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All Rights Reserved.



Dedicated to my parents, Antonio and Isabel, and to my beloved siblings.

iv



Copyright Notice

The contents of two journal papers were reused extensively throughout this dissertation.

The papers, for which I am the first author, have been slightly modified in structure to

accommodate the dissertation format.

Parts of Chapters 1, 2, 3, and 4 were composed primarily of material extracted from

[1] and [2] with additional or modified figures and analysis.

v



Acknowledgments

To begin, I would like to extend my gratitude to my advisors Dr. Phillip Chilson and

Dr. Jorge Salazar-Cerreño for providing me with the chance to work on my doctor-

ate among an interdisciplinary group of academics and scientists who are extremely

inspirational. Their motivation, knowledge, and guidance helped me to solidify the

foundations of my research and envision the desired solution for the weather commu-

nity.

I would like to express my sincere gratitude to Dr. Robert Palmer for becoming

my advisor in the last stage of my doctoral studies. Not only for his insights and com-

ments to deepen my research but also for being my best support during difficult times

in my professional life. I could not imagine finishing my work in time without his

encouragement.

In addition, I like to extend my deepest gratitude to the other members of my doc-

toral committee for the selfless contribution of their time, support, and direction during

the process of preparing and evaluating my work.

I gratefully acknowledge the funding and support received from the University of

Oklahoma (OU) and the National Science Foundation. Special thanks to the great team

of experts from CIWRO, NSSL, and ARRC of OU, who allowed me access to their

facilities and equipment to make this work possible.

A very special thanks to my colleagues and, in particular, Dr. Brian Greene, Dr.

Tyler Bell, Gustavo Britto Hupsel de Azevedo, William Doyle, Dr. Elizabeth Pillar-

vi



Little, and Dr. Elizabeth Smith for their support throughout this journey. Working with

them was truly an honor and full of memorable experiences.

Also, I am extremely thankful to my close friends, who have been my second home

and family since the moment I started my doctoral studies. Special thanks to Dr. David

Schvartzman, Jorge Duarte, Dr. Justyna Adamiak, Dr. Arturo Umeyama, Dr. Rodrigo
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Abstract

The call for creating new innovative meteorological instruments to help ful�ll observa-

tional gaps in the atmospheric sciences has been gaining strength in the past few years.

This comes along with the urgent need to increase the understanding of fast-evolving

atmospheric processes to subsequently provide accurate and reliable weather forecasts

in a timely manner. The increased interest in obtaining atmospheric observations with

higher spatio-temporal resolution pushed scientists to begin exploring and harnessing

new leading-edge engineering technology. For instance, affordable and accessible Un-

manned Aircraft Systems (UASs) technology emerged within this timeframe and has

since evolved rapidly. Many researchers and institutions have agreed that UASs are

promising technology candidates for targetedin situ weather sampling, which has the

potential to meet the stringent meteorological measurement requirements. However,

the current market has shifted and shaped UASs for other applications that may be un-

suitable or suboptimal for weather sampling. Special considerations were examined in

this study to conceptualize a specialized weather UAS (WxUAS) capable of collecting

reliable thermodynamic and kinematic measurements. While also performing similarly

to conventional weather instruments, such as radiosondes, Doppler wind lidars, and me-

teorological towers, as well as providing a complementary role whenever measurement

limitations arise.

Therefore, given that the exploration of integrating weather instrumentation into

UAS is rare, it is hypothesized that atmospheric measurements of a modi�ed multi-
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copter UAS that minimizes platform-induced errors can �ll the thermodynamic and

kinematic data gap in the planetary boundary layer (PBL). The proposed solution is

a UAS-basedin situ vertical pro�ler system, dubbed the CopterSonde, with necessary

weather instrumentation, adequate sensor placement, and useful �ight functions for

optimal sampling of undisturbed air. This solution attempts to provide a holistic Wx-

UAS design where the UAS itself was adapted to become not just a payload carrier but

also part of the weather instrumentation system. Flow simulation studies backed with

observations in the �eld were used to address sensor siting and mitigate sources of ther-

modynamic errors. Moreover, techniques for thermodynamic measurement correction,

adaptable �ight behavior, and 3D wind estimation were implemented using the experi-

mental CopterSonde concept with results comparable to widely accepted conventional

weather instruments. Additionally, the platform reliability was successfully demon-

strated in different challenging environments, from freezing temperatures in Hailu-

oto, Finland, to high elevations in Colorado, USA. A robust concept of operation and

decision-making algorithms were established to ensure safe �ights during demanding

�eld campaigns. As a result, the National Oceanic and Atmospheric Administration

(NOAA) in the USA has recognized the CopterSonde as part of the approved UAS �eet

for NOAA-related missions.

Overall, the engineering advances shown in this work helped to produce an op-

timized UAS capable of collecting targeted and reliable weather observations. Even

though the CopterSonde is an experimental design, this work can be used as a guide-

line to de�ne future standards for WxUAS development and deployment.

xxix



Chapter 1

Introduction

1.1 Motivation

There has been growing interest in the development of unmanned aircraft systems

(UAS), also informally known as drones or remotely piloted aircraft systems (RPAS),

for academic research and industrial applications. This is mainly due to the emergence

of a new commercial sector focused on UAS applications driven by recent advances

in the automation of robots, affordable construction materials, and new building tech-

niques speci�cally for UAS. Consequently, it increased the quality and speed of UAS

prototyping for a large number of applications. As a result, new opportunities have

emerged to explore novel solutions in different �elds such as agriculture, land survey-

ing & surveillance, package delivery, and others [3]. These types of applications seem

to be predominant in the UAS market, which, as a result, made manufacturers pro-

duce UAS designs optimized for such applications. Whereas UAS focused on weather

applications was found to be extremely rare.

In the meteorology �eld, severe thunderstorms with hail and wind, tornadoes, ex-

treme rainfall and �oods, tropical storms, ice storms, heavy snowstorms, and blizzards

cost billions of dollars every year to the U.S. economy alone [4–6]. Severe weather

aggravated by climate change [7, 8] impacts biodiversity [9], food production [10, 11],
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supply chain [12], and public health [13], particularly for vulnerable populations [14].

To reduce negative repercussions on society and infrastructure, weather researchers

have been insisting on and encouraging the development of novel methods of mon-

itoring Earth's atmosphere [15]. For instance, the introduction of UAS for weather

studies which many scholars believe is a suitable candidate technology to �ll the exist-

ing in situ observational gap present in the lower atmosphere. Recent advances in UAS

technology have enabled researchers to perform controlled and targeted atmospheric

soundings, which helped create momentum in the community to initiate further devel-

opments and studies [16]. Moreover, the National Weather Service (NWS) released a

strategic plan in 2019 encouraging weather scientists to begin harnessing new cutting-

edge science, technology, and engineering to provide the best possible observations,

forecasts, and warnings [17]. Even the National Severe Storm Laboratory (NSSL) has

envisioned the integration of large amounts of weather data from multiple sources and

scalable to future measurement techniques, a project known as Multiple Radar/Multiple

Sensor (MRMS) [18, 19].

