative
approach involves calibrating the system by conducting hovering
maneuvers in tandem with a sonic anemometer. However, this
methodology is greatly influenced by meteorological conditions
and may require several weeks to gather a sufficient amount of
data encompassing the entire range of wind speeds suitable for
utilizing the UAS as a wind sensor. The method described in this
study is not dependent on the availability of elaborate equipment:
it involves performing specific flights in the real environment to
collect orientation data during constant speed segments.

An issue of this calibration procedure is that the multicopter can
only be programmed to keep a specific ground speed while flying,
but the velocity V that appears in Egs. (21) and (24) is the true air-
speed (TAS). GS and TAS are the same only when atmospheric
wind is zero. In other words, the presence of any nonzero wind
during the flights makes the GS different from the TAS. To correct
the tilt angle taking atmospheric wind into account, calibration
flights must be carefully planned and a systematic postprocessing
procedure must be adopted. The choice of a calm day is therefore
preferable not only for the former reason, but also to prevent un-
expected gusts that could destabilize the flight controller.

6) WIND DIRECTION ESTIMATION

Calculating the wind direction (A) is straightforward. Given
that the multicopter tilts in the same direction the wind blows,
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it is sufficient to calculate the projection of the b:'? vector on
the horizontal plane of the vehicle reference frame. Here, the
yaw angle (i) must be taken into account:

CySp

&

A = arctan + i + 180°. (26)

The last addition is necessary since there is a 180° difference, by
definition, from the projected b¥ and the meteorological wind
direction. With A limited between (° and 360°, Eq. (26) provides
the horizontal wind direction from north, positive clockwise.

3. Calibration

The calibration flights were performed at the airfield located
in Poltringen, Baden-Wiirttemberg, Germany (UTC + 1 h), on
23 February 2021. Tiibingen University's Umweltphysik group
usually performs test flights at Poltringen airport because as a
Landesbehdrde, the university does not require special permis-
sion to fly UAVs with a mass less than 25 kg in line of sight. It
was only necessary to get permission from the airport chief.

Calibration flights are designed to collect data to map mul-
ticopter behavior across different TAS. As a result of these
data, it will be possible to obtain a direct relation between tilt
angle and TAS as well as between C, and tilt angle.

a. Flight description and meteorological conditions

For a broader understanding of the conditions in Poltringen on
the measurement day, we use ERAS (Hersbach et al. 2018) data
from Baden-Wiirttenberg. There was low wind speed, low cloud
cover, and warm temperatures for 23 February, with maximum
temperatures of 17°C toward the afternoon and lowest tempera-
tures of 10°C toward the evening. A low surface wind speed
around 1 m s ! and an easterly wind direction were experienced
during the first two flights (Table 2 and Fig. 3, 1400-1500 UTC).

The wind conditions changed between 1500 and 1600 UTC,
and therefore between flight 2 and flight 3. The wind direction
changed from east to southeast at 1600 and finally to south at
1700. At the same time, the surface wind speed increased to
around 2m s ' at 1600 UTC and to 2-3 m s~ ' at 1700 UTC
(Fig. 3, 1600-1700 UTC).

During the mission, the UAS flew at an altitude of 50 m on
a straight line in the direction of a waypoint and finally back
to the starting point. This basic flight pattern was carried out
for different GS from 1 to 14 m s ' (safety limit). To gather
more data for model calibration, the procedure was repeated
for a direction perpendicular to the first flight. For each GS,
the missions were planned so that equal numbers of data
points would be collected, resulting in shorter distances for
lower speeds and greater distances for higher speeds (Fig. 4).

Due to the battery endurance, the total number of flights has
been divided into four missions. The mission sequence can be
found in Table 2. An illustration of the GS behavior during the
first mission is presented in Fig. 5. It is evident that the autopilot
effectively maintains the desired GS for both the forward and
backward segments. For higher GS values, the acceleration
phase is extended, resulting in longer sections of the flight path
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TABLE 2. Missions sequence. In Fig. 4, the E-W direction is represented by the blue dots and N-S by the orange dots. The surface
wind speed (SWS) and direction (SWD) are obtained using ERAS.

No. Flight GS range (ms™') Start (UTC) End (UTC) SWS (ms™ ') SWD

1 E-W 8 -1 1403 1423 =1 E
2 N-§ 8 -1 1442 1502 =1 E
3 E-W 14 — 10 1533 1544 =2 S-E
4 N-§ 14 - 10 1606 1619 ~2 S-E

being planned accordingly. The air density was determined by
measuring atmospheric parameters at ground level.

The key to detecting any nonzero atmospheric wind is to fly
forward and backward on a straight line. If a wind is present
during these flights, it will interfere with the UAS with the
same magnitude (assuming it is constant), but in the opposite
direction. Therefore, this influence can be detected and cor-
rected after recording, resulting in final calibration using the
TAS rather than the GS. The next sections (sections 3b and
3c) deal with the data analysis and the data correction in or-
der to tackle this issue.

b. Data analysis

First, the autopilot data have been filtered to be within
+0.05ms ' around the desired GS. The band is uniform for
all the tested velocities (orange segments in Fig. 5). Based on
the Euler angles, the tilt angle and the extended drag coeffi-
cient have been computed by applying Eq. (8) and the inverse
of Eq. (24):

tan(I")
G, = RV

(27)

At this point the only way to solve Eq. (27) is to assume un-
disturbed wind conditions (TAS = GS) for the moment and
use the multicopter Vg instead of the TAS(V):

tan(I")
Cyi= K—Vés (28)
Figure 6 shows the I'(Vs) data and the Culgs(I') data ob-
tained for all the tested GSs for one flight direction.

During the first mission, which started at 1403 UTC, the
data (mapping GSs from 8 to 1) show no discernible differ-
ence between the forward and backward part, and they are
generally very well overlapped. In contrast, data gathered dur-
ing the mission No. 3 mapping higher GSs, started at 1533 UTC
reveal two very well-separated clouds of points: this is clear evi-
dence of the presence of wind influencing the calibration pro-
cess. Due to the wind, the multicopter has to tilt more when it is
facing it (headwind); on its way back, it must tilt less since it is
being pushed from behind (tailwind). There is also a similar pat-
tern for the second flight direction: it shows that the wind veloc-
ity increased between the second and third mission. This can be
seen as well in Fig. 6b where 8 lines are present for the veloci-
ties from 1 to 8 m s ' while for the flights from 10 to 14 m s '
we have two well-separated segments for each velocity, due to
the presence of wind.

c¢. Data correction

Assume two unknown wind components « and v are pre-
sent during calibration flights. Thus, the situation would be
similar to that shown in Fig. 7. Due to the relatively short
flight time, we can assume that the wind is constant for every
GS along the same direction. At this point, Eq. (27) is used to
model the UAS behavior in both forward (F) and backward
(B) sections using the true airspeed (V). The tilt angles for the
forward and backward calibration flights, I'x and I'g, are de-
scribed by

I, = arctan[KC, V7], (29)

I'y = arctan[KC, ,V3]. (30)
The TASs for the forward and backward part are modeled by
simple trigonometric relations as in Fig. 7:

I, = arctan{KC, ,[(Vgs — u)* + 7]}, (31)

I'y = arctan{KC  [(V ;¢

= + u)® + v*]}.

(32)
Note that C,, r and C, g are not the same values shown in
Fig. 6b since those values were calculated using Eq. (28).
Using C4 fgs and Cyu glgs to solve Egs. (31) and (32)
would result in the trivial solution (&, v) = (0, 0) since
those value were calculated under the hypothesis of zero
wind disturbance.

Thus, the system [Egs. (31) and (32)] has four unknowns
(Ca.r. Cap, u, v) and therefore cannot be solved as it is since
it theoretically has infinite solutions. Therefore, it becomes
imperative to employ an approximation for two of the un-
knowns. Considering that the function C, is defined as the
arctangent of the tilt angle [Eq. (28)], and given that the tilt
angle typically falls within a range of less than 25°, it is reason-
able to adopt a linear approximation. For a particular Vs,
the two sets of data points representing C, rand C, p can be
visualized as lying on a straight line that passes through the
origin of the coordinate axes of Fig. 6. The slope of this line is
determined by the Vg value itself. An average between for-
ward and backward data clouds is then used to calculate the
corrected extended drag coefficient C4|gs, shown in Fig. 8b,
and solve the system. It is essential to note that the selection
of this method is purely heuristic, and there might exist alter-
native solutions that could prove effective as well. For in-
stance., one could consider a scenario where two different
estimates for the two unknown drag coefficients align more
closely with the actual values during forward and backward
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a) Ground Temperature, Wind and Pressure: Flight 1 and 2
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FIG. 3. Maps describing the atmospheric conditions (surface wind speed, direction, temperature, and pressure) at
Poltringen airfield (48.545°N, 8.947°E; red dot) on the day of the calibration flights, 23 Feb 2021. The four plots de-
scribe the evolution of these parameters from (top left) 1400 UTC to (bottom right) 1700 UTC. The plots were gener-
ated using ERAS with a 9 km grid resolution. Below the maps, a timeline shows when the four flights have been per-
formed with respect to the four weather maps provided.
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FIG. 4. Example of the calibration flight missions (8-1 m s™!).
Blue and orange points indicate the limits of each section at a spe-
cific ground speed. Since the multicopter reaches a steady condi-
tion faster at lower velocities, less distance needs to be covered.

flight. However, a deliberate decision was made to opt for the
average as the chosen approach. By using these new extended
drag coefficient values, updated tilt angle values (I') are calcu-
lated by using Eq. (28):

Cy= mean(C , rlgs.Cy plgs) lvass (33)
I' = arctan(KC Vi) | _ - (34)

As aresult, C 4 values can be used to solve the system of Egs. (31)
and (32) by approximating C, , =C, = E,«.- Despite the
fact that equivalent values for the extended drag coeffi-
cient remain a heuristic approximation, « and v—the only
unknowns—are consistent with ERAS of the mean wind
(Table 3 and Fig. 3).

d. Calibration models

After removing any atmospheric wind disturbance, it can
be seen from Fig. 8 that the I and fA values have a more
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regular trend. At this point, they can be fitted to define our
wind estimation models.

For the first model, the corrected tilt angle and the tested
GS are directly related for the estimation of the horizontal
wind velocity. On the other hand, similar to the one used by
Wetz et al. (2021), the second model describes the extended
drag coefficient C, as a function of tilt angle.

1) DIRECT MODEL

Researchers have already extensively studied this approach
(Neumann and Bartholmai 2015) and found it to be effective.

A fitting is performed using the updated average tilt angles
(T') obtained from the two directions of flight (Fig. 8a). The
fitting function is a third-order polynomial:

V(D) =6 + e,I* +:¢,T + ¢ (35)
with ¢3 = —5.56 X 10°%, ¢ = —=1.75 X 10, ¢; = 0.88, and
co = 0 (RMSE: 0.25 m s ). A null tilt angle would logically
correspond to a zero wind speed, so the last coefficient is man-
ually set to zero. The blue line in Fig. 8a shows the fitting
function.

The Euler angles of the UAS are all that is required for
this model. It is, however, a model that represents reality
only when the same atmospheric conditions as the calibration
flights exist. If temperature or pressure (thus air density)
change. or if the multicopter mass changes, the horizontal
wind estimates will be offset. Other than performing numer-
ous calibration procedures with different payloads and atmo-
spheric conditions, it is impossible to estimate the magnitude
of the offset.

2) C4 MODEL

Here, the average points are fitted using an exponential de-
cay function (Fig. 8b). The fitting is performed over the up-
dated average value of the extended drag coefficient (C Ak

C,(T) = ¢, + c;e™Me, (36)

with ¢y = 1.487, ¢y = 26.123, and ¢, = 1.55 (RMSE: 0.81).
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F1G. 5. An example of the ground speed data recorded during mission 2 (N-S direction; see
Table 2). Data filtered for calibration are represented by the orange part. For each ground speed,
two datasets were obtained from flying first toward the waypoint and then back.
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FIG. 6. (a) Tilt angles values recorded along the E-W direction (missions 1 and 3) for the ground speeds from 1 to
8ms ' and from 10 to 14 m s~ ', respectively. (b) Extended drag coefficient values obtained using Eq. (28) along the
same direction plotted against the respective tilt angle values. The color represents the different ground speeds.

By using this function, it is possible to estimate the horizon-
tal velocity described in Eq. (24). As additional inputs to the
Euler angles, the air density and the mass of the multicopter
must be provided [see Eq. (25)]. The air density is computed
using pressure and temperature data, while the mass is mea-
sured using a scale before takeoff. In this way, the model can
be applied to a variety of external conditions. making it more
flexible. The mass of the system is present as a stand-alone pa-
rameter in Eq. (24): however, a different payload configura-
tion will also affect the absolute values of the calibration
function C4(I'). Section 5 provides a more detailed analysis of
this dependence.