With the advent of weather data acquisition using UAS together with the newly es-

tablished challenge in modern meteorology research, several recent collaborative �eld

experiments have encouraged researchers and engineers to start characterizing and as-

sessing UAS for measuring weather parameters and identify the challenges for improv-

ing weather measurements using UAS [20–23]. This initiative led to the development

of many innovative UAS designs for weather sampling [24, 25], and to start envision-

ing future concepts of operations [26] and research communities [27, 28] with a focus

on the application of UAS for meteorological studies. Despite presenting attractive

and unique features, UAS must still undergo several studies and evaluations before

their data get fully integrated and assimilated into the weather forecast models [21, 29,

30]. Moreover, the World Meteorological Organization (WMO) is planning a global
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demonstration campaign starting in early 2024 with the purpose of showing the current

capabilities of UAS and measuring their capacity in contributing to meeting operational

requirements, besides analyzing the impacts of UAS data in relevant weather applica-

tions and forecast systems [31].

Nowadays, developing a fully autonomous UAS that can operate with little to no

human intervention seems to be the next big step in the �eld. However, the airspace over

the United States is regulated by the Federal Aviation Administration (FAA), and their

main mission is to decon�ict the airspace and keep the airways safe for air travel [32].

Nonetheless, there is a strong interest from the industrial and scienti�c communities in

collaborating with the FAA to provide safe solutions with appropriate risk mitigation

for unattended UAS operations in the future [28].

1.2 Problem Statement

The National Academies has initiated and overseen two “Decadal Surveys” over the last

20 years with the goal of generating “recommendations from the environmental moni-

toring and Earth science and applications communities for an integrated and sustainable

approach to the conduct of the U.S. government's civilian space-based Earth-system

science programs.” [33]. Among these recommendations, it was concluded that vertical

pro�les in the planetary boundary layer (PBL) of the Earth are inadequately observed in

both space and time. The 2017–2027 Decadal Survey, released in January 2018, states

“Earth science and derived Earth information have become an integral component of

our daily lives, business successes, and society's capacity to thrive. Extending this soci-

etal progress requires that we focus on understanding and reliably predicting the many

ways our planet is changing.” [34]. This second Decadal Survey further reinforces

the �rst one by recognizing boundary layer processes as key to improving weather and
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climate models.

The PBL is a dynamic region of the Earth's atmosphere that experiences rapid

and signi�cant changes in its thermodynamic and kinematic states. Understanding

the atmospheric structures is key for improving numerical modeling, simulations, and

weather forecasts [29]. However, a combination of �ne-scale domain models and

higher resolution observations in space and time must be achieved �rst to advance such

understanding [21]. In 2019, the National Research Council stressed the importance

of creating a nationwide mesoscale network to address the limitations in sampling the

atmosphere [35]. The National Oceanic and Atmospheric Administration (NOAA) has

also released a strategic plan in 2020 where it states the overarching goal is to provide

accurate, reliable, and timely weather forecasts through the development and applica-

tion of fully coupled prediction models [36].

A signi�cant in situ observational gap exists in the lower atmosphere, particularly

in the PBL [33, 37]. While ground-based weather instruments continue to ful�ll sci-

enti�c needs near the surface and provide data with good spatio-temporal resolution,

it is not enough to correctly infer the state of the atmosphere aloft [15]. Radioson-

des are used to complement ground-based measurements; however, these are launched

only twice per day and spaced over hundreds of kilometers apart due to operating costs,

given their lack of reusability. By contrast, UAS are reusable tools that may perform

several vertical pro�les in a single day, allowing for increased temporal resolution. It is

known that radiosondes alone are far from ideal for resolving the fast mesoscale evo-

lution and diurnal variability of the atmosphere [21]. Particularly for the prediction

of convection initiation (CI) where the potential instability, moisture, wind shear, and

other atmospheric parameters manifest large spatio-temporal variability [38]. Radar

networks, Doppler lidars, and satellite observations help mitigate the data gap using

remote sensing methods, but at the expense of a few limitations. In general, these
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Figure 1.1: Schematic showing the in situ data gap present in the lower atmosphere.
Conventional meteorological instruments are illustrated with their respective measure-
ment type and range. ABO stands for Airborne Observations using manned aircraft.
Image was taken from [29].

remote-sensing instruments require the presence of scatterers for the estimation of ve-

locity and other limited thermodynamic information. Moreover, satellite observations

of the atmosphere are hard to obtain at a few kilometers above the surface, often even

getting blocked by the presence of clouds and, hence, data sampling becomes coarse

[39]. Figure 1.1 shows a graphical representation of the observational gap together with

the limitations of the aforementioned weather instruments.

To overcome these limitations and remain on the cutting edge, the NWS decided

that the community must sustain and improve the observing system infrastructure with

the implementation of new technologies and measurement techniques while keep ex-

5



ploiting the current instruments [17]. Therefore, several studies and reports have rec-

ommended that pro�les of wind, temperature, and humidity should be obtained with

higher temporal (< 15 min) and spatial (< 100 m in the vertical and< 10 km in the

horizontal) resolutions up to 3 km, or more, into the atmosphere in order to �ll up

the “observational data gap” [21, 37, 40]. Moreover, it is clearly stated in [41] that

the full bene�t of improved weather forecast models will not be achieved until higher-

resolution meteorological observations become available, along with improvements in

data assimilation.

Consequently, the meteorology community has started considering UAS as a pos-

sible candidate technology for solving the in situ observational gap and ful�lling the

desired and more stringent measurement requirements. In particular, multicopter UAS

offer certain advantages over other types of UAS, as discussed in Chapter 2. Their ca-

pacity for vertical take-off and landing, reusability, and adaptability makes them suit-

able for vertical pro�les of the PBL and, thus, obtain weather variables at desired lo-

cations with reduced costs. However, the current UAS market has targeted the UAS

design for other applications that may be suboptimal for weather sampling. The accu-

racy of the weather measurements is subject to several factors, many of them coming

directly from the UAS itself [23, 42]. Therefore, the weather-purposed UAS must be

substantially different from the standard UAS design to meet desired meteorological

observation requirements and mitigate sources of weather measurement errors.

Therefore, this research hypothesizes that the UAS of the multicopter type optimized

for atmospheric sampling is capable of �lling in the observational gap with high-

quality in-situ thermodynamic and kinematic measurements comparable to widely

accepted conventional meteorological instruments.
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1.3 Literature Review

The idea of unattended and autonomous machines can be associated with Nikola Tesla's

works which are re�ected in his proposals and patent“Method of and apparatus for

controlling mechanism of moving vessels or vehicles”[43]. Tesla deserves credit not

just for inventing the notion and concept of robots but also for predicting a future in

which autonomous �ying machines would have extraordinary impacts on commercial

applications. Tesla even describes the potential uses for such concept in the following

excerpt: “Vessels or vehicles of any suitable kind may be used, as life, despatch, or

pilot boats or the like, or for carrying letters packages, provisions, ... for establishing

communication with inaccessible regions and exploring the conditions existing in the

same, ... for many other scienti�c, engineering, or commercial purposes ...”.