4. Results from validation and parallel flights
a. Validation flights

In this section, the two models obtained from the calibration
flight data are assessed for their quality. A Metek USA-1 ultra-
sonic anemometer mounted on a 99 m mast was used to compare
the horizontal wind estimation. The comparison flights have been

WAYPOINT e KT 5

e - Py
> >

b)

FIG. 7. Effect of a nonnegligible horizontal wind (u, v) during
the calibration flights. (a) When the multicopter flies toward the
waypoint, the wind disturbance increases the ground speed (Vgs),
leading to a higher true airspeed (V). (b) As the multicopter re-
turns to the starting position, the same wind disturbance causes a
decrease in the true airspeed. The red lines on the multicopter rep-
resent its front part—as can be seen in Fig. 1—as well as the direc-
tion of motion.

performed at the German Meteorological Service Bound-
ary Layer Field Site of Falkenberg, Brandenburg, close to
the MOL-RAO observatory site, in the framework of the
VALUAS project, during the FESSTValL field campaign in
June 2021.

Two sonic anemometers of the same type are mounted at
50 and 90 m altitude on the tower. These sensors provide a fast
sampling of the three wind-vector components at 20 Hz, with a
measurement range from 0 to 60 m s~ * and a declared accuracy
of 001 ms ! at 5m s % Due to their ability to resolve turbu-
lence eddies at 10 Hz, these sensors are considered reliable
references.

On 17 and 18 June 2021, several flights were conducted
under variable atmospheric conditions, covering a range of
0.3-12.2 ms " In these missions, the UAS hovered along-
side the tower at the same altitude as the anemometers.
A safety distance of approximately 10 m was maintained
between the tower and the aircraft. During the wind vali-
dation, eight flights were conducted, with a total hovering
time of more than 1.5 h (Table 4).

A 10 Hz resampling has been performed on the sonic ane-
mometer data so that the multicopter data can be compared. To
identify a potential time lag due to the safe distance between
the UAS and tower, a cross correlation has been performed be-
tween the UAS and tower data. After synchronizing the two
data series, the lag was removed.

1) NOISE LEVEL ANALYSIS

For understanding the minimum time scales of atmo-
spheric eddies that the multicopter can resolve and where
noise levels corrupt the measurements, the power spectral
density (PSD) of horizontal wind can be useful. The aver-
age spectrum of all our flights (orange line in Fig. 9) was
calculated using raw 10 Hz UAS data. Anemometer data
are used to compute the blue spectrum. Kolmogorov (1941)
—5/3 decay in quasi-isotropic turbulence is represented by the
black line. In Fig. 9, there is a significant agreement between
the multicopter and the reference up to 0.1 Hz (once every
10 s). No significant difference is present between the two dif-
ferent wind estimation models.
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FIG. 8. (a) The red points mark the tilt angle data of Eq. (34) (after the postprocessing wind disturbance correction
where GS = TAS). The blue line represents a third-order polynomial fit from (35) between the tilt angle and horizon-
tal wind velocity. (b) The points mark the extended drag coefficient data of Eq. (33) (after the postprocessing wind
disturbance correction where GS = TAS). The color map represents the true airspeed. The blue line represents the

exponential decay of the C,, model in (36).

2) WIND SPEED AND DIRECTION RETRIEVAL ANALYSIS

For comparison of the time series, data have been resam-
pled to 0.2 Hz (once every 5 s to prevent aliasing) based on
the PSD plots: by doing so, unwanted oscillations are re-
moved, and the analysis becomes more meaningful.

The plot of the flight No. 7 at 90 m is presented as an example
in Fig. 10. During this mission the wind velocity varied between 5
and 11 ms '. The black line in Fig. 10a represents the ultrasonic
anemometer (reference), while the green and red lines represent
the result of the two wind estimation models together with their
uncertainty bands. In Fig. 10b the wind direction estimation is
plotted against the reference direction. Overall agreement is sat-
isfactory. There is only a systematic discrepancy between UAS
and sonics in the wind direction (usually around 15°). The com-
plete time-series plot can be found in appendix B.

Figure 11 shows the comparison of the complete dataset col-
lected during the 8 validation flights. It is possible to notice how
low winds cause the accuracy of both models to decrease. In
general, it was noticed a higher deviation of the two model
with respect to the sonic when the wind speed was lower than
3ms . Since uniform band filtering of calibration data results
in a higher percentage error at low speeds, both models are sus-
ceptible to errors in these conditions. For the C4 model, the
drag coefficient uncertainty is higher at low calibration speeds.
Last, Fig. 8 show that the average of velocity 3 m s ! is not as
close to the fit as the others, which indicates that the fitting
could introduce errors depending on the wind speed.

TABLE 3. ERAS surface wind speed and the wind speed
obtained by solving Egs. (31) and (32) (UAS WS: V2 +12) for
the four calibration flights. The UAS WS is the average of the
atmospheric wind speeds obtained for each GS during one mission.

No. Start (UTC) ERASWS (ms!) UASWS(ms™!)
1 1403 =1 0.47
2 1442 =1 0.15
3 1533 ~2 1.60
4 1606 ~2 1.76

Figure 11 shows also a tendency of the C,4 model to deviate
from the linear behavior for the highest wind speeds recorded. This
effect could be possibly corrected by either selecting a different fit
function by extending the calibration GS range so that the final
value of the extended drag coefficient could be better identified.

Table 5 presents the mean bias error (MBE) and RMSE for
the two types of models. From the results, the accuracy of the
two models is comparable and falls below 0.7 m s~ ' after sub-
tracting the MBE from both signals. Even though the DJI S900
multicopter modified for this study is several kilograms heavier
than the other systems, the RMSE is close to previous studies.

MBE and the RMSE for the direction estimation are also re-
ported in Table 5. The main issue in the direction estimation is
the presence of a constant offset between the multicopter and
the reference sensor of around 15” also reported by Wetz et al.
(2021). The computation of the direction involved the yaw angle
[Eq. (26)]: there is a possibility that the magnetometer has
drifted from its original calibration or is simply slightly moved
with respect to its original position, resulting in the constant off-
set. Wind direction variation is well captured by the multicopter,
and the corrected RMSE is below 8°.

b. Parallel flights

To determine if the dome effectively increases the drag of the
multicopter, two identical DJI S900s were used in parallel mis-
sions where one was equipped with the dome and the other was
not. The frames of the multicopters were the same, and the flight
controller parameters were also set to be identical for both ve-
hicles. The S900 without the dome was given additional weight to
simulate the weight of the dome. The two UAS were commanded
to hover at 90 m with a 20 m distance between them, in a way
that the wake of one would not affect the other. A total of 3 h of
data were recorded between 16 and 22 November 2022 (Table 6)
at the German Meteorological Service Boundary Layer Field Site
of Falkenberg. During these days the copter with the dome re-
corded tilt angles ranging from 3° to 19.5°. This provided sufficient
data for comparison across a large portion of the recorded tilt an-
gles during the calibration flights. A cross correlation was per-
formed on the raw time series of the two multicopters to correct
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TABLE 4. Validation flights summary. The wind speed and direction range refers to the ultrasonic anemometer data.

No Date Start (UTC) End (UTC) Wind speed range (m s~ ') Wind direction range
1 17 Jun 2021 0940 0957 2.0-10.0 90°-182°
2 17 Jun 2021 1106 1123 1.6-10.6 80°-193°
3 17 Jun 2021 1311 1328 0.3-8.2 94°-187°
4 18 Jun 2021 0815 0832 1.9-9.6 91°-219°
5 18 Jun 2021 0946 0954 2.6-10.1 103°-196°
6 18 Jun 2021 1054 1111 1.2-11.5 109°-219°
7 18 Jun 2021 1256 1301 3.3-12.2 109°-175°
8 18 Jun 2021 1319 1336 1.8-11.9 115°-200°

for any potential delays due to the different hovering positions.
The data were then resampled to a frequency of (.2 Hz.

Figure 12 illustrates the comparison of tilt angles between
the two systems. It is evident that the multicopter with the
Styrofoam sphere consistently measures higher values for the
tilt angle. The linear fit (red line) indicates a 16% increase in
tilt angle resulting from the larger cross-sectional area. This
means that for the same input range (wind speed), the output
(tilt angle) will be spread over a wider range, increasing the
sensitivity of the copter as a wind sensor.

5. Discussion
a. Advantages of the multicopter shell

The spherical Styrofoam shell that encloses the multicopter
offers several advantages. First, it protects the exposed elec-
tronics from precipitation and damage. Second, its symmetric
shape ensures that the same cross-sectional area is always ex-
posed to the wind, regardless of the wind direction. This is simi-
lar to the approach taken by Neumann and Bartholmai (2015),
who used a quadcopter with a nearly symmetric, cylindrical fu-
selage for wind measurement and found that the radial orien-
tation of the system to the wind direction was negligible. The
same can be said for the spherical shell and hexacopter config-
uration used in this study, as it offers an even more symmetric
shape than a quadcopter with four rotors.

The modified DJI S900 utilized in this study has a significantly
larger fuselage cross section compared to the unmodified DIJI
S900, leading to an increase in air resistance but only a moderate
increase in weight. This causes the multicopter to adopt a larger tilt
angle in order to compensate for wind speed. Figure 13a shows the

relationship between input (wind speed) and output (tilt angle) for
both copter configurations. The line corresponding to the no dome
configuration was obtained by lowering the direct model fit func-
tion by 16%. While the sensitivity is not constant due to the poly-
nomial fit, the configuration with the dome always has a 16%
higher local sensitivity than the no dome configuration (Fig. 13b).

b. Parameters’ influence: Vertical velocity and mass

To a first approximation, the presence of a vertical wind ve-
locity and the change in UAS mass have similar effects on the
system despite their substantial differences.

So far, the vertical wind component has been ignored. However,
its presence would create a drag force that would add or subtract
weight to the system. Furthermore, a change in the UAS mass, such
as one resulting from a different battery configuration or the addi-
tion of new sensors, affects the vertical force component as well.

Using constant flight speed/incoming wind speed as a calibra-
tion condition (denoted with subscript ¢), the following approxi-
mation [derived from Eq. (22)] holds for small tilt angle values:

r.= arctan( b

__ D
2m g

2m.g’

(37)

Then a variation in the vertical force component AF, result in
a modified tilt angle I's:

D
rys=<—. 38
4 2mg+ AF, (38)
This equation holds if the drag—the extended drag coefficient
C,4—does not vary sensibly with the tilt: this happens, in our
case, for wind speeds higher than 8 m s -
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W WV

sonic

UAS

N‘?‘-;,V#M B
"

1 1t

10" !

Frequency [Hz|

F1G. 9. Comparison between the power spectral density of the horizontal wind speed of the
sonic anemometer (blue) and the UAS (orange). The black line is reported as a reference of the

Kolmogorov —5/3 turbulence decay law.
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F1G. 10. Comparison between the horizontal wind vector detected by the ultrasonic anemometer
(black) and by the multicopter. The plots show around 300 s of hovering at 90 m altitude for flight 7.
All the time series have been resampled to 0.2 Hz for the comparison. (a).(b) Wind magnitude ob-
tained with the two models using the UAS tilt angle (green and red). (¢) Horizontal wind direction.

1) VERTICAL WIND SPEED Then the undesired tilt angle will be
For vertical wind disturbances, the magnitude of the distur- m.g r (41)

bance force,

AF, = f(0). (39)

is typically a function of time and can vary in complexity, ranging
from being a constant term in the case of complex terrain (zum
Berge et al. 2021), to being time dependent when encountering a ris-
ing column of warm air (thermal). This variation in the vertical wind
component can introduce bias in the estimation of horizontal wind,
potentially making it difficult to identify and maintain consistency
during a single flight. Since the calibration flights were conducted
over flat terrain, it is unlikely that the calibration data will be offset in
a constant manner. Furthermore, the amount of data gathered for
each flight velocity is sufficient to filter out any possible vertical gusts.
In a first approximation the ratio between the tilt angle
at calibration conditions and the distorted tilt angle will be
I, mg+ AF,

o (40)

¢

' = g + &F,

To have a 10% variation in the tilt angle when the weight force
of the multicopter is 70°N (see Table 1) and assuming the same
C4(') relation for the vertical extended drag coefficient, a
w component of 5-6 m s ! would be necessary. In reality, such
values are infrequent for vertical atmospheric winds; however, if
the multicopter was lighter, this influence would be stronger.

2) MAsSs

With different payload configurations, AF, will be constant
with respect to time (for electrical propulsion):

AF, = Amg. (42)

Similar to the previous case, the distorted tilt angle will become

m.g

s TR 43
8 mg+Amg © W)
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FIG. 11. Comparison between the horizontal wind vector detected by the ultrasonic anemometer and by the multi-
copter throughout all the eight validation flights. (a) Wind magnitude obtained with the direct model. (b) Wind mag-

nitude obtained with the C, model.

In this situation, however, 700 g are enough to achieve a 10%
variation of the tilt angle. For our specific case, mass varia-
tions of 1 kg are completely reasonable (a single 12.000 mAh
battery weighs 1.5 kg).

As the mass is unchanged during calibration flights, a varia-
tion in the multicopter mass introduces a constant bias into the
direct model (section 1). As the C,4(I') function becomes ap-
proximately constant at high wind speeds. an increase in mass
should not affect the extended drag coefficient model. With a
constant extended drag coefficient, according to Eq. (24), the
parameters defining the wind speed (air density, multicopter
mass, tilt angle, and C, itself) are all independent. It is suffi-
cient to weigh the system and insert the correct mass value in
the equation. However, at low wind speeds also the C,, model
depends on the multicopter mass since the extended drag coef-
ficient is not constant anymore. In this specific range the C, is
still a function sensible to any change of tilt angle and therefore
sensible changes of mass. Due to the nonlinearity of Eq. (38), it
is difficult to estimate the influence since changing the denomi-
nator will also change the drag force sensibly.

¢. Parameters’ influence: Air density

Variations in air density modify the horizontal compo-
nent of the force system by altering drag. Because C,
also varies with tilt angle, estimating the effect of this
variation is not straightforward:

TABLE 5. Statistics of the wind-vector estimation. The RMSE
is computed after removing the MBE between the multicopter
and ultrasonic anemometer signals.

MBE RMSE Unit
Direct model 0.32 0.64 ms
€, model 0.57 0.66 ms !
Direction -14.7 7.6 o

Vi, (T ViC (I
I = arctan|® A0 VC, ), (44)
i 2mg 2mg
If a density variation is present, then
r c,r
Ce o P A( f) (45)

Iy paCu(Ty)
Under the conditions in which the ratio between the two drag
coefficient is almost 1, so for wind speeds above 8 m s ' the
distorted tilt angle will be
r

=Bar (46)

4= g
The calibration took place at p, = 1.181 kg m 3. If the system is
used under different atmospheric conditions, the direct model
will always have a constant offset in the wind estimation. For in-
stance, in an environment with py = 0.95 kg m 2, the tilt angle
is approximately reduced by 20%. The C,4 model avoids this
offset by taking air density into account. The UAS must be
equipped with additional sensors in order to obtain this infor-
mation, since the autopilot alone cannot do it.

TABLE 6. Parallel flights summary.

No. Date Start (UTC) End (UTC) Tilt angle range
1 16 Nov 2022 1110 1134 7.9°-17.7°
2 16 Nov 2022 1352 1416 6.2°-11.7°
3 17 Nov 2022 0940 1002 7.3°-19.4°
4 17 Nov 2022 1055 1119 6.1°-15.7°
3 17 Nov 2022 1238 1304 7.4°-18.8°
6 18 Nov 2022 0938 0958 6.0°-15.7°
7 18 Nov 2022 1104 1127 6.9°-14.9°
8 22 Nov 2022 0854 0915 3.0°-8.9°
9 22 Nov 2022 1054 1115 4.3°-8.3°

Unauthenticated | Downloaded 085/14/24 09:



38 JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

o

5l 4

—— linear fit

—

==

o
1

—
ot
L

—

]

2
L

10.04

ves dome tilt angle [deg]

5 10 15 200w

no dome tilt angle [deg]
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sphere and the other one without. In total, 3 h of hovering are plotted

with the tilt angle of the UAS with the dome ranging from 3° to 19.5°,
The red line represent the linear fit of the cloud of points.

d. Uncertainties and limitations

Calibration should be performed in near-zero wind con-
ditions as explained throughout the text. It is still possible
to proceed even in suboptimal conditions with the help of
a data correction algorithm. Based on the maximum GS
and maximum flight speed of the system, a theoretical limit
on atmospheric wind magnitude can be determined:

0.0 1T——= yes dome

no dome

Tilt angle [deg]

0 5 10
TAS [ms']
(a)

VOLUME 41

Viing = Vias — Vaalib- (47)
The maximum airspeed of the UAS, denoted as V{jik. is
typically provided by the UAS manufacturer or determined
through field tests by commanding full forward input. In
our study, the value of V7% (19 m s 1y was obtained using
the latter method. On the other hand, Vi is entirely at the
discretion of the user. In most cases, one would aim to map
a wide range of values. However, due to the necessity of in-
corporating excessively long straight sections into the flight
path, a compromise needs to be reached when considering
the highest values. Consequently, in this study, we selected
a value of 14 m s ! as the maximum calibrated airspeed.
This choice was made specifically to avoid the need for be-
yond visual line of sight (BVLOS) operations when map-
ping higher speeds.

The system can only maintain a constant GS under the con-
ditions of Eq. (47). Nevertheless, we do not take into account
gusts when calculating this simple equation. It is precisely
gusts that destabilize the system during flight. In light of the
autopilot’s ability to stabilize the vehicle without creating a
hazardous situation, the maximum atmospheric wind speed
will have to be reevaluated.

Using steady equilibrium as a basis, the differential equa-
tions describing the motion of the UAS can be simplified ad-
vantageously in this study. As a result, it is possible to derive
the key equation of the model, Eq. (24) in a matter of steps.
However, it is assumed that the copter tilt angle represents
the actual wind speed at any given time. This hypothesis
ignores any transients that may occur during a flight. It is nec-
essary to build more complex models that also incorporate
the dynamics of the system in order to explain this phenome-
non. Nevertheless, this would require accurate analysis of the
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FIG. 13. (a) Dome and no dome calibration curves comparison. (b) Dome and no dome sensitivity
comparison.
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aircraft’s geometric and aerodynamic characteristics (e.g., mo-
ments of inertia around the three axes of rotation).

6. Conclusions and outlook

To develop models for estimating horizontal wind, we per-
formed a series of perpendicular flights at constant ground
speed using a multicopter. This method allows us to gather
valuable data without the need for wind tunnels or meteoro-
logical masts. It is important to conduct the calibration flights
under specific weather conditions, such as no wind, to ensure
high data quality. However, even if wind is present, a heuristic
postprocessing method can be used to filter out the wind dis-
turbance components and still calibrate the models. A pseudo-
code of the whole calibration and postprocessing procedure
can be found in appendix C.

To improve the symmetry of the system, we enclosed the
multicopter body and electronics in a Styrofoam dome. This
design allows only the roll and pitch angles to be used to cal-
culate the tilt angle. Additionally, the sphere shape allows
aerodynamic forces to be uniformly generated in response to
wind coming from any direction, resulting in more regular tilt-
ing with respect to the wind. Furthermore, by increasing the
cross-sectional area of the UAS, we were able to increase the
sensitivity of the system to wind speed.

Using UAS tilt angle data, two different models have been
developed to estimate horizontal wind:

e A direct approach where the data from the calibration
flights have been used in order to generate a relation be-
tween the tilt angle and the horizontal wind speed.

¢ An indirect approach where the same data have been used
to generate a relation between the tilt angle and the ex-
tended drag coefficient C,.

An ultrasonic anemometer reference sensor was used to com-
pare and test both models. The multicopter’s ability to resolve
wind speed to a frequency of 10~! Hz was confirmed by follow-
ing the —5/3 turbulence decay. The models had RMSEs lower
than 0.7 m s~ ! for velocities ranging from 0.3 to 12 ms ..

The direct model always applies a constant offset if parame-
ters such as the multicopter’s mass or air density change. In con-
trast, the C4 model uses those parameters as inputs, so it is not
affected by errors caused by changes in air density and is less af-
fected by variations in payload.

The wind direction is also calculated through a direct rela-
tionship between all three Euler angles. Once the offset is
identified. the RMSE drops below 8°.

Using a dual GPS module configuration could improve fu-
ture developments. This would allow for calculation of the ve-
hicle’s heading without relying on a compass, which is the
primary source of uncertainty.

The C,4 model could be further improved by conducting addi-
tional calibration flights with increasing payloads. This would allow
the extended drag coefficient to become a function of two parame-
ters (tilt angle and mass), eliminating the bias at lower speeds.

BRAMATI ET AL. 39

For lighter copters, higher sampling frequencies and corre-
lation of the power delivered by the motors with the tilt angle
could be used to study the vertical wind component w, due to
their lower inertia.
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APPENDIX A

5900 Configuration
Figure Al presents the details of the DJI 5900 UAS system.

4

T

FIG. Al. Exploded view of the DJI 8900 frame together with the
custom built Styrofoam dome.
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APPENDIX B

Full Time Series

Figures B1 and B2 present comparisons between the hor-
izontal wind vector detected by the ultrasonic anemometer
(black) and by the multicopter at 50 and 90 m, respectively.
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F1G. B1l. Comparison between the horizontal wind vector detected by the ultrasonic anemom-
eter (black) and by the multicopter. The plots show all the available hovering data at 50 m alti-
tude. All the time series have been resampled to 0.2 Hz for the comparison. (a),(b) Wind magni-
tude obtained with the two models using the UAS tilt angle (green and red). (¢) Horizontal wind
direction.
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APPENDIX C

Pseudocode for UAS Calibration
PSEUDOCODE

HYPOTHESES

Steady (X = 0and @ =
(x =x, andw = 0)

Horizontal flight (with zero vertical wind speed)

() equilibrium conditions

FLIGHTS
In a day of low wind (<1 ms )
for every GS in GS range do
Perform UAS forward and backward flights
end for

DATA
for each flight do
for each GS do
Filter data around the desired GS
Separate forward and backward sections
Use Euler angle to compute the tilt angles [Eq. (8)] —
I'e. I
Compute drag coefficients [Eq. (28)] = Car, Cag
Apply heuristic data correction [Eqs. (33) and (34)] —
G,T
end for
end for
Average data of all flights performed
Perform fit in order to obtain the calibration curves
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ABSTRACT: One of the most widely used systems for wind speed and direction observations at meteorological sites is
based on Doppler wind lidar (DWL) technology. The wind vector derivation strategies of these instruments rely on the as-
sumption of stationary and homogeneous horizontal wind, which is often not the case over heterogeneous terrain. This
study focuses on the validation of two DWL systems, operated by the German Weather Service [Deutscher Wetterdienst
(DWD)] and installed at the boundary layer field site Falkenberg (Lindenberg, Germany), with respect to measurements
from a small, fixed-wing uncrewed aircraft system (UAS) of the type Multi-Purpose Airborne Sensor Carrier (MASC-3).
A wind vector intercomparison at an altitude range from 100 to 500 m between DWL and UAS is performed, after a qual-
ity control of the aircraft’s data accuracy against a cup anemometer and wind vane mounted on a meteorological mast also
operating at the location. Both DWL systems exhibit an overall root-mean-square difference in the wind vector retrieval of
less than 22% for wind speed and lower than 18° for wind direction. The enhancement or deterioration of these statistics is
analyzed with respect to scanning height and atmospheric stability. The limitations of this type of validation approach are
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highlighted and accounted for in the analysis.

KEYWORDS: Wind: Instrumentation/sensors; Lidars/Lidar observations; Measurements; Remote sensing;

Unpiloted aerial systems

1. Introduction

Doppler wind lidar (DWL) systems are used in a broad
spectrum of applications like quasi-operational measurements
of the wind vector at meteorological observation sites (Pischke
et al. 2015), wind profiling from satellites (Chanin et al. 1992;
Witschas et al. 2020), detection of gravity waves in the strato-
and mesosphere (Baumgarten et al. 2015), monitoring wind
shear for flight safety (Nechaj et al. 2019), or wind energy appli-
cations (Kisler et al. 2010; Liu et al. 2019; Wildmann et al.
2019). Numerical weather prediction (NWP) models need verti-
cal profiles of state and process variables in the atmospheric
boundary layer (ABL) to improve the prescription of initial con-
ditions for the simulations (Knist et al. 2018).

Common measuring strategies for deriving the horizontal
wind vector from DWL measurements are the Doppler beam
swinging (DBS) and the velocity-azimuth display (VAD)
method (Reitebuch and Hardesty 2021). Both scanning strate-
gies rely on the assumption of homogeneity and stationarity
of the horizontal wind vector in the analyzed air volume dur-
ing the scan. However, these conditions are usually not ful-
filled in reality, especially over heterogeneous terrain. Hence,
a detailed quantification of the statistical uncertainty and sys-
tematic errors of DWL data is required for the different scan
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strategies and atmospheric conditions (Rahlves et al. 2022).
Since calibration and validation of remote sensing instruments
in a laboratory are impossible due to their range, resolution,
and volume-sensing approach (Reitebuch and Hardesty 2021),
there is a need for other validation methods.

There are various approaches to validate DWL data both
with numerical simulation and in a real-world scenario. Large-
eddy simulations (LES) have been extensively employed to iden-
tify DWL errors and uncertainties for different applications and
specific flow conditions by implementing virtual lidar models in
the simulation domain (Lundquist et al. 2015; Gasch et al. 2020).
Rahlves et al. (2022) used LES and showed that the statistical
uncertainty of DWL data decreases with increasing averaging
time. Moreover, an analysis taking into account the wind field
variability highlighted a statistical error in the O(1) m s ' for
10-min averaged wind speed in a moderately convective ABL,
while exceeding 2 m s Yin strongly convective conditions. Cohn
and Goodrich (2002) compared radar wind profiler (RWP) and
DWL data showing a standard deviation of 0.88 m s~ ! between
both systems for the horizontal wind estimation. However, this
result is based on a single 2.3-h sample and did not account for
variations caused by atmospheric conditions. Péschke et al. (2015)
compared a 1-yr dataset of 30-min averages of DWL data with
data from an operational 482-MHz RWP and revealed a good
agreement between the two systems, with root-mean-square differ-
ences ranging between 0.5 and 0.7 m s~ ! for wind speed and be-
tween 57 and 10° for wind direction. Due to the lower altitude limit
of the RWP, no comparisons were available for altitudes below
500 m above ground level (AGL) and shorter temporal averages.