The �rst recorded attempts at using UAS for atmospheric research go back to the

1970s when Konrad introduced the idea of using hobby-level radio-controlled aircraft

to measure weather parameters in convective days [44]. However, efforts to achieve this

goal diminished at that time due to the bulky and heavy meteorological sensors, besides

the non-existence of autopilot-assisted �ights. Despite the extreme technological lim-

itations of the time, their work was a signi�cant step to demonstrate the feasibility of

the concept, show the unique advantages over other conventional instruments, and lay

down operating procedures using UAS.

Since then, new materials and fabrication technologies for weather sensors have

started to surge, allowing for gradual miniaturization of sensors over time [45]. Along

with advances in weather sensing, the development of UAS hinged on the con�uence

of critical technologies like �ight propulsion, autopilot systems, and autonomous nav-

igation. Consequently, the effort to create UAS with integrated atmospheric sensors

has seen a resurgence in the 1990s [46]. Researchers worldwide have begun modifying
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UAS to sample the atmosphere [47–49]. Each had different design characteristics de-

pending on the application, but none truly described the reasons and considerations for

their weather sensor placement onboard the UAV.

One of the �rst UAS designed for PBL measurements is the Small Unmanned Me-

teorological Observer (SUMO), an autonomous �xed-wing aircraft developed at the

University of Bergen as a cost-effective atmospheric measurement system [25]. The

SUMO was �rst deployed in 2007, during the FLOHOF �eld campaign in Iceland, pro-

ducing comparable atmospheric measurement results to conventional radiosondes. The

SUMO is also known to be one of the �rst open-source UAS to record weather and

�ight data through the autopilot. The main disadvantage of the SUMO is its highly

demanding operational requirements, like the need for an ample, open, clear space for

take-off and landing and skillful operators to �y the UAS. Nonetheless, the capabilities

of the SUMO for estimating atmospheric parameters in the PBL were demonstrated to

greatly support the importance of UAS in weather studies [22, 50, 51].

Several other weather UAS concepts for PBL measurements made their appearance

afterward, with more focus on the integration of atmospheric sensors on board UAS and

extensive studies with different con�gurations [24, 52–54]. This literature collection

is evidence of the many prototypes created in the past few years, which contributed

substantially to advancing the state of the art. Even though many of these works provide

partial solutions to the demands discussed in the problem statement, many questions

remain unanswered regarding the mitigation of platform-induced errors.

Commercially available UAS-based solutions exist today; Meteomatics AG is a

company located in Switzerland that has been developing and offering the weather

UAS “Meteodrone” since 2012 [55]. The company claims that Meteodrone achieved

most of the meteorological measurement speci�cations required by the community,

and they are en route to becoming global providers. However, the functionalities are
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limited to what the company offers, and access to the raw data may not be possible due

to the manufacturer's trade secrets. This can end up hindering users in their studies,

particularly for research.

Concerning the weather UAS products, there were several documented �eld cam-

paigns where numerous participants from different Universities and research institu-

tions collaborated in collecting data using various UAS in different weather conditions

[20, 21, 56, 57]. The outcome of these large-scale experiments showed the potential

bene�ts of using weather data collected with UAS. Especially for data assimilation into

weather models and evaluating the impacts in weather forecasting [30].

1.4 Research Scope

After de�ning the motivation and problem statement and going over the current litera-

ture. It was found that there are a few aspects in the development of UAS-based weather

instruments that still need proper solutions to better ful�ll the atmospheric measurement

requirements and fully exploit the UAS characteristics for optimal weather sampling.

This leads to de�ning the main goals for this research as follows:

1. Develop a robust UAS-based observation system that minimizes platform errors

for observations of thermodynamic �elds in the planetary boundary layer.

2. Develop an affordable UAS-based wind �eld estimation technique that is not

reliant on expensive, heavy, and cumbersome wind sensors.

3. Expose and analyze the performance of the weather UAS under a variety of

weather conditions.

The preliminary stages of this research involve investigating enhancements to the

standard UAS design that favors the acquisition of high-quality and reliable weather
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data. Modi�cations of the autopilot software and evaluations with simulations were

performed to derive the best �ight behaviors for weather sampling. Parallel to this,

the investigation of the best possible location for the weather sensors onboard UAS,

on top of the overall design of the UAS, was conducted using computer-aided design

(CAD) and �ow simulation software. The combination of these two analyses creates

a framework that provides the means for evaluating the impact of potential sources of

error, such as heat advection.

Following this, an extensive study on the dynamical model of the UAS body was

performed to estimate three-dimensional (3D) wind �elds based solely on aerodynamic

properties and forces acting on the UAS body. This is done in post-processing through

MATLAB scripts, and the algorithm's performance was validated with comparisons

against Doppler wind lidar measurements.

After establishing the groundwork, the experimental platform underwent several

iterations for design streamlining and improvements. After �nalizing a design iteration,

the prototype was evaluated and revised thoroughly during extensive �eld campaigns

and presented to the community [58–60]. Preliminary results of �ight tests and multiple

�eld experiments with different weather conditions were provided as proof of concept.

The �nal goal was to give the researchers a UAS platform that can deliver reliable,

consistent, and rich weather products by taking advantage of the design �exibility of

the open-source UAS and fully exploiting its characteristics.

Given that the proposed solution is based on an experimental prototype, there may

be minor weaknesses that could not be fully addressed. Therefore, the last stage of

this research attempts to provide a guide for future work. This includes discussions on

limitations and additional strategies to improve the current weather UAS concept and

operations.
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1.5 Contribution

The main contribution of this work was the thorough study of a UAS-based meteoro-

logical instrument optimized for observing thermodynamic and kinematic weather pa-

rameters. Even though other UAS-based platforms for weather applications exist, the

presented state-of-the-art weather UAS, dubbed the CopterSonde, has unique custom

features speci�cally designed to exploit the UAS characteristics for acquiring reliable

weather observations. The CopterSonde stands out from the rest thanks to the following

individual contributions:

1. Engineering �eld:

(a) The integration of weather sensor data and custom �ight functions into the

autopilot code opens opportunities for adaptive weather sampling.

(b) The proposal of a localized and modular thermodynamic sensor compart-

ment with a dedicated aspiration system.

(c) The development of reliable 3D wind estimations tailored to the presented

CopterSonde UAS design.

2. Meteorology �eld:

(a) Introduction of mobile and in situ meteorological UAS instrument for de-

ployment in multiple test sites.

(b) Participation and support in multiple �eld campaigns exploiting the Copter-

Sonde design.