Another possible validation method is through the usage
of radio soundings. In a 2-day experiment, Ishii et al. (2005)

@ 2024 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
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showed a good agreement between DWL and radiosonde
data, with a mean bias of 0.2 ms ' and 1.4° and a standard de-
viation of 1.4 m s~ ' and 3.5°. Mariani et al. (2020) compared
in a 19-month campaign, two DWL scanning methods with
radiosonde data at three locations in the Arctic region. In
their study, both scanning methods utilized 70° elevation an-
gle: the VAD method (eight 45° spaced beams) exhibited a
smaller mean bias (—027 m s ') than the DBS method
(—0.46 m s '), both compared to the radiosonde. In the Lidar
Measurement Campaign Sola (LIMECS), Kumer et al. (2014)
found a strong correlation of horizontal wind between
altitudes of 500 and 1325 m, but a weak correlation (correla-
tion coefficient R = 0.6) below 500 m. Mariani et al. (2020)
and Kumer et al. (2014) observed that the comparability of
horizontal wind measurements below 500 m is challenging
due to the radiosonde’s pendulum motion. Moreover, the ver-
tical resolution is coarse; there is no temporal averaging; and
the radiosonde’s drift increases the horizontal displacement,
collectively contributing to biases. Comparison studies using
cup anemometers are limited to the ground (Lawrence et al.
1972), or to the maximum height of a meteorological tower
such as 100 m in Smith et al. (2006), or 116 m in Gottschall
et al. (2012), Courtney et al. (2008).

Ultimately, there is a gap in data availability at an altitude
range between 100 m (towers) and 500 m (due to the unavail-
ability of RWP data and coarse, biased radiosonde data). This
gap includes the influence of atmospheric stability on DWL
systems, which, according to virtual lidar models employed in
LES simulations, is not negligible (Robey and Lundquist
2022) but has not been verified with experimental data (Klaas-
Witt and Emeis 2022; Gasch et al. 2020). An accurate valida-
tion within this altitude gap and across different ABL stability
conditions can be achieved using high-resolution in situ air-
borne wind measurements by uncrewed aircraft systems
(UASs). As pointed out in Bange et al. (2021), a small re-
search UAS delivers as accurate thermodynamic and turbu-
lence data as a large crewed research aircraft although carrying
a smaller scientific payload and endurance but at much lower
operational costs and logistic efforts. Furthermore, a small re-
search UAS is capable of measuring the three-dimensional
turbulent wind vector with very high temporal and spatial reso-
lutions without the disturbing effect of a large fuselage, wings,
and propellers (Platis et al. 2016; Rautenberg et al. 2019;
zum Berge et al. 2021; Schon et al. 2022). Small UASs were
already applied in the past for remote sensing validation
(Martin et al. 2011). An overview of meteorological UAS and
research aircraft, in general, can be found in Bange et al.
(2013, 2021).

In this study, in situ turbulent wind vector measurements
were obtained using a UAS of type Multi-Purpose Airborne
Sensor Carrier-3 (MASC-3) (Rautenberg et al. 2019). These
measurements were carried out by the Environmental Physics
Team of the University of Tiibingen, Germany, during three
intensive observation periods (IOPs) in July 2020, June 2021,
and November 2022, in the frame of the Validation of numeri-
cal simulations and remote sensing using UAS (VALUAS)
project. The goal was to use data provided by the UAS as a
reference for assessing the wind speed and direction accuracy
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FIG. 1. The position of the measurement site, GM Falkenberg,
about 60 km southeast of Berlin, Germany.

between 100 and 500 m AGL of two DWLs operated by the
German Weather Service [Deutscher Wetterdienst (DWD)].

The experiments’ motive was for the following questions to
be addressed:

e How much does the spatial separation of the DWL beam
and the UAS flight path limit the comparability?

e Is there an altitude dependence of the intercomparison
results between the DWL and UAS wind measurements?

* Does atmospheric stability influence the intercomparison
results?

The manuscript is structured as follows: in section 2, the in-
struments (UAS, meteorological tower, and DWL including
scan strategy). the site, and the data analysis methods are
presented. Section 3 shows and discusses the results of the
VALUAS IOPs including a quality control of the UAS wind
measurements using the meteorological tower instruments at
Falkenberg. The overall performance of two DWLs is ana-
lyzed and compared to UAS in situ data taking into account
several variables such as the UAS fetch angle, flight altitude,
and atmospheric stability. In section 4, the conclusions and
recommendations for future studies are given.

2. Materials and methods
a. Measurement site and experimental setup

All meteorological measurements described in this study
were conducted at the boundary layer field site Falkenberg
(in German: Grenzschichtmessfeld, GM Falkenberg) of the
DWD, about 60 km southeast of Berlin, Germany (Fig. 1).
Flat farmland with few forest patches and small villages in be-
tween dominates the landscape around the measurement site
(Mengelkamp et al. 2006). The DWD operates this site to in-
vestigate the ABL in the rural landscape around Lindenberg
to complete the so-called “Lindenberg Column” reference
profile measurements of the whole troposphere (Neisser et al.
2002). Three IOPs at the GM Falkenberg were conducted in
the framework of the project VALUAS. The first campaign
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FIG. 2. Top of the meteorological mast at the MOL-Richard-
ABmann Observatory (RAO) site at GM Falkenberg, close to
Lindenberg, with the installed cup anemometers and wind vane at
98 m above the ground. Picture was taken with a DJI mavic the
morning of 25 Nov 2022.

(IOP-1) took place from 7 to 29 July 2020, the second (IOP-2)
from 7 June until 2 July 2021, and the third (IOP-3) from
17 to 29 November 2022 (list of flights available in appendix A).
During these IOPs, two DWLs of type Halo Photonics Stream-
line were deployed next to the 99-m meteorological tower
(Fig. 2). The free space area of the site was also used for the
UAS of type MASC-3 takeoff and landing procedures to con-
duct the necessary measurement flights for comparison.

b. Meteorological tower

The GM Falkenberg hosts a 99-m high meteorological
tower at 52°10’N, 14°07°E, 73 m above mean sea level (Fig. 2).
The tower provides horizontal wind measurements with cup
anemometers (Thies 4.3303.22.000) at 10, 20, 40, 60, 80, and
98 m and wind vanes (Thies 4.3121.32.000) at 40 and 98 m.
Water vapor and air temperature are measured using Vaisala
HUMICAP humidity and temperature probes of type
HMP45 in combination with R. M. Young model 43408 aspi-
rated radiation shields at 10, 20, 40, 60, 80, and 98 m. Surface
pressure at the tower (1 m above ground level) is measured by a
Vaisala PTB220A barometer. Data of wind speed and wind
direction were available as 1- and 10-min averages, while 10-min
averages were used for the other atmospheric variables.

c. Doppler wind lidars

For this study, DWD provided data from two Halo Photon-
ics DWL systems: a regular Streamline unit (S/N 177) owned
by DWD and a Streamline XR unit (S§/N 143) as a contribu-
tion from the Technical University of Berlin to the Field Ex-
periment on Submesoscale Spatio-Temporal Variability in
Lindenberg (FESSTVal) campaign. Therefore, WL143 was
present for the 2021 campaign only, while WL177 was oper-
ated during all three IOPs.

To derive the mean wind using DWLs, the Meteorological
Observatory Lindenberg (MOL) uses a best practice VAD
variant, which has proven to be particularly efficient over
years of testing. The variant used in Lindenberg is described
in Piaschke et al. (2015) and Teschke and Lehmann (2017).
This method allows for a simple calculation of uncertainties
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as well as efficient quality control via common fit parameters,
namely, the coefficient of determination (R2) and the condi-
tion number of the algebraic least squares regression (CN). In
addition, this VAD utilizes the minimum number of direc-
tions available for the calculation as a consistency criterion.
For example, with 24 viewing directions and the minimum
number of directions set to 12, there are practically no outliers
in the wind retrieval.

WL143 uses DWD’s VAD variant with 75° elevation and
24 different scan directions, which takes around 120 s to com-
plete a full azimuth circle, while WL177 applies a continuous
scanning mode (CSM) at 62° elevation designed for measur-
ing wind gusts, which completes a full azimuth circle in just
3.4 s. Due to their different pulse durations, system type, and
scan mode, both lidar products differ in their height resolution
and maximum height. Additionally, the lowest gate in each
lidar makes up the blind zone. Hence, usable data start at
70 and 40 m for WL143 and WL177, respectively (see Table 1).
It is important to note that due to their different configura-
tions, a single line-of-sight (LOS) measurement of WL143
averages 30000 individual pulses, while WL177’s rapid scan-
ning uses only 3000 pulses. This has influence on the measure-
ment quality and requires a different filter method prior to
the wind retrieval because filtering data with the common
signal-to-noise ratio (SNR) approach would result in a
marked loss of data availability. Therefore, the retrieval for
both lidars was conducted with the consensus filter method.
This filter is based on the random sample consensus (Fischler
and Bolles 1981), and it is used operationally in DWD'’s radar
wind profiler network. The wind processing was conducted
with DWD’s Doppler lidar processing toolbox1' using a time
window of 10 min. The toolbox incorporates the consensus fil-
ter and can process conical scans like VAD and CSM.

d. UAS platform

For obtaining the in situ horizontal wind velocity, the fixed-
wing UAS platform MASC-3 (Wildmann et al. 2017; Rautenberg
et al. 2019; zum Berge et al. 2021; Schon et al. 2022; zum Berge
et al. 2023) was employed (Fig. 3). The scientific payload consists
of a five-hole probe (SHP), an inertial measurement unit (IMU),
and a fast thin-wire resistance thermometer operated together to
get high-resolution wind measurements (van den Kroonenberg
et al. 2008; Wildmann et al. 2014a,b). MASC-3 uses a sampling
frequency of 100 Hz to measure the three-dimensional wind
vector and air temperature. The three-dimensional wind vector
in Earth’s coordinate system is calculated using raw data from
the SHP, IMU, and GPS data, along the three-dimensional flight
path of the UAS. Rautenberg et al. (2019) presented a detailed

! The Doppler lidar toolbox, developed within DWD's ground-
based remote sensing department, is an open source tool to help
operators of Doppler lidars, both Streamline and WindCube
systems, to process conical lidar measurement in a standardized
approach. It takes the native data formats as input, takes care of
the prior filtering steps, performs the wind calculation, and outputs
the results as netCDF data. The toolbox together with addi-
tional information is available at https:/github.com/mkay-atm/
dl_toolbox.
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TABLE 1. Measurement properties of the DWL instruments WL177 and WL143 deployed at GM Falkenberg (WL177 during all

10Ps, WL143 during IOP-2 only).

Manufacturer/type

SIN

Laser wavelength

Pulse duration 7,

Pulse repetition frequency (PRF)
Detector sampling rate

Scan/No. of directions/elevation/filter
Time window

Time to complete azimuth circle T
Focus setting

Vertical range

Vertical resolution (nominal)
Line-of-sight resolution (measured)

WL177 WL143
Halo photonics/streamline Halo photonics/streamline XR
177 143
1.5 pm 1.5 pm
187 ns 340 ns
10 kHz 10 kHz
50 MHz 50 MHz
CSM/—/62"/consensus VAD/24/75% consensus
10 min 10 min
345 120 s
500 m ]
13-2 636 m 23-11 568 m
27 m 46 m
30 m 48 m

Blindzone

Pulses per ray

Instrument software version
Retrieval software

Lowest gate, until 40 m

3000 30000
Streamline 14-8

DWD DL-Toolbox v. 1.0

Lowest gate, until 70 m

Streamline 14-8
DWD DL-Toolbox v. 1.0

description of the complete MASC-3, its sensor system, and the
raw data postprocessing procedures.

FLIGHT STRATEGY

Measurement flights were carried out by repeatedly flying
along straight and level ground tracks (legs) at various alti-
tudes between 89 and 550 m above the ground (Fig. 4), with a
constant indicated airspeed of 18.5 m s~ . Each flight leg has a
duration of at least 1 min. To compare flight leg data to the
averages provided by the cup anemometers at the tower and to
the DWLs, several consecutive flight legs at the same altitude
were combined to cover a measurement time of at least 10 min.

e. UAS data processing

All flight legs were initially sorted into different altitude
groups. Since this study aimed to validate DWLs with UAS

FIG. 3. The UAS platform MASC-3 in flight (2-m length, 4-m
wingspan, 8-kg takeoff mass, and 18.5 m s~ constant true airspeed).
The standard turbulence instrumentation is mounted at the very
front of the aircraft. The pusher-engine configuration with two rotor
blades is visible at the tail of the UAS. Courtesy of Ines Schiifer.

measurements, the groups’ vertical extent was set to be as
close as possible to a multiple of the height resolution of the
WL177 (the one with the most extensive dataset). The extent
was set accordingly to approximately 50 m.

The flight legs within a specific altitude group were then di-
vided into suitable time intervals. The length of these intervals
varies based on the desired averaging time. Executing this
process was complex as legs at the same altitude tended to
have varying duration times. This occurred because the UAS
maintained a constant indicated airspeed, causing the ground
speed and, consequently, the duration of each leg to differ de-
pending on factors like wind direction, flight direction, and
wind speed.

Finally, for every time interval and altitude group, the me-
dian of wind speed and wind direction was calculated from
the UAS dataset. The results of the calculation were then
compared with tower and DWL data for the same altitude
range and time.

1) AVERAGING TIMES

As explained in the previous section, each and every flight
leg has a different duration due to the flight conditions. The
procedure to get the leg bins varies, depending on the averag-
ing time.