(c) Facilitation for weather researchers to explore a new paradigm and produce

scienti�c contributions using weather UAS.
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The overall combination of these contributions makes the CopterSonde UAS be-

come a novel and holistic design for weather sampling. In other words, integrating

weather sensing capabilities into the UAS is becoming seamless. Hence, the system

can only produce the best possible results when working as a whole. The results of this

work helped to create a scrutinized and exemplary UAS platform for weather sampling

that meets desired requirements of the meteorology community.

1.6 Dissertation Overview

The work documented in this dissertation is divided as follows. Chapter 2 provides

an insight into the theoretical background of the standard UAS. This includes a few

design choices for multicopter UAS, such as autopilot systems, types, and geometries,

as well as �ight performance analysis and environmental limitations. The chapter also

reviews the goals, requirements, and desired meteorological measurement speci�ca-

tions for UAS established by the meteorology community, which this work attempts to

achieve. In addition, it also discusses a few basic theoretical concepts of the PBL to

help understand the thermodynamic and kinematic products of the CopterSonde UAS.

An introduction to the weather sensors used and their mathematical models are also

presented.

Chapter 3 presents the conceptualization and design process of the CopterSonde

UAS. It describes each of its components as well as some of the important decisions

made to create a UAS focused on weather sampling. Consequently, optimal weather

sensor placement considerations are discussed using results from �ow simulation soft-

ware and supported by observations in the �eld. Lastly, characterization of the Copter-

Sonde in extreme �ight conditions is presented, which led to establishing the design

speci�cation and limitations of the platform.
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Chapter 4 introduces the weather-speci�c features developed speci�cally for the

CopterSonde UAS. Techniques for thermodynamic measurement correction, adaptable

�ight behavior, and 3D wind estimation were tailored to the CopterSonde design and

implemented. Thorough comparisons against conventional weather instrument mea-

surements, like radiosonde, Doppler wind lidar, and meteorological tower, were con-

ducted.

Chapter 5 shows the results of some �eld campaigns in which the CopterSonde was

involved and where important enhancements and achievements were made. The chap-

ter summarizes the CopterSonde performance in different �eld campaigns describing

achievements and design �aws. A few studies are cited as evidence to show the sci-

enti�c relevance of the CopterSonde during these experiments. A description of the

general concept of operation of the CopterSonde UAS is also shown.

Finally, Chapter 6 summarizes the achievements made using the CopterSonde UAS

since its creation and presents the �nal remarks and conclusions. A discussion of the

foundation for future work closes this work.
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Chapter 2

Foundational Background

To understand the problem and, subsequently, the proposed research scope presented

in Chapter 1, a description of the concepts and principles involved in UAS design and

meteorological sensor selection must be provided. This is particularly true when asso-

ciated with meteorological applications such as thermodynamic measurements of the

PBL. Therefore, this chapter summarizes the key principles needed to comprehend the

topic better. The following section presents the basic design principles of UAVs, cov-

ering kinematics and dynamics for the multicopter architecture, and describes compo-

nents to create a functional UAS. Subsequently, brief fundamentals of small thermo-

hygrometer sensors are introduced for sensor characterization and measurement cor-

rection. Finally, a short description of the PBL where the proposed UAV was designed

to operate.

2.1 Unmanned Aircraft System Overview

2.1.1 Clari�cation of Terminology

Recently, there have been several names found in the literature that are being used inter-

changeably to describe unmanned aviation and aircraft. The term “drones” has become
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a standard for �ying robots or vehicles controlled remotely or by onboard autopilot

systems. This term is commonly used in the industrial and defense markets and is a

popular term among users worldwide.

However, Unmanned Aerial Vehicle (UAV), Unmanned Aircraft System (UAS),

Remotely Piloted Aircraft (RPA), and Remotely Piloted Aircraft System (RPAS) are

other technical terms typically used in the scienti�c literature. Throughout this disser-

tation, UAV and UAS are used as the preferred terms. It should also be stated that UAV

and UAS have different meanings and should be clari�ed to avoid confusion. The term

UAV implies a pilotless aircraft or, in other words, a �ying machine without a human

pilot or passengers on board. As a result, the term “unmanned” refers to the absence of

humans who actively control the aircraft, where the control functions can be onboard

or offboard. The term UAS was �rst introduced by the U.S. Department of Defense

(DoD) and was quickly adopted by the Federal Aviation Agency (FAA) and the Eu-

ropean Aviation Safety Agency (EASA). UAS indicates systems like ground control

stations, communication networks, launch and recovery devices, and the UAV itself.

Given that this work is related to atmospheric studies, the terminology proposed

by [61] has been adopted, which includes the word “weather” (Wx) as an adjective

for UAS to discern other UAS from those explicitly meant for weather sampling. To

be clear, the phrase UAV or WxUAV refers to the aircraft itself, and UAS or WxUAS

refers to the whole system described above. It is also assumed that the term “weather”

includes clear atmosphere.

2.1.2 Classi�cation

As with any other aircraft, UAVs can be classi�ed according to their design con�gura-

tion, �ight ceiling, degree of autonomy, type of payload, etc. Different entities, such
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as the DoD, FAA, and EASA, have their own classi�cation tables that differ from each

other. There is no unique convention about the classi�cation and guidelines around

these systems, but rather regulations that users must abide by depending on the UAV

�ights' location. Since this project was mainly carried out in the United States, the

FAA regulations were adopted, which de�ne a few UAV design parameters and �ight

planning procedures primarily intended for safety. The FAA's primary mission is to

decon�ict the airspace and keep the airways safe. Hence, it is imperative that UAS

operations always comply with the FAA rules. When this document was written, the

FAA Part 107 and Certi�cate of Authorization (COA) regulations, both issued by the

FAA [62], have been complements to the engineering challenges of this project.

UAVs can be classi�ed in several ways; however, one common separator is the

structure of their lift-producing surfaces. UAVs are divided into �xed-wing and rotary-

wing aircraft based on the most commonly used propulsion and �ight methods. Fixed-

wings UAVs, as the name implies, have wings that do not move and are attached to the

body of the UAV. They typically have control surfaces that can rotate, such as ailerons

and rudders, to produce a change of attitude and orientation. Under this arrangement,

lift is created by the aircraft's forward thrust combined with the aerodynamic shape of

the wing, which produces pressure differential and, hence, lifting force. For rotary-

wing UAVs, the rotor blades rotate at high speed around the central mast, pushing

air downwards and generating vertical lift to keep the aircraft airborne. Rotary-wing

UAVs may have either a single rotor (helicopter) or multiple rotors (multicopter) gen-

erating thrust. One of the main advantages of multicopter UAVs is their simpler rotor

mechanics. This signi�cantly reduces the overall size, weight, and cost of the UAV.

Unlike helicopters with bulky and complex pitch rotors using mechanical linkages,

multicopters have �xed-pitch blades [63]. This allows them to control the �ight by

varying the relative speed of their rotor blades. From an economic standpoint, multi-
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copters are more affordable and accessible technology compared to helicopters making

multicopters more attractive for prototyping and research.

2.1.3 Building Blocks of a Multicopter

The many components of a multicopter UAS can be both basic and sophisticated. The

multicopter UAS is often built using numerous modularized components that are gener-

ally highly compatible. On the other hand, it can also be a complicated process because

each component is not completely independent since they link and interact with others

in a complex fashion altering the behavior of the multicopter. Though there are several

ways to construct a multicotper UAS, only a few con�gurations may be functional for

a given application [64]. As illustrated in Figure 2.1, a typical UAS includes:

1. Autopilot system: The autopilot of a UAS is a combination of hardware and

software that work together to stabilize and navigate the UAV with little to no

intervention from human operators. In general, the autopilot code is run by a sin-

gle microprocessor that handles and operates all data from sensors and command

inputs to produce desired �ight behaviors.

2. Sensors and Inertial Measurement Unit (IMU): The autopilot must get informa-

tion about the state of the UAV to run the �ight algorithms. The IMU com-

bines the readings of onboard sensors like the global navigation satellite system

(GNSS), accelerometers, and gyrometers, which then supplies the autopilot with

best-possible estimates of the position and orientation of the UAV.

3. Payload: This is the load carried by the UAV, which, in general, is not crucial

for �ight functions but for the purpose of the application. Some commonly used

payloads found in the UAS market are cameras and lidars.
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4. Propulsion: This component is an essential part of the multicopter UAV for mo-

tion. It produces the necessary lifting thrust to keep the UAV aloft. It typically

consists of propellers, actuators (or motors), drivers (or electronic speed con-

trollers), and fuel cells (or batteries).

5. Airframe: The airframe houses all essential components that enable �ight, in-

cluding the body's frame and propulsion. It also gives support to the payload.

6. Ground control station (GCS): the GCS is used to generate �ight plans, send

commands to the UAV, and monitor the �ight status of the UAV in real-time. It

typically consists of computers, joysticks, and radios. These radios work at one

or more frequencies and are used to communicate with the UAV and take control

if necessary.

7. Communication System: this consists primarily of the wireless link between the

UAV and the GCS. The UAV gathers telemetry data about the vehicle status,

which is sent to the GCS. The GCS displays the received telemetry data and

reports it to the human operator. Besides this, it can also send commands to the

UAV.

8. Launch and Recovery System: Some UAS requires special methods and devices

to launch them into the air and recover after the �ight. These systems vary in

complexity based on the desired level of autonomy and human intervention, in-

cluding battery charging, UAV inspection, diagnosis, data distribution, etc.

Figure 2.1 provides a breakdown of the UAS structure into its basic building blocks.

These are the minimum required components to build a functional UAS that can ful�ll

the desired application with some degree of autonomy [64].
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Figure 2.1: Diagram of UAS structure and basic building blocks. Each of these el-
ements is crucial for the overall functionality and operation of the UAS. This com-
bination also enables autonomous capabilities in outdoor conditions. The dash lines
represent wireless links.

2.2 Fundamentals of the Atmosphere

To correctly undertake the engineering challenges of this project and address solutions

to the atmospheric measurement needs, it is important to have some basic knowledge

of the atmosphere. At its core, meteorology is Newtonian physics for the atmosphere,

where Newton's second law governs motion, whereas heat obeys thermodynamic laws,

while pressure and moisture concentration follow equilibrium and conservation laws,

respectively. These known physical processes are used to describe the �uid mechanics

of the atmosphere [65].
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The atmosphere is a complex �uid system that generates chaotic motions and mi-

crophysical processes that are referred to as weather. This chaos and complexity are

caused by the interactions between air masses and various physical processes at dif-

ferent Earth locations. For instance, temperature differences can cause winds to move

around and create pressure differences that can affect the �ow and, consequently, trans-

port water vapor and other atmospheric constituents. These processes are known to

be highly nonlinear, contributing to the complexity of the governing equations of the

atmosphere. Despite the complexity of the atmosphere's behavior, there is still a signi�-

cant understanding of its physical properties thanks to theoretical studies and empirical

relationships found after extensive observations. Field observations are an important

component in weather studies.

The Earth's atmosphere is divided into layers, each with its unique set of charac-

teristics. By de�ning H as the geopotential height, these layers are classi�ed as the

troposphere (H� � 11 km), stratosphere (� 11 km� H � � 47 km), mesosphere (� 47

km � H � � 85 km), and thermosphere (� 85 km � H) in this order starting from

the ground and going up to the free atmosphere and interplanetary space [65]. These

values are based on global averages, and local conditions can vary with latitude and

weather conditions. Figure 2.2 depicts the different layers of the atmosphere based on

the vertical temperature distribution. The temperature structure is an accepted way to

differentiate each layer due to the noticeable temperature maximas and minimas that

occur at the transition of each layer. The temperature maximas result from signi�-

cant solar radiation absorption at those heights. Ozone absorbs ultraviolet light at the

stratopause, visible light is absorbed in the ground, and most other radiation is captured

in the thermosphere.

The troposphere is the Earth's innermost layer of the atmosphere, containing� 80 %

of the entire mass of the planetary atmosphere,� 95 % of the total mass of water vapor
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Figure 2.2: Plot of the different layers of the Earth's atmosphere based on the vertical
distribution of temperature for typical weather conditions. Image was taken from [66].

and aerosols, and is where most weather developments occur that directly affect life

on Earth. The name troposphere was derived from the Greek words tropos (rotation)

and sphaira (sphere), hinting that rotational turbulence mixes the air, mainly caused by

interactions of the Earth's surface. The troposphere is generally characterized by its

decreasing temperature over height with a slope of� 6.5 oC km� 1, commonly known

as the moist adiabatic lapse rate. The troposphere also has shallow layers in which

temperature rises with height instead (or negative lapse rate). Vertical mixing seems to

be signi�cantly restricted inside these so-called temperature “inversions,” giving place

to the formation of a sub-region of the troposphere known as the PBL.
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2.2.1 Planetary Boundary Layer

The atmosphere begins at Earth's surface, the bottom boundary that affects the air im-

mediately above it. The planetary boundary layer is de�ned as the region of the at-

mosphere in which interactions with the surface are the main in�uence on atmospheric

properties. The contact between the surface and the air is extremely turbulent, allowing

the air to rapidly absorb properties of the surface underneath it. In fact, the boundary

layer can experience changes within 30 min or less. Depending on the season and the

location on the Earth, the PBL thickness may vary from tens of meters to 4 km or more,

and, in general, it occupies the lowest� 20 % of the troposphere [65, 66].

Over a diurnal cycle, the PBL processes can evolve rapidly, mainly driven by solar

radiation heating the surface of the Earth and modulated by the rotation of the Earth.