Legwise average: Considering the highest resolution of cup
anemometer data (1 min), a leg is considered valid if it lasts at
least 60 s, ensuring a unique identification for comparison
with the anemometer dataset. However, it is even possible for
single legs to exceed 300 s in duration due to encountering
strong headwinds. In such cases, the decision was made to
avoid dividing the legs into multiple subsections. This choice
is completely arbitrary. One can also decide to divide the legs
into units of 60 s, but then other problems arise, such as if
a leg is not an exact multiple of a minute, which part of the
leg should be discarded? Instead, an easier and more conve-
nient approach involved averaging the cup anemometer data
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FIG. 4. The three-dimensional extent of all the UAS legs used
for this study. The red column represents the meteorological 99-m
tower.

collected throughout the entire leg. The distribution and
mean value of the legwise average at 98 m AGL for UAS
quality assurance are presented in Fig. 5a.

The 10- and 30-min averages: Given that there are no
individual legs that last exactly 10 or 30 min, our approach
involves considering consecutive legs and creating a repre-
sentative interval of either 10 or 30 min. To accomplish
this, we opted to group together the number of legs that,
when combined, come closest to the desired average dura-
tion. This strategy may sometimes result in a group duration
that is lower or higher than the required average, but it
would still be closer to the 10- or 30-min average compared
to adding or removing another leg to the group. Figures 5b
and Sc display histograms depicting the distribution and
mean value of leg groups for the UAS quality assurance at
98 m AGL with 10- and 30-min averages. These histograms
demonstrate that while shorter leg groups are present, the
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overall average duration aligns with the respective requested
time average.

For the quality assurance of the UAS measurements (com-
parison with tower data), all three different averaging periods
were used: legwise, 10 min, and 30 min. For the DWL valida-
tion, the investigation of the crosswind, altitude, and atmo-
spheric stability effects, 10-min data averages from UAS and
DWL were used. Table 2 gives an overview of the different
systems and the availability of data products for the three av-
eraging periods, while appendix B shows a schematic flow-
chart of the UAS data processing procedure.

From the UAS leg groups, the first timestamp of the first
leg in the group and the last timestamp of the last leg in the
group were used as the start and end time. Then, depending
on the time average, the data from the other systems were ei-
ther picked up as a single value (DWLs and 10-min tower
data) or averaged if more values were present between the
start and end time (1-min tower data).

2) SPATIAL SEPARATION EFFECT (FETCH ANGLE)

When comparing stationary measurements of a cup anemo-
meter or DWL with data from a moving platform like a UAS,
the effect of spatial separation has to be considered. The station-
ary sensor probes the air transported by the mean wind vector
across its position (advection). On the contrary, the UAS is mov-
ing through the air quickly enough so that the gathered data
might be interpreted as a snapshot of the air mass. It depends on
wind direction, speed, and the relative position of the UAS flight
path with respect to the stationary instrument, whether the
probed air masses are identical or not.

The flight paths for this study were designed in a way that
the UAS was always flying toward or away from the location
of the stationary measurements (tower or DWL) on repetitive
flight legs, ideally aligning the ground trajectory with the
mean wind direction. Aircraft controlled by an autopilot sys-
tem can follow a preprogrammed ground track with high ac-
curacy, independently of the current wind direction in the
atmosphere. Hence, despite a careful mission planning, there
could be an angle a (fetch angle) between the flight direction
(track) of the UAS and the wind direction .

This angle « can range from 0° (headwind or tailwind) to 90°
(crosswind) on repetitive legs. Headwind is coming from the
opposite direction the aircraft is flying, parallel to its flight di-
rection. Tailwind is going in the same direction as the aircraft,
parallel to its flight direction. Pure crosswind crosses the air-
craft track perpendicularly without any headwind or tailwind
components.

The aircraft moves through the air, while the air itself moves in
Earth’s coordinate system due to the mean wind vector. In the
case of a = 0 (head or tailwind), the aircraft is probing exactly
the same air mass that is advected over the stationary measure-
ment sensor. Part of the air moves perpendicular to the aircraft’s
ground track at higher crosswind angles. Then, the aircraft probes
different air masses on several repetitive legs compared to the
one advected over the stationary measurement sensor.

Besides that, the probed air continuously exchanges energy
and momentum with the surrounding air (depending on the
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FI1G. 5. Distribution (blue histogram) and mean value (vertical black dashed line) of the leg bin duration for the three different time
averages at 98 m AGL.

local turbulent mixing) and the heterogeneous surface. The
degree of similarity of influence onto the measured airborne
data and the stationary instruments differs with the fetch an-
gle a. For a = 90°, the surface to the left or right of the
ground track influences the measurements about as strong as
the surface along the ground track.

Comparing aircraft measurements with sensors that are sta-
tionary at the ground (e.g., towers or DWL) requires consid-
ering that for small fetch angles a. the air is advected along
the aircraft track toward the stationary sensor, in case the air-
craft is moving toward or away from the tower or DWL.
More prominent fetch angles mean that the air advected to-
ward the stationary sensor only crosses the aircraft’s track at
one location. This raises the question of whether the agree-
ment of the UAS and tower or DWL data depends on the
fetch angle « between the wind direction and flight direction.

Therefore, before any comparison with any stationary
sensor, an analysis of the influence of the fetch angle was
performed.

f. Statistical measures

To compare datasets from the tower, UAS, and DWL
measurements on a statistical basis, suitable statistical quanti-
ties (measures) are defined in the following, both for horizon-
tal wind speed v and direction ¢.

1) WIND SPEED

The meteorological wind vector is defined by u = (u, v, w)
with « being positive eastward, v being positive northward,

TABLE 2. Averaging times and their usage in this study for each

system.
Measurement system Legwise 10 min 30 min
UAS X X X
Tower cup anemometer and vane X X b4
WL143 X
WL177 X

and w being positive upward. However, since the vertical
wind component is not the subject of the present study,
mainly the horizontal wind vector is analyzed and referred to
in polar coordinates using the wind speed variable v = |(1, v)|
and direction ¢ (with ¢ = 0 for wind coming from the north).

For a pair of wind speed measurements, one is obtained
from UAS A and the other is from a second system § (i.e.,
cup anemometer mounted on the tower, WL143, or WL177,
respectively) from the identical time and altitude group, aver-
aged over the same period (e.g.. leg duration, 10 min, 30 min),
we define a normalized, relative, dimensionless wind differ-
ence [Eq. (1)]. As the scope of the analysis is to validate
DWL measurements on the basis of UAS data, the latter is
considered the reference and used for the normalization in
the equation:

Y, = Yai ~ Ysi

(1

Vai

The relative deviation has the advantage over the absolute
deviation that it is not sensitive to the absolute value of the
wind speed. To compare all dataset pairs { = 1, ..., n, we use
the mean bias and the root-mean-square difference (RMSD)
and the Pearson correlation coefficient:

1 n
By =y 2% @)
R P ()
v naYi
Zfﬁm — (v )Ty, — {vg)
R, === )

v

E‘I (U4, — wA)F\j;; (Ug;— (u_‘;})2

where (v,) and (vg) are the mean horizontal wind velocities
averaged over the entire dataset:
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TABLE 3. Statistical measures evaluating the fetch angle « effect for the UAS quality assessment. The « limits are chosen in such a
way Lo split as evenly as possible the data pairs n between the different groups.

Wind speed

Wind direction

Group « Data pairs n oy R, By Group o Data pairs n oy Ry B,
Legwise average Legwise average
1 0°-23.6" 123 0.148  0.937 —0.012 1 0°-23.6" 114 15.1 0.985 1.7
2 23.6°-39.3° 103 0229 0913 —0.029 2 23.6°-39.3° 82 203 0.980 6.5
3 39.3°-90° 122 0.323  0.837 —0.011 3 39.3°-90° 100 208 0979 3.1
10-min average 10-min average
1 0°-23.6° 29 0.109  0.962 0.001 1 0°-23.6° 27 10,6 0.989 0.3
2 23.6°-39.3° 25 0.164 0976 —0.016 2 23.6°-39.3° 20 16.7  0.986 7.4
3 39.3°-90° 23 0286  0.884  —0.041 3 39.3°-90° 17 189 0977 -19
1& The values {Au)2 and (A v)2 are the difference in the two hori-
(a) =~ 2 Vaye (5)  zontal wind components.

ni=1

2) WIND DIRECTION

The same statistical measures are used for the wind direc-
tion. However, in contrast to the wind speed, the differences
in wind direction measurements between UAS (index A) and
tower or DWL (index §) are not normalized:

A, =y, — by, (6)
Additionally, only data pairs with wind speeds exceeding
2ms ! are considered when comparing wind directions. This
filtering process is necessary because low wind speeds tend to
exhibit significant fluctuations in wind direction (Davies and
Thomson 1999), rendering meaningful comparisons impractical.

g. Atmospheric stability measures

The lapse rate y and the bulk Richardson number Ri, are
used to investigate the influence of atmospheric stability on
the DWL measurements. The first measures static stability
due to temperature gradients over a specific height difference
(thermal stratification). In contrast, the second one also con-
siders the horizontal wind speed gradient (shear) in the verti-
cal direction (dynamic stratification).

The lapse rate y is calculated with the difference A®, of
potential virtual temperature between two heights Az accord-
ing to

d® AO
=""v T e 7
dz Az @
In the case of a statically stable atmosphere, y > 0; in the case
of a statically unstable atmosphere, vy < 0. For the case of a
neutral atmosphere, y = 0.

According to Stull (2016), Rij is calculated by

gA® Az

e T — 8
T, [(Au) + (Av)’] ®

Ri,

with ¢ = 9.81 ms %, A®, as the difference of potential virtual
temperature between two heights, and Tu as the arithmetical
mean of the virtual temperatures between the two heights.

In this study, Ri, is calculated using variables measured at
z1 = 1 mand z; = 98 m while y for z; = 1 m and z> = 10 m,
since this lower part of the atmosphere primarily influences the
difference in the virtual potential temperature. As the wind
speed on the ground is zero, the approximation uy,, = 0 is con-
sidered and Eq. (8) then becomes

_ gAO Az

R‘ BT -~ T IETeEATE——
YT T 2 + )

)

At Eq. (9), 4 and v are now the two horizontal wind compo-
nents at the upper end of the vertical column, i.e., at 98-m
altitude. Since the atmospheric pressure is only measured at
a level of 1 m, the barometric equation [Eq. (10)] solved
for pressure at the higher altitude (p.». i.e.. pogm and pigm) is
used to obtain a value for the atmospheric pressure at differ-
ent height levels

—gAz
e ] 10
P p.mEXP(R 7 ) (10)

d” v

3. Results and discussion
a. Quality assurance of UAS data

Before UAS data are used to validate DWL data, the UAS
measurements were compared to tower data for quality
assurance.

Quality control was performed by comparing the horizontal
wind speed and direction measured by UAS with the tower
measurement at 98 m AGL. Time-averaged cup anemometer
data were compared to the corresponding flight legs at 98 m
during the same time. The averaging periods were defined as
the duration of one flight leg (legwise, see above), 10, and
30 min.

1) FETCH ANGLE ANALYSIS

At first, an analysis of the spatial separation effect was per-
formed on the legwise and 10-min average data (the 30-min
average was not used due to the small size of this dataset).
Results are reported in Table 3. This analysis shows that the
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F1G. 6. Comparison of UAS wind speed data with cup anemometer data at 98 m AGL. (a)-(c) Different averaging
intervals explained in section 2e(1). The red lines are the result of linear regressions (same in the following diagrams).

RMSD for both wind speed and direction increases with the
fetch angle. The agreement of the wind speed measurements
is more affected than the wind direction measurements.

To have a good compromise between the data quality and
the dataset’s size. it was chosen to use only the data with a
fetch angle « lower than 39.3° for the further analysis.

2) FINAL QUALITY ASSESSMENT

Figures 6 and 7 show the result of the comparison for both
wind speed and wind direction for the filtered dataset (fetch
angle « lower than 39.3°): each data point in the diagrams rep-
resents one pair of UAS and tower measurements. Table 4
presents the corresponding statistical measures.

The normalized mean bias By for wind speed is always less
than 4%. With a mean wind speed of 6 m s~ !, this equals to
an error of 0.24 m s . Such a small value indicates that any
systematic difference between UAS and tower measurements
regarding wind speed is negligible. The normalized RMSD oy

is about 20% for the legwise average. This high initial value is
probably caused by atmospheric turbulence. The correlation
between the tower-mounted cup anemometer and the UAS-
based SHP measurements is always more than 0.9. When
increasing the averaging period to 10 and 30 min, the correla-
tion coefficient R, grows and oy drops: the statistical agree-
ment between both systems increases strongly, mainly due to
the low-pass filtering of turbulent motion. The fact that the
30-min case has the highest correlation, despite the low num-
ber of data points, implies that a lower correlation in the
shorter averaging times is mainly due to the random turbu-
lence error in the convective boundary layer, which affects
measurements due to spatial separation.

The wind direction also shows a high degree of agreement
between tower and flight data, as long as data points with
wind speeds below 2 m s ! (black triangles in Fig. 7) are re-
moved when calculating the statistics. Low wind speeds natu-
rally have a high variation in the wind direction, thus making
comparability unfeasible. For the wind direction, the correlation
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F1G. 7. Comparison of UAS wind direction data with vane data at 98 m AGL. (a)-(c) Different averaging intervals
explained in section 2e(1).

reaches already (.98 using legwise averaging. The root-mean-
square difference o, is about 17.5° due to turbulent fluctua-
tions, dropping to 9.9° for a 30-min averaging. The mean bias
By, drops from 4.7° for the legwise averages down to 2.7° for
a 30-min averaging, indicating that there is very low signifi-
cant systematic difference between tower and UAS-measured
wind directions.