This natural mechanism generates intense thermodynamic variations in the lower atmo-

sphere and, consequently, creates a variety of atmospheric structures. The conceptual

model of the PBL depicted in Figure 2.3 is a particular case that shows the different sub-

regions of the PBL: mixed layer (ML), capping inversion (CI), stable boundary layer

(SBL), entrainment zone (EZ), and residual layer (RL) [26]. The free atmosphere (FA)

can be considered decoupled from the PBL because the effects of the Earth's surface

friction on the air motion are negligible in this region. A sequence of distinguishable

structures or states of the idealized PBL is illustrated and labeled (A-E). The initial state

is (A), which forms at night and has a stable boundary layer and well-mixed residual

layer. Soon after sunrise, the Earth's surface warms up, and, as a result, it creates and

feeds the ML. The PBL then transitions from the state (B) to state (C) in a matter of

a few hours. As the ML continues to grow, the SBL rises and shrinks, generating the

EZ. However, the short-lived EZ disappears extremely fast, and the RL merges with the

ML, which marks the transition to state (D). The PBL stays as a well-mixed layer for
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the remaining of the day. At sunset, solar radiation diminishes, and the Earth's surface

begins to cool down, generating the conditions for the development of the SBL. This

marks the end of the diurnal cycle at state (E).

The description of the diurnal cycle helps to visualize the many interactions and

intricacies of the PBL processes, which develop quickly throughout the day. Moreover,

longer timescale variations associated with changing weather patterns are superimposed

on these diurnal cycles. For example, the PBL becomes unstable due to the displace-

ment of cold air mass over warmer regions as a result of a cold front or heat convection

from the ground. These weather phenomena are called frontal and thermal inversions

(FTI), respectively. Regarding storm formation, the PBL supplies a signi�cant portion

of the moisture, instability, low-level wind shear, and force required to create severe

storms with tornadoes, hail, lightning, and high winds. When contemplating the likeli-

hood of convection initiation, forecasters constantly examine moisture advection, and

moisture gradient trends [67]. The storms' out�ows inside the PBL may govern the

severity and duration of severe storms or even create new storms. Observing and un-

derstanding these factors is essential for improving forecasts of severe and high-impact

weather. However, as mentioned in the previous chapter, the PBL properties evolve

rapidly, which makes it dif�cult to capture its dynamics with existing meteorological

instruments. Therefore, to fully characterize the PBL, it is necessary that measurements

of the atmospheric parameters have suf�cient temporal and spatial resolution to capture

the rapid development of the structures [26].

2.2.2 Basic Turbulence Theory

The atmosphere is in a perpetual state of horizontal and vertical motions while con-

stantly evolving day and night. This constant motion in the atmosphere produces nat-
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Figure 2.3: Schematic illustrating the different sub-regions of the idealized PBL during
a diurnal cycle (left). Idealized vertical soundings of temperature at �ve different times
within the cycle, each presenting discernible structures (right). Image was taken from
[26].

ural thermodynamic variations that usually have a high degree of complexity in time

and space [68, 69]. However, interesting turbulence patterns were discovered through-

out the history of atmospheric sciences, which led to the formulation of methods to

describe these complex variations statistically. For instance, the energy cascade theory

formulated by Kolmogorov is a classic example [70]. This technique can be used to es-

timate the turbulence energy distribution of thermodynamic and kinematic parameters

over a range of spatial scales under locally isotropic conditions.

One technique is Kolmogorov's turbulence spectra (KTS), which was adopted in

this study as another way of validating results besides the measurement comparisons

with conventional meteorological instruments. The KTS requires particular atmo-

spheric conditions so that the assumptions hold true. Therefore, for the demonstrations

of this study, the selection of PBL conditions was narrowed down to one particular

case: a well-mixed convective boundary layer (CBL) during windy conditions. The

CBL has special atmospheric conditions for evaluating weather sensors on UAVs be-

cause of several theoretical assumptions that can be made when running experiments
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Figure 2.4: Illustration of Kolmogorov's energy cascade process. The large-scale mo-
tion of air masses injects energy into the atmosphere, which then breaks down into
turbulent eddies transferring energy to a smaller scale. The cascade ends when small
eddies reach the viscous region, dissipating the energy into heat.

and simulations.

The CBL condition is ideal for studying small-scale turbulence and the high-

frequency response of the sensors by means of the power spectrum and the structure-

function analysis. In one of the most extensive experiments conducted by [71], it was

shown that in a turbulent atmosphere with a high Reynolds numberRe, in the order

of Re > 106, the energy cascade decreases with a -5/3 slope in a logarithmic scale

and then tails off downwards in the viscous dissipation region (Figure 2.4). The ap-

proximate relation between the turbulence energy� T of temperature and the spatial

wavenumberk of the temperature signal is given by [72]:

� T (k1) � 0:25C2
T k� 5=3; (2.1)

whereCT is the structure-function parameter for temperature. The humidity also has

a similar expression as Equation (2.1) but with a different proportionality constant.
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Assuming the volume of air sampled by the UAS is locally isotropic, the thermo-

hygrometers should observe a pattern where the spectra approximate the -5/3 slope

line. Assuming that the frequency content of the turbulent eddies is larger than the fre-

quency range of the sensor, then any deviation in the measurement spectra is considered

to be in�uenced by undesired sensor dynamics or external perturbations.

Moreover, the ratio between large and small spatial scales is approximately given

by l=� = Re3=4 [73]. Consequently, the large separation of scales allows for the

inertial subrange (ISR) of turbulent �uctuations to extend for hundreds of meters in

length, which would be quite dif�cult to capture with a UAS within a reasonable time.

A workaround to this issue is to assume horizontally homogeneous CBL conditions.

Consequently, turbulence can be assumed to be “frozen” as it travels across a stationary

UAV at a constant speed. This assumption is the so-called Taylor's hypothesis of the

frozen-�eld, and it is of great use in calculating the structure-function parameters by

converting temporal measurements into spatial measurements.

The de�nition of the structure-function can be found in the literature [74–76]. The

physical interpretation of structure-function is the distribution of turbulent energy over

different spatial scales, and it is mathematically de�ned as a two-point spatial correla-

tion as follows:

D 2
T (r ) = (T(x) � T(x + r ))2 = C2

T r
2
3 ; (2.2)

where the overbar represents ensemble averaging,x is the position vector in meters,

and r is the separation distance between two samples in space, also called distance

lag. If the distance lagr is within the ISR, then the structure-function is reduced to

the rightmost expression of Equation (2.2). In the ISR region, the structure-function

follows a 2/3 slope line law in a logarithmic scale. The computation of the structure-

function is straightforward and has relatively fewer theoretical assumptions than the
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conventional spectral analysis [74]. The presented KTS theory and structure-function

analysis were used as an extra validation step of the thermo-hygrometer observations

and technique discussed in Chapter 4.

2.3 Weather Sensors Principle and Modeling - Speci�c Example

The performance optimization of thermo-hygrometers starts with the available manu-

facturing technologies [45]. Nowadays, the fabrication of sensors is driven by low-cost

circuits, new sensing materials, advances in miniaturization techniques, and modern

simulations. Even though a great part of the sensor's performance can be optimized

at a hardware level, they still come with limitations. Post-processing algorithms can

partially overcome these limitations in performance, modeling techniques and digital

signal processing being the most popular. For instance, [77] showed encouraging �rst

results using a simple �rst-order differential equation to restore signals from a ther-

mocouple and even describing calibration procedures. [78] used non-linear differential

equations based on the Stein-Hart equation for negative temperature coef�cients (NTC)

thermistors [79]. Their equations consisted of a lumped formulation for temperature,

which included other factors like thermal radiation and power dissipation. Despite its

high accuracy, the complexity of the model makes it impractical for real-time imple-

mentation, especially on microcontrollers with low computational resources, like some

used for autopilots. Moreover, another study has shown that having a good solar radia-

tion shield around thermo-hygrometers and adequate sensor placement on the UAV can

greatly prevent thermal energy from contaminating the air being sampled [42]. There-

fore, assuming that the external sources of contamination were mitigated, the following

sections provide basic knowledge to start exploring methods for sensor measurement

correction.
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Table 2.1: Technical speci�cations of the thermodynamic sensors used in this work
according to their respective manufacturers [80–82].

Sensor iMet-XF bead thermistor HYT-271 MS5611
Type Temperature Rel. humidity Absolute pressure
Sensing element Bead thermistor Capacitor �lm MEMS2

Dimensions 0.4 mm� 5� 10� 2 mm 5� 3� 1 mm
Weight 10 gr 7 gr –
Range -90–50 °C 0–100 % 10–1200 mb
Response time1 � 2 s � 5 s � 8.22 ms
Resolution 0.01 °C 0.1 % 0.065–0.012 mb
Accuracy1 � 0:3 °C � 0:1 % � 1:5 mb
Sampling rate 10 Hz 10 Hz 10 Hz
Protocol I2C I2C SPI

1 at5 m s� 1 air�ow across and Standard Ambient Temperature and Pressure (SATP).
2 Micro Electro-Mechanical System.

2.3.1 Description of Thermo-Hygrometer Sensors

There was no engineering selection process for this work for the thermo-hygrometer

sensors. Due to legacy decisions and cost constraints, a set of bead thermistors from

InterMet (iMet) [80] systems and HYT-271 capacitive humidity sensor from Innovative

Sensor Technology (IST) [81] were provided as a payload requirement for the develop-

ment of the WxUAS. Table 2.1 shows a summary of the speci�cations for each sensor,

including the pressure sensor used, which comes with the autopilot board. A useful

feature of the iMet bead thermistor and HYT-271 humidity sensor is their capability

to stream digital data through a communication protocol known as the inter-integrated

circuit (I2C). The I2C protocol is a popular data transfer method among digital micro-

controllers, and it enables communication with peripherals on a single data bus. This is

advantageous when the end goal is to have a more integrated and holistic system, which

will be discussed in the following chapter.

Despite the absence of a formal sensor selection process, these types of sensors are
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considered payload friendly for small UAS, given their compact size and lightweight

characteristics. Commonly used temperature and humidity sensors for UAS are mainly

variants of the bead thermistor type and capacitive type sensors [20, 22].

2.3.2 Thermo-hygrometer Dynamical Model

The key assumption of the models presented in this Section is that temperature and

humidity differences inside the sensing element are comparable to the differences be-

tween the element's surface and the �uid in direct contact. This means that the internal

geometries of the sensing element can play a signi�cant role in the transient response

of the sensor and, thus, are considered a cause of slow sensor dynamics.

Both temperature and humidity sensors work under similar principles. Basically,

the heat �ux (diffusion) inside the sensor's material will lead to a thermal (water vapor

concentration) equilibrium with the surrounding medium after a �nite time. In fact, the

differential equation that describes a great part of their behavior has the same form for

both sensors, which is given by [83]:

@U
@t

= k
�

@2U
@x2

+
@2U
@y2

+
@2U
@z2

�
: (2.3)

This is called the heat equation for the case of temperature and the diffusion equation

for the case of water vapor concentration. Numerous parameters have an in�uence on

the response time of a sensor, such as the geometry of the sensing element, the inherent

thermal/water diffusivity of the sensing element, the thickness of the protective layers,

and even the ambient temperature and humidity itself [45]. Equation (2.3) encompasses

most of these characteristics and factors and can be effectively used as a model to

compensate for errors.

In the simulation of solid bodies, the �nite difference method is a commonly used
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numerical solution for differential equations involving geometries. Finite difference

equations are powerful tools that can be used to create mathematical models and de-

scribe the behavior of physical systems. The method uses an approximation to the total

derivative given by the slope of a �nite interval around a given point. Additionally,

assumptions must be made to reduce the complexity of the model and work within a

linear regime. The dynamics of the sensor can be further studied after deriving the

mathematical model. It can be used to trace back and restore the original signal that

produced the sensor measurements as long as the inverse of the model exists and is

stable [84].

Forward Model of Temperature Sensor

The shape and dimensions of the chosen iMet-XF bead thermistor are shown in Fig-

ure 2.5. The probe's tip was assumed to be spherical with a radiusR = 0:4 mm, ignor-

ing the electrical wires. Given that heat �uxes can propagate in any direction around

the sensor, the problem becomes three-dimensional in space. The spherical symmetry

helps to reduce the degree of complexity of the model signi�cantly, and the equations

simplify to a one-dimensional case along the radius [85]. It was also assumed that

heat energy only propagates radially, being the positive direction from the surface of

the sphere, in contact with the air, to the core where the sensing element is located.

Therefore, the problem can be seen as a heat transfer problem with spatial temperature

gradients inside the thermistor. Applying these assumptions to Equation (2.3) and ex-

pressing the result in spherical coordinates, then the differential equation for the bead

thermistor is given by:

@T(r; t )
@t

= �
�

@2T
@r2

+
2
r

@T
@r

�
; 0 � r � R; t � 0; (2.4)
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where the internal temperatureT is a function of timet and spacer , which is the radial

distance from the center to a given point within the sphere, and� is the thermal diffu-

sivity of the material. In order to implement computational algorithms, Equation (2.4)

must be transformed to a discrete system by dividing the sphere intoN layers with

thickness� r = R=N. Then, �nite difference method, as de�ned in Section 2.3.1, was

applied to the spatial derivatives of Equation (2.4), knowing that the boundary condi-

tions are given byT(R; t) = Tair andT(0; t). The latter condition is a singularity that

was resolved by applying the L'Hopital rule. Finally, solving for the temporal deriva-

tives, the following system of �nite difference equations in space was obtained:

@T
@t

= �
�

� 2TN +
N � 1

N
TN � 1

�
+ �

N + 1
N

Tair r = R;

(2.5)

@T
@t

= �
�

i + 1
i

Ti +1 � 2Ti +
i � 1

i
Ti � 1

�
0 < i � r < R; i = 2; :::; N � 1

(2.6)

@T
@t

= 3� (T2 � T1) r = 0;

(2.7)

where� = �= � r 2. The resultant set of equations is a linear time-invariant (LTI) system

that can be transformed into the state-space representation of the form:

@x
@t

= Ax + Bu (2.8)

y = Cx + Du; (2.9)

wherex is the state variable vector (each element representing the temperature at each

layer),u is the input signal (the temperature at the surface), andy is the output signal
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Figure 2.5: Close-up of the iMet-XF bead thermistor with dimensions and composition.
This the sensing element of the temperature sensor installed on the proposed WxUAS.
Image provided by International Met (InterMet) Systems.