The quality assurance of the UAS measurements using the
tower data for comparison highlights that despite the different

measurement principles, the UAS is a well-suited tool for
DWL validation.

Considering that the next comparison involves 10-min average
data, our reference system can be characterized by negligible By
with oy = 13.7% and B,, = 3.3° with o, = 13.5°.

b. Doppler wind lidar validation

As described in section 2e(1), consecutive UAS flight legs
at a constant altitude were grouped to calculate the 10-min

TABLE 4. Statistical measures describing the quality of the UAS as a horizontal wind vector sensor. For the wind direction, only data
where the wind speed is higher than 2 m s~ " are considered.

Wind speed Wind direction
Number of data Number of data
Averaging period pairs n oy Ry By Averaging period pairs n Ty Ry B,
Legwise 230 0.194 0935  —0.018 Legwise 197 17.5° 0982 4.7°
10 min 54 0.137 0971  —0.007 10 min 47 13.5° 0987 3.3°
30 min 10 0.143 0991 0.037 30 min 8 99> 0989 2.7
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TABLE 5. Stalistical measures evaluating the fetch angle « effect on the wind speed and direction data for the UAS vs WL177 comparison.
The a limits are chosen in such a way to split as evenly as possible the data pairs n between the different groups.

Wind speed Wind direction
Group o Data pairs n oy R, By Group « Data pairs n oy Ry B,
1 0°-14.1° 68 0.107 0974  0.049 1 0°-14.1° 46 14.0°  0.986 2:3°
2 14.1°-23.6° 69 0.117 0980  0.062 2 14.1°-23.6° 56 1677 0984 —0.7°
3 23.6°-39.3° 68 0.184 0955  0.061 3 23.6°-39.3° 42 224° 0980 —-5.9°
4 39.3°-90° 70 0.195 0838 0.014 4 39.3°-90° 38 2137 0.970 0.5°

averaged data for the DWL validation, as the operational
DWL dataset provided by the DWD consists of 10-min aver-
ages. This procedure leads to a database consisting of aver-
aged data pairs (UAS, DWL) of wind speed and direction for
both types of DWL measurements.

In the first step, all available altitudes from the whole data-
set are compared. 53 (UAS, WL143) and 275 (UAS. WL177)
data pairs are available for the wind speed comparison. This
difference is because WL143 was not operated during the
IOP-1 and IOP-3 in 2020 and 2022.

In the case of wind direction, for WL177, only data from
2021 to 2022 are shown and analyzed since, in 2020, technical
issues with wind-direction derivation for this device occurred.
This technical problem, combined with the criterion of taking
pairs where the wind speed is above 2 m s ', reduced the
number of wind direction data pairs (UAS, WL177) to 182
and (UAS, WL143) to 41.

To refer to the DWL systematic measurement error to the
tower measurement, in the following analysis, the variable B
will be computed as

B =B (11)

dwl tow uastow O uas,dwl®

where the values for the B, ow Were defined for the 10-min
average at the end of section 3a(2).

1) FETCH ANGLE ANALYSIS

To evaluate the effect of spatial separation, the database con-
sisting of data pairs of UAS and DWL measurements averaged
over 10 min was split into four parts, similarly to section 3a(1).
Since the data availability of the WL143 is not as good as the
one of the WL177, only the WL177 system is taken into account
here. The effect of the spatial separation due to the fetch angle
« is expected to be similar for both DWL systems since they are
situated next to each other at the measurement site.

Table 5 lists the result and statistical measures for the
WL177. The statistical measures R, B, o show an increase of
oy and o, with the rising fetch angle. The correlation coeffi-
cient R, for the wind speed decreases, down to (.83 for fetch
angles from =40° to 90°, while By does not show a clear ten-
dency. In contrast to this, the correlation coefficient of the wind
direction shows a slight decrease only for the fourth group
(=40° to 90°), which contains the most significant fetch angles a,
i.e., strong crosswind flights. The bias of the wind direction be-
tween WL177 and UAS also does not show a clear tendency.

Summing up. the measures R. B, o that describe statistical
and systematic differences between the UAS and the DWL

data are affected by the fetch angle « (or crosswind flights),
but as long as a < 39.3° the influence is considered accept-
able. This condition reduces the usable wind speed datasets
from 275 to 205 (UAS, WL177) and from 53 to 46 (UAS,
‘WL143), while for wind direction, it is from 182 to 144 (UAS,
WL177) and from 41 to 38 (UAS, WL143).

2) OVERALL VALIDATION

Figure 8 shows scatter diagrams for wind speed and direc-
tion for both DWL instruments compared with UAS meas-
urements. Table 6 lists the corresponding statistical measures.

For both DWL, the correlation with the UAS data is high:
more than 0.94 for the wind speed and more than 0.98 for the
wind direction and comparable with the agreement between
tower and UAS data.

The WL143 statistical scatter for wind speed oy is more sig-
nificant than the WL177. In contrast, the scatter for wind
direction (o) is smaller. The reason might be the different
scanning strategy (see section 2c) or the different turbulent
conditions since the two datasets do not cover identical mete-
orological situations.

The systematic differences between UAS and DWL in
wind speed are almost one order of magnitude larger than the
UAS—tower agreement, especially for the 10-min average.
According to Eq. (1), the WL143 shows a 5.1% tendency to
overestimate the horizontal wind velocity. At the same time,
the WL177 tends to underestimate it by 5.7%. The 5.1% un-
derestimation in WL177 can be attributed to a noise-induced
bias that becomes increasingly noticeable in the case of
weak signals (Pidschke and Detring 2023, manuscript
submitted to Atmos. Meas. Tech. Discuss.). For WL134, the
amount of data pairs for the comparison is only a fifth of the
number of the data pairs available for WL177. Additionally,
no wind speed was much greater than 10 m s '. Therefore,
the point cloud is more compact and the linear regression
is not as stable as for the comparison with WL177 and
hence, the results are less reliable. This hints that for a reli-
able comparison, the data points should cover a consider-
able range of velocities. The systematic differences between
the reference platform and the DWL wind direction are
almost negligible, even though the WL177 seems to be the
more accurate.

3) SIMULTANEOUS VALIDATION

The dataset was cut-filtered to investigate how both systems
compare with the same atmospheric conditions by considering
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F1G. 8. UAS wind speed and direction data compared to WL143 and WL177 data, respectively, for 10-min averaging
intervals. See Table 6 for the corresponding statistical measures.

only situations where the two lidars operated simultaneously
(viz., only during IOP-2 in 2021). This filtering does not re-
duce the size of the (UAS, WL143) dataset but discards most
of the data pairs (UAS, WL177). The final number of entries
is 45 for the wind speed and 38 for the wind direction.

The statistical measures of the simultaneous comparison are
shown in Table 7. The statistics are consistent with Table 6 and
confirm the conclusions drawn in section 3b(2).

It should be noted that WL143 operates with a smaller
zenith angle: this implies that the projection of the radial

winds on the horizontal wind vector is smaller and thus proba-
bly more uncertain, especially in the convective ABL. More-
over, a 10-min average for WLI143 just contains five scan
cycles against more than 170 for the WL177.

c. Effect of the altitude

In this section, the 10-min averaged data pairs are used to in-
vestigate whether a dependency of the overall data quality on
the scanning altitude is present. The data pairs were subdivided
into altitude groups and compared to the closest DWL range

TABLE 6. The statistical measures of the overall comparison of UAS with both DWL systems. These measures statistically describe
the scatter diagrams of Fig. 8.

Wind speed Wind direction
DWL Data pairs n oy R, By DWL Data pairs n oy Ry B,
WL143 46 0.211 0.941 —0.051 WL143 38 13.6° 0.992 2.4°
WL177 205 0.140 0.978 0.057 WL177 144 17.7° 0.983 -12°
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TABLE 7. The statistical measures of the simultaneous comparison of UAS with both DWL systems.
Wind speed Wind direction
DWL Data pairs n oy R, By DWL Data pairs n T R, By
WL143 45 0.213 0.938 —0.049 WL143 38 13.6° 0.992 2.4°
WL177 45 0.163 0.959 0.044 WL177 38 17.8° 0.987 1.0°

gate. Table 8 and Fig. 9 show the quality measures for the alti-
tude analysis.

Due to the limited quantity of available data pairs for
WL143, a comprehensive analysis was only feasible for two
different altitudes. The upper gate exhibits a statistical scatter
oy that is more than twice as high compared to the lower
gate, despite having a similar correlation R,. Additionally. the
systematic difference (By 9%) is significantly larger at
higher altitudes. The scatter for wind direction o, behaves
similarly to wind speed, as well as the systematic difference.
However, the o, values are very close to the 10-min UAS ver-
sus tower uncertainty, making it challenging to draw a defini-
tive conclusion.

The larger size of the WL177 dataset allowed a subdivision
into more altitude groups: 4 for the wind speed while only 3
for the wind direction due to the additional filtering discard-
ing low wind speed conditions. In the case of wind speed de-
termined by WL177, the statistical scatter oy is comparable
for the first three altitudes but shows a clear improvement for
the last range: this range is indeed where the WL177 has its
focus set to and therefore provides the best SNR. However,
this improvement is still much smaller than the scatter be-
tween UAS and tower measurements, rendering any further
analysis inconclusive. The correlation of wind speed generally
increases with altitude, except for a drop to 0.918 in the sec-
ond altitude range. For the same range gate group, By reaches
a maximum of 9.2% but decreases with increasing altitude.
Concerning WL177 wind direction, there is no discernible
trend in the quality statistics, although the second altitude
group appears to be less accurate.

SIMULTANEOUS ANALYSIS OF ALTITUDE EFFECT

Similar to the analysis performed in section 3b(3), again the
overall dataset was filtered to compare conditions in which

both lidars were operating at the same time. In such a way, a
valid comparison of the two systems under the same atmo-
spheric conditions can be exploited and the results are re-
ported in Table 9.

The two DWLs have similar wind speed measurement qual-
ity for the lower altitude group, and there is a tendency to-
ward larger scatter by increasing the scanning altitude. This
increase of the statistical scatter seems to be more pro-
nounced for the WL143. For the systematic error, the ten-
dency is opposite for the two systems: WL143 is very accurate
in the first altitude, while drifting in the second and vice versa
for the WL177.

For the wind direction, measurements of the WL143 have
less scatter than the other systems on both altitudes, yet the
tendency of increased scatter with altitude is always followed.
Regarding the systematic error, the tendency is analogous to
the wind speed measurement.

d. Effect of the atmospheric stability

In the last step, our study analyzes whether atmospheric
stability has an effect on the lidar wind estimation. To thor-
oughly examine the impact on the measurements, it was
crucial to acquire an ample amount of data under both
stable and unstable conditions. However, the WL143 data
solely cover IOP-2, restricting the availability of sufficient
pairs for stable conditions. Consequently, the investigation
of the influence of atmospheric stability was limited to the
WL177 system.

1) RICHARDSON NUMBER

First, Ri, was used as a stability criterion calculated as ex-
plained in section 2g. Figure 10 shows the calculated Ri;, for
all the 10-min data pairs. Since the biggest share of flights has
been conducted during daytime and in two campaigns in

TABLE 8. Statistical measures evaluating the altitude dependency of the wind speed and direction measurement for the

two DWLs.
Wind speed Wind direction
Data pairs n UAS altitude Range gates oy R, By  Data pairs n UAS altitude Range gates @, Ry B,

WL143 WL143
24 86-103 m 70-116 m  0.133 0948 -0.011 18 86-103 m 70-116 m 9.7 0992 19°
16 297-303 m 301 m 0.304 0940 —0.091 14 297-303 m 301 m 16.3° 0985 3.6°

WL177 WL177
51 81-103 m 93 m 0.158 0948 0.067 40 81-103 m 93-172m  142° 0987 33°
43 142-249 m 146-252 m  0.167 0918 0.092 63 238-317 m 225-305m  20.9° 0979 -3.9°
69 273-317 m 278-305 m  0.141 0983 0.050 41 393-488 m 384490 m 1557 0980 —1.6°
42 393-493 m 384490 m  0.065 0.990 0.025
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F1G. 9. Statistical measures evaluating the altitude dependency of the wind speed and direction measurement for
the two DWLs.

and dynamic stable conditions (Ri, = 0.25) or only thermal
stable conditions (0 < Ri, < 0.25) (Stull 2016). The sub-
division of the negative values was performed by mirroring
the boundaries of the positive values simply in order to

summertime (IOP-1 and IOP-2), more data pairs are for the
unstable case than for stable.

The 10-min data were here divided into four groups. The
grouping of the positive Ri, values represents thermal

TABLE 9. Statistical measures evaluating the altitude dependency for DWLs under the same atmospheric conditions (analogous to
the simultaneous comparison).

Wind speed Wind direction
Data pairs n UAS altitude Range gates oy R, By  Data pairs n  UAS altitude Range gates oy, Ry By
WL143 WL143
23 86-103 m 70-116 m  0.133 0943 —0.006 18 86-103 m 70-116m  9.7° 0992 19°
16 297-303 m 301 m 0.304 0940 —0.091 14 297-303 m 301 m 16.3° 0985 3.6°
WLI177 WL177
23 86-103 m 93 m 0.151 0950 0.07 18 86-103 m 93 m 15.5* 0979 3.9°
16 297-303 m 305 m 0.187 0980  0.03 14 297-303 m 305 m 21.9° 0976 —0.9°
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FI1G. 10. Times series ol Riy for all the 10-min data pairs available. Values below the critical value of 0.25 denote dynamically unstable
conditions, while values higher than 0.25 suggest a stable ABL.

split the dataset into two groups with significant amount of
entries.

2) LAPSE RATE

In addition to evaluating atmospheric stability from the
Richardson number, the same was done with the lapse rate,
calculated according to section 2g by using data between 1- and
10-m height above the ground level. By taking the lapse rate as
a stability criterion, more data pairs are classified into the stable
atmospheric conditions doubling in the end the amount of data
in this group. Figure 11 shows the time series of the lapse rate
for all the 10-min data pairs. The tendency is similar to Fig. 10;
however, more points are above the boundary at zero.

3) STABILITY DEPENDENCY

By analyzing the statistical measures shown in Fig. 12 and
reported in Tables 10 and 11, it is possible to clearly identify
an improvement in the DWL wind speed measurement with
increasing atmospheric stability. It seems that both values for

the bias and the statistical scatter decrease significantly when
the atmosphere is stable. This behavior was somehow ex-
pected as it is well known that under these specific conditions,
the ABL is less active and tends to suppress turbulent mo-
tions, resulting in a reduction of the inhomogeneity and non-
stationarity of the wind field being measured. However, the
scatter is very close to the uncertainty of the UAS itself al-
ready in unstable conditions, while for a stable atmosphere, it
is way lower. Due to this fact, it is not possible to prove the
actual value for the scatter in stable conditions; however, it is
plausible that even the uncertainty of the UAS would de-
crease if calculated only under stable atmospheric conditions.
Therefore, the general behavior of these statistical measures
is still considered valid.

The wind-direction measurements also show a similar ten-
dency for the statistical scatter. Regardless of the specific value
difference between the bulk Richardson number and lapse rate,
with stable conditions, the scatter is lower. The tendency is re-
versed when it comes to the bias where a slightly larger system-
atic difference is encountered in stable atmospheric conditions.
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FIG. 11. Time series of the lapse rate for all the 10-min data pairs available. Values below 0 denote unstable conditions dominated by
convection, while values higher than 0 suggest a stable ABL.
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F1G. 12. Visual representation of the statistical measures of the atmospheric stability effect on wind speed and direction
measurement for WL177.

In conclusion, analyzing the atmospheric stability based
on both bulk Richardson number and lapse rate shows that
with increasing stability, the WL177 wind vector quality is
increasing.

4. Conclusions and outlook

In the framework of the VALUAS project, three field cam-
paigns (IOPs 1-3) during July 2020, June 2021, and November
2022 were carried out at the boundary layer field site Falken-
berg, about 60 km southeast of Berlin, in flat but heteroge-
neous terrain.

The goal of the campaigns and the ongoing data analysis
was the validation of Doppler wind lidar (DWL) systems us-
ing small uncrewed aircraft systems (UASs) with a special fo-
cus on the height range 100-500 m. The latter were operated

by the University of Tiibingen, while two DWLs running in
different modes (WL143 and WL177) were operated by the
German Weather Service [Deutscher Wetterdienst (DWD)].
In total, 146 research flights were performed with a typical
duration of 1.5 h each. For this study, data from 73 flights
were used.

The statistical analysis applied mainly consists of determin-
ing systematic differences (bias) B, scatter o expressed by the
root-mean-square difference, correlation coefficients R, and
linear regressions in the scatter diagrams.

For both UAS—tower and UAS-DWL validation, the airborne-
measured in situ data were subdivided and grouped in a way
that data pairs (UAS vs DWL) were as much representative of
the same air volume as possible. But of course, instruments like
cup anemometers or DWL probe the atmosphere vertically
from a fixed location, while aircraft operating on straight and
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TABLE 10. Wind speed and direction differences UAS vs WL177. The four different Ri, groups indicate unstable conditions (groups 1 and 2).
statically stable but dynamically unstable conditions (group 3), and stable conditions (group 4).

Wind speed Wind direction
Group Ri, Data pairs n = oy R, By  Group Ri, Data pairs 1 oy Ry B,
1 Ri, <= —0.25 65 0.196 0.854 0.084 1 Ri, < —0.25 44 25.5° 0976 -1.1°
2 —-0.25 < Ri, <0 95 0.118 0965 0.054 2 —-025 < Ri, <0 55 18.9° 0990 —1.0°
3 0 < Ri, < 0.25 25 0.044 0991 0.022 3 0 < Ri, < 0.25 24 16.0° 0985 -2.6°
4 Rip = 0.25 11 0.060 0.957 0.002 4 Ri; = 0.25 11 15.7° 0980 -5.9°

level flight sections (legs) gives horizontal datasets at fixed
altitudes. Thus, the two systems do not necessarily probe the
same air mass. This factor was considered in the present study
by a fetch angle a. For small to medium « (which represents
more or less the crosswind share of the airborne measured in
situ data), no significant effect on the statistics of both UAS
versus tower and UAS versus DWL was found. For a > 407,
the fetch angle effect became noticeable and degraded the sta-
tistical agreement.

The first part of the presented analysis validates the UAS
data versus tower measurements (cup anemometer and vane)
at 98 m AGL. As already shown in the past, see, e.g., Martin
et al. (2011), a small research UAS is able to measure—
among other quantities—the horizontal wind vector with
high accuracy. In the present study, the systematic bias be-
tween tower-based cup anemometer and vane data versus
the airborne wind vector is about 0.7% (wind speed) and below
4° (direction) for 10-min averaged data. The correlation coeffi-
cient between tower and UAS data is better than (.95 for both
wind speed and direction using 10-min averages.

The general comparison of both DWL (WL143 and WL177)
versus UAS using the entire database shows that both ap-
proaches for measuring the mean horizontal wind velocity v
and direction ¢ yield data in good agreement: correlation co-
efficients are higher than 0.94 for wind speed and above 0.98
for wind direction. Systematic differences between DWL- and
UAS-derived wind direction are both lower than 2.5°. However,
systematic overestimation (WL143) of 5.1% and underestima-
tion (WL177) of 5.7% were found regarding the horizontal
wind speed.

The grouping of the dataset in altitude ranges (up to 550 m
AGL) revealed a dependency of the intercomparison results
on height. The WL177 system shows an improvement in the
wind speed retrieval quality over altitude, while the wind di-
rection retrieval quality does not show a clear tendency:
WL177 is operated with a focus setting at 500 m; this typically
implies the best SNR values around this height range. It also
seems that the lower range gates contribute more in the un-
derestimation of the wind speed. It should be remembered

TABLE 11. Wind speed and direction differences UAS vs

that the UAS crosses a mixed landscape with some patches of
forest in the vicinity of GM Falkenberg. This may have some
influence on the wind measurements, especially at the lowest
levels. In contrast, the WL143 system shows a decrease in the
quality of the wind speed and direction retrieval with increas-
ing altitude, with wind speed being the most affected. Here,
on the other hand, it is the higher-range gate that overesti-
mates the wind velocity. Furthermore. up to heights of 500 m,
no significant adverse impact of the wider scan cone (resulting
from a larger zenith angle) of WL177 is observed in compari-
son to WL143. This observation holds true despite the fact
that the majority of our data was collected within the unstable
convective boundary layer.

Atmospheric stability was examined on the basis of the
temperature lapse rate vy (i.e.. indication of statically stable or
unstable conditions) and the bulk Richardson number Rij,
(i.e., indication of dynamically stable or unstable conditions).
Temperature differences at the lower level of the surface
layer from 1 to 10 m indicated mostly statically unstable con-
ditions during the first two IOPs in the summers of 2020 and
2021 (y < 0), while mainly stable conditions were present dur-
ing the last IOP during autumn of 2022 (y > 0), as indicated
in Figs. 10 and 11. In both cases of wind speed and direction, a
general tendency toward a better agreement between the
UAS and WL177 is observed through the correlation coeffi-
cient, bias, and standard deviation during more stable condi-
tions. Such conditions dampen vertical air exchange and
create a more homogeneous, undisturbed wind field, which is
closer to the inherent assumption of wind homogeneity that
lidar systems often undertake, when they are in operation.
This justifies how the overall statistics between the UAS and
WL177 improve the more stable conditions, as shown in Ta-
bles 10 and 11.

Several postprocessing algorithms have been developed
and are presently employed for processing data from DWLs
operated by the German Weather Service. A forthcoming
study aims to investigate the distinctions among these algo-
rithms, utilizing the existing reference UAS data within the al-
titude range of 100-500 m.

WL177 for thermally stable (2) and unstable cases (1).

Wind speed Wind direction
Group kY Data pairs n ay R, By Group ¥ Data pairs n Ty Ry, By
1 y<0 172 0.150 0.977 0.063 1 y<0 110 18.1° 0.984 -0.9°
2 y=0 22 0.047 0.991 0.007 2 y=10 22 16.0° 0.985 —4.9°
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Furthermore, the available database comprises of airborne
in situ measurements of turbulence data for the 3D wind vec-
tor and air temperature. A subsequent phase of research will
be dedicated to the validation of the turbulence variables
obtained from DWLs by comparing them against the UAS
dataset.
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APPENDIX A

Flight Overview

The complete list of flights performed during the three
VALUAS IOPs is reported in Table Al.

TABLE Al. List of all MASC-3 measurement times and their contribution to the validation with different timeframes during the
I0P-1, IOP-2, and TOP-3 in the years 2020, 2021, and 2022 at the MOL-RAOQ.

Flight No. Date Measurement time (UTC) Flight No. Date Measurement time (UTC)
1 7 Jul 2020 0950-1051 94 16 Jun 2021 0846-0958
2 7 Jul 2020 1314-1357 95 16 Jun 2021 1217-1336
3 7 Jul 2020 1516-1541 101 19 Jun 2021 0624-0735
5 8 Jul 2020 1506-1610 102 19 Jun 2021 (08260911
6 8 Jul 2020 1654-1800 103 21 Jun 2021 1254-1412
8 9 Jul 2020 0941-1100 104 23 Jun 2021 0827-0944
9 10 Jul 2020 0924-1046 105 23 Jun 2021 1537-1649
10 10 Jul 2020 1119-1214 106 24 Jun 2021 0857-1007
11 10 Jul 2020 1312-1408 107 25 Jun 2021 0836-0918
12 11 Jul 2020 0820-0910 108 25 Jun 2021 1019-1148
18 12 Jul 2020 1225-1336 109 25 Jun 2021 1419-1536
21 13 Jul 2020 1326-1439 110 26 Jun 2021 0635-0800
22 14 Jul 2020 0818-0859 111 26 Jun 2021 0915-1030
25 16 Jul 2020 0840-0958 113 28 Jun 2021 1453-1609
28 17 Jul 2020 0830-0938 115 29 Jun 2021 1007-1151
29 17 Jul 2020 1138-1246 118 2 Jul 2021 1316-1349
31 18 Jul 2020 0843-0931 119 2 Jul 2021 1654-1817
34 20 Jul 2020 0835-0952 121 17 Nov 2022 0955-1027
35 20 Jul 2020 1110-1218 122 17 Nov 2022 1254-1342
37 21 Jul 2020 0808-0923 123 17 Nov 2022 1431-1507
42 22 Jul 2020 1325-1436 126 19 Nov 2022 1007-1109
+4 23 Jul 2020 1029-1131 127 19 Nov 2022 1225-1327
48 24 Jul 2020 1231-1329 128 19 Nov 2022 1418-1518
52 25 Jul 2020 1031-1108 131 21 Nov 2022 0923-1034
56 27 Jul 2020 1158-1229 134 23 Nov 2022 1419-1508
62 29 Jul 2020 0959-1033 135 25 Nov 2022 1345-1458
73 7 Jun 2021 1325-1419 136 27 Nov 2022 0902-100
74 8 Jun 2021 0929-1051 137 27 Nov 2022 1051-1124
75 8 Jun 2021 1231-1348 138 27 Nov 2022 1253-1412
76 9 Jun 2021 1051-1148 139 27 Nov 2022 1432-1508
82 11 Jun 2021 0829-0956 140 28 Nov 2022 0849-0951
83 11 Jun 2021 1109-1209 141 28 Nov 2022 1015-1128
84 11 Jun 2021 1755-1913 142 28 Nov 2022 1250-1403
85 13 Jun 2021 1132-1238 144 29 Nov 2022 08461001
86 13 Jun 2021 1330-1436 145 29 Nov 2022 1035-1149
92 15 Jun 2021 0928-1031 146 29 Nov 2022 1249-1356
93 15 Jun 2021 1534-1655
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APPENDIX B

UAS Data Processing Flowchart

Figure Bl displays in a schematic way the steps of the
UAS data processing.

sort legs in altitude
groups

-

v v oy

¥
. . . - - - :

~

F1G. B1. Schematic representation of the UAS raw data process-
ing procedure. Only the data at the cup anemometer altitude
(98 m) are split into three different averaging times. For all the
other altitude groups, only 10-min averages are computed and used
for WL validation.
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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
field site Falkenberg (Lindenberg, Germany) operated by the German Weather 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 flat 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 difficulties of comparing UAS measurements along a
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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 defined 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 specific atmospheric conditions,
with the ultimate goal of facilitating the development of sim-
plified 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
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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 flows 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 significant 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 flat and homogeneous terrain (Risanto et al.
2023). This is because over such terrains, simplified 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

© 2025 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
reuse of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).
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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 fixed-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
flexible measurement strategies can only be obtained by using
crewed (Lenschow 1970, 1974; Pennell and LeMone 1974;
Nicholls and Readings 1979; Tjernstrom and Smedman 1993;
Lohou et al. 1998; Brooks et al. 2003; Said 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 fly 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 fields (Platis et al. 2016; Rautenberg et al.
2019b; zum Berge et al. 2021; Schon 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, fixed-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 Tiibingen, 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 fixed-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 flying fixed-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
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mounted on a meteorological tower. A similar investigation
was previously conducted, wherein the MASC-3 system flew
over a flat, 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 fly-
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 flights for momentum and sensible
heat fluxes indicated that the results were highly dependent
on the roughness of the surface below, and flights over a for-
ested area resulted in larger fluxes. 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 flux calculations has
been shown to be significant 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:

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

e 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?

e How is the quality of the comparison, and are there any
flight-specific factors influencing it?