(temperature measurement at the core). The elements of the matrices A and B were

obtained by examining the �nite difference equations.

Forward Model of Humidity Sensor

In the case of the HYT-271 capacitive humidity sensor, the dynamics are mainly pro-

duced by the diffusion of water vapor from the surface in contact with the air into the

sensing element made of a polymer. Figure 2.6 shows the sensing element con�gura-

tion and the boundary conditions around it. In contrast with the bead thermistor, the

capacitive sensor can be treated as a one-dimensional problem since the water vapor

only exists above the surface of the sensing element, and it propagates in the direction

normal to the surface (inwards is positive).

Horizontal water vapor concentration gradients were considered negligible given

that the thickness of the polymer is small enough to prevent horizontal propagation

[84]. Similar to the bead thermistor case, the differential equation for the capacitive hu-

midity sensor was derived from Equation (2.3) expressed in one-dimensional Cartesian
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Figure 2.6: Close-up of the IST HYT-271 capacitive sensor with dimensions (left) and
sensing element con�guration (right). The left image was taken from the IST HYT-271
datasheet.

coordinates:
@c(x; t )

@t
= D

@2c
@x2

; 0 � x � L; t � 0; (2.10)

wherec is the water vapor concentration in parts per million volume (ppmv),D is the

diffusivity coef�cient of the water vapor in the polymer, andL is the thickness of the

polymer. Applying �nite difference to Equation (2.10) and following similar proce-

dures as shown in the bead thermistor case, the system of �nite difference equations for

the capacitive humidity sensor is:

@c
@t

= � (� 2cN + cN � 1) + �c air x = L; (2.11)

@c
@t

= � (ci +1 � 2ci + ci � 1) 0 < i � x < L; i = 2; :::; N � 1 (2.12)

@c
@t

= � (c2 � c1) x = 0; (2.13)

where� = D=� x. Again, the resulting system of equations is an LTI system that can

be transformed into state-space representation. The matricesA andB were determined
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by inspection of the resultant set of �nite difference Equations (2.11–2.13).

The �nite difference model only takes water vapor concentration as the input signal,

whereas the output of the humidity sensor is relative humidity expressed as a percent-

age. Therefore, the relative humidity must be converted to water vapor concentration

before using the model. The following equations for the conversion were taken from

[86]:

c = 104H
Ps

Pa
; (2.14)

psat = pa exp(13:3185t � 1:9760t2 � 0:6445t3 � 0:1299t4); (2.15)

t = 1 �
373:15

Tair
; (2.16)

whereH is the relative humidity in percentage,psat is saturation vapor pressure in

millibars, pa = 1013:25 mb is the standard atmospheric pressure,Tair is the tempera-

ture of the surrounding air in Kelvin. The numerical error is less than 0.5 % within a

temperature range of -50� C and 50� C.

2.4 Chapter Summary

The call for creating innovative techniques for sampling the atmosphere at high spatio-

temporal resolution has been increasing in recent years. However, performingin situ

atmospheric measurements is a complex problem that spans comprehensive aspects

such as sensor characterization, design of the instrument, and the understanding of

atmospheric processes. A method gradually gaining traction is using UAS as a platform

to carry atmospheric sensors at desired locations for targeted sampling. This work

attempts to bring design enhancements to the conventional UAS and specialize it for

accurate atmospheric measurements. UAS de�nitions, thermo-hygrometer models, and
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basic knowledge of the PBL were presented in this chapter to show the intricacies

of each subject. Establishing these fundamental concepts should provide links for a

better understanding of the aspects involving atmospheric measurements useful for the

subsequent chapters.
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Chapter 3

Multicopter UAS Design for Atmospheric Sampling

In this work, the conceptualization and initial design of the WxUAS resulted from

a much larger and more ambitious project attempted by the Center for Autonomous

Sensing and Sampling (CASS) of the University of Oklahoma (OU) from 2016 to 2021.

This larger project was referred to as the “3D Mesonet” and revolved around the idea of

expanding thermodynamic and kinematic measurements of the atmosphere above the

Earth's surface [26]. The ability to capture vertical wind, temperature, and moisture

pro�les in the lower troposphere with high spatial and temporal resolution has long

been a desirable feature of operational observing systems worldwide.

Consequently, the proposed solution was to use WxUAS with the capacity of sam-

pling the vertical structure of the PBL and, possibly, the rest of the troposphere as well.

In other words, 2D surface measurements from existing tower-based sensors would

be augmented with pro�le data from instrumented UAVs launched from a network of

ground stations capable of supporting these activities. As a result, this innovative tech-

nology promises to �ll data gaps in the PBL that conventional instruments cannot easily

or economically achieve. It would also detect mesoscale properties unseen before that

are inherent in weather systems. These sounding or pro�le data may be used to inves-

tigate thermal strati�cation as well as atmospheric static and dynamic stability, all of

which in�uence storm genesis and maintenance [29].
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In this chapter, the main topic of discussion is the design process, the implemen-

tation of custom features, and component selection and arrangement to create an ap-

propriate UAV for thermodynamic and kinematic pro�ling. The latest developments

of an innovative multicopter UAV, henceforth referred to as the CopterSonde, are pre-

sented. Flow simulation results and real measurement comparisons against conven-

tional weather instruments were used to show evidence of the data quality produced

by the proposed WxUAV design. The �ight performance of the UAV is also discussed

based on the design calculations and results from stress �ights performed in outdoor

scenarios.

3.1 The CopterSonde Conceptualization

The overall operating concept for the 3D Mesonet imposed speci�c design constraints

on the WxUAV to be employed. Flights should be carried out autonomously or semi-

autonomously, with as little human intervention as possible. Since the focus is on

atmospheric soundings, the CopterSonde must execute a vertical ascent and descent in

a straight line. Therefore, the CopterSonde should include vertical take-off and landing

(VTOL) capabilities, which was accomplished by utilizing a rotary-wing UAV.

Additionally, the CopterSonde design has been driven by meteorological sampling

requirements. These meteorological sampling requirements include the type of mea-

surement and the accuracy of the observations. The 3D Mesonet project was mainly in-

tended to characterize the thermodynamic and kinematic state of the lower atmosphere.

The desired atmospheric parameters were pressure, temperature, humidity, and