The manuscript is structured as follows: section 2 introdu-
ces the measurement site, outlines the three field 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 clarification. The turbulent quantity under
analysis (TKE) is defined, 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 influence of
different parameters on the quality of the comparison is stud-
ied in detail. Finally, section 4 summarizes the key findings 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 field 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
ABmann Observatory (MOL-RAO), aiming to provide com-
prehensive measurements of the entire tropospheric reference
profile known as the “Lindenberg column” (Neisser et al.
2002). The field site is situated upon a low grass meadow and
surrounded closely by agricultural fields on which mostly rye,
triticale, rape, maize, and sunflowers 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 X 20 km? surrounding the GM
Falkenberg, how the turbulent fluxes, and in particular vertical
momentum and heat fluxes, 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 field),
there can be very high variability of the turbulent quantities
and fluxes 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 flights 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;
Schon et al. 2022; zum Berge et al. 2022). High-resolution
measurements of the three-dimensional wind vector are
achieved by outfitting the system with a five-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 scientific payload and data postprocessing algorithms, is
provided in Rautenberg et al. (2019b). Operating at a cons-
tant airspeed (AS) of 19.5 m s~', the UAS gathers valuable

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

BRAMATI ET AL.

Start date End date Nrights Nicgs
10P-1 7 Jul 2020 29 Jul 2020 13 30
10P-2 7 Jun 2021 2 Jul 2021 17 84
10P-3 17 Nov 2022 29 Nov 2022 8 15
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F1G. 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.

data along so-called “legs,” which denote straight and leveled
flight 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 specific 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

As mentioned in section 2c, the highest ultrasonic anemometer
installed at Falkenberg is positioned at a height of 90 m AGL.
Consequently, among all the UAS flight legs, only those with an
average altitude below 105 m and above 80 m AGL were 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 artificial distur-
bances when the wind blows from between 0° and 50°. A sec-
ond filter is then applied to the entire set of legs to remove
cases where this condition is met. Approximately 6% of the
flight legs fall into this category and were consequently ex-
cluded from further analysis.

The analysis outlined in Boventer et al. (2024) underscores
the significance 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-
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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 0-30ms~! 0-60 ms~!
Wind speed accuracy ~02ms!@9ms? 2%
Wind direction accuracy ~04°@9ms! 2°@5ms!
Resolution 0.001 m s~ !, 0.001° 0.0l ms™ ', 0.1°

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 final filtering step, the flight legs were
precisely assessed for the fetch angle. Similar to Boventer
et al. (2024), only legs with a fetch angle smaller than 40° 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 flight controller is programmed to
maintain a constant AS during flight, irrespective of the atmo-
spheric wind, by using propulsion and pitch in order to regu-
late the speed. The flight strategy involves flying 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 filter-
ing, the UAS flies 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 flight number 118. In accordance
with Lenschow et al. (1994), a single, longer data series pro-
vides a lower systematic statistical error over turbulent

FIG. 2. View on the upper part of the 99-m tower at GM Falkenberg
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).

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 filters.

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, flawed
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 fixed AS as it
flies 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 flight 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 the mean wind.

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 coefficient, which in-
dicates the point of greatest similarity between the two series.
This procedure facilitates the identification 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
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legs. The variable /& represents the fluctuating part of the horizontal wind speed. Time series
from flight 118 (2 Jul 2021): the mean horizontal wind speed is 7.0 m s~ ', the upwind leg duration

323

is around 244 s, while the downwind leg lasts only 116 s.

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. 6¢): 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 filtering
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 be meaningfully 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 scientific question

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

of the present study. Therefore, it is not yet possible to consider it
valid. Moreover, in order to maintain a significant 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
significant improvement in the process of comparison between
the UAS and the sonic anemometer.

e. Turbulent quantities

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

U=U+u, (1)

with U being the vector of the mean values of the wind speed
while u = [u, v, w] being the vector of the fluctuating compo-
nent. Given this definition, it is possible to define the follow-
ing variables which are of interest for the rest of the analysis.

TKE

The turbulent kinetic energy per unit mass k is defined as
the sum of the averages of the three fluctuating components
of the wind speed squared (Pope 2001):

1 — —
k= 5(u2 + v + w?). 2)
For discrete random variables such as the three components

of the fluctuating velocity, the TKE can be easily computed
by summing the variances of the three components:

k = =[Var(u) + Var(v) + Var(w)]. 3)

N =

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 Biichau 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 define
the following statistical quantities:
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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 & represents the fluctuating part of the horizontal wind speed. Space
series from flight 118 (2 Jul 2021): the mean horizontal wind speed is 7.0 m s™'. The leg shown
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here corresponds to the upwind leg of Fig. 3.

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 defined as the normalized error
between the two measurements:

UAS __ J.sonic
— ki ki

BD, = = — (4)
1

Here, i represents any specific 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:

N
MBD = 2. BD,. (5)
Nz

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 (the UAS) using a reference (the sonic anemometer), the BD

=0 MASC time series duration

sonic time series duration

statistical measure defines the accuracy of the instrument under
the calibration procedure. It effectively quantifies the extent to
which the UAS measurements align with the reference sonic ane-
mometer, providing crucial insights into the calibration process.

2) RMSD

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

1 N
RMSD = 4|~ >, BD?.
Ni=1

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 when measuring TKE.

(6)

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,
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FIG. 6. Distribution of (a) MASC-3 time series duration, namely, the length in time of each UAS leg; (b) sonic anemometer time series duration
after the space-series conversion synchronization with the UAS signal; and (c) horizontal length of the air volume sampled by the two sensors.
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Fig. 7b displays same values obtained using the same UAS
data series, but the sonic data series are simply confined
within the start and end of each leg.

These two graphs prove that the comparison performed in
this last way is inherently flawed. 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 unverified
and despite a permitted crosswind angle of up to 40°, 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 influence or
whether the two hypotheses that are not entirely fulfilled 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 filtering 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 filtering 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 influence 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 first, 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 influence 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 significantly as the sample
population increases: MBD starts at 82% and stabilizes at
73% when all legs are considered, while RMSD fluctuates
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
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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% ), confirming
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 flying
further from the tower.

c. Influence of environmental and UAS-related variables

Our UAS was primarily programmed to execute flight
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 flying is denoted as ground course ¢, typically ranging

from 0° to 360° (starting from north in a clockwise direction).
However, at this point, it is irrelevant toward where exactly the
UAS is flying: what matters is just the orientation of the
leg on the map; therefore, wrapping the ground course be-
tween 0° and 180° makes the analysis and the plotting of
the results simpler and easier. A ground course of 0° or
180° signifies a perfect NS leg, whereas 90° represents a
perfect EW orientation.

As depicted in Fig. 9, the flights 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 90° as well as around 0° or 180°. We chose to keep a
margin of =30° 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-
cific 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
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and were excluded from further analysis.

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 flatland
and cultivated ground, whereas in the other two groups, the
wind comes from an area where forest patches of different
sizes are present.
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TABLE 3. NS and EW leg group splitting according to the
ground course .

J group { boundaries Nicgs
NS 0° = ¢ =30° 49
150° = ¢ = 180°
EW 60° = ¢ = 120° 60

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, flat 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 flying north-south legs with wind coming
from the south, the variance of the main wind component, in
this case v, 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 difficult 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 find a cor-
relation in the TKE BD as a function of some important
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TABLE 4. Subgroup division of the ground course NS and EW
groups. The different subgroups are generated according to the
mean wind direction.

lll group WD group WD min WDmax Nlcgs
NS S 140° 220° 24
NNW 300° 360° 25
EwW E 60° 120° 6
WNW 240° 330° 47

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 flown exactly at 90 m, and also because of
the many thermals that the UAS can encounter on its way, es-
pecially during the summer flights. The Pearson correlation
coefficient (Benesty et al. 2009) of the BD with the flight alti-
tude is remarkably weak for the NW direction, revealing that
this specific parameter has no discernible influence on the
quality of the comparison between the two sensors when the
wind blows from this specific 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 definitely 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 significance in this analysis,
and a threshold of 40° 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
significant influence 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 (Ri,) serves as an indicator
of the stability of the lower ABL. Stull (2016) defines Rij, as

Ri, = - 52942 )
T [(Au)” + (Av)7]

with g = 9.81 m s 2, A®,, being the difference of potential virtual
temperature between two heights, and T, being the arithmetical
mean of the virtual temperatures between the two heights. The
(Au)* and (Av)? are the differences in the two horizontal wind
components.

In this study, Ri, is computed using variables sampled at
z1 = 1 m and z; = 98 m by the instrumentation of the GM
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Falkenberg at the meteorological tower location. The wind
speed at 1-m height was approximated as u,, =~ 0, vy, =~ 0,
and Eq. (7) then becomes

gA® Az

Ri, =—-* |
b T, (u? + v?)

®)

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

The Ri, values above 0.25 signify thermally and dynami-
cally stable conditions, 0 < Ri, < 0.25 indicates solely ther-
mally stable conditions, and Ri, < 0 suggests a thermally
unstable lower ABL. Figure 13c illustrates the relationship
between the BD and Ri, for all legs. Again, the correlation
coefficient is exceptionally weak for the NW wind direction,
suggesting that atmospheric stability does not significantly af-
fect the quality of the comparison between the UAS and sonic
anemometers. For the south wind direction group, the corre-
lation coefficient is slightly higher, but it is difficult to find a
clear dependency, at least for Ri, > 0, and there is only one
point with stable atmospheric conditions, so it is difficult 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.
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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 m? s~?), 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 influence 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

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(v) 92 129 —4 59 81 147 85 142
TKEy 59 76 13 47 62 103 87 136
Var(w) 62 87 51 95 92 134 122 195
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and deceleration caused by various factors including vertical
wind, turbulent eddies, and thermal currents. No matter how
robust the flight control system is, it will take some time for it
to adapt to the new flight 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 flight system parame-
ter. Clearly, higher values of the standard deviation represent
legs where the UAS had more difficulty in keeping the TAS
value constant. In any case, no clearly defined BD dependence
can be observed for this parameter either for the wind direc-
tion coming from flat 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 coefficient for both wind direction
groups only confirms 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
influencing 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 significant importance. It is well known that
turbulent fluxes 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 flight
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 flies 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 influ-
ence, somewhat overriding other variables to which TKE
seems to be less sensitive (e.g., exact flight altitude). The even
higher MBD (97%) and RMSD (151%) of the NNW sub-
group might also be a consequence of the disturbance of the
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tower structure on the sonic signal, still present despite filter-
ing wind directions between 0° and 50°.

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 Tiibingen, was
deployed to collect more than 43 h of flight 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, specifically focusing on mean wind speed and
direction.

In the initial phase of this study, the analysis of flight data is
expanded to encompass atmospheric wind fluctuation compo-
nents through turbulent kinetic energy (TKE). The specific
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 fixed-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 filtering 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 influence of the total number of legs and their length
on the quality metrics is examined. It is found that increasing
the leg length significantly reduces the scatter but only slightly
affects the bias between the two systems. However, consider-
ing all flight 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 flight path is directed from north to
south and the wind originates from the south, encompassing
predominantly flat 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 verified. It is the authors’ opinion
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that in this specific 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 influence on the UAS-sonic anemometer
comparison.

These findings 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 significant 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 flight altitude introduces a fur-
ther variable that cannot be compared with any reference
Sensor.

Given the particular test site and flight strategy in question,
it is not possible to ascertain the accuracy of the UAS TKE
estimate with sufficient confidence. 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
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are capable of maintaining a fixed spatial position while mea-
suring atmospheric flow conditions.
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APPENDIX A

Flights Overview

The flights 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 fly 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 90 m, af-
ter which the UAS would climb to the next predefined altitude.
For the next part of this work, the comparison between the UAS
and DWL in terms of TKE, the MASC-3 had to fly 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 flights
(e.g., 110,111,115, 119, 131) have several legs around 90 m.
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APPENDIX B

TKE Components

BRAMATI ET AL.

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

course

or wind direction.
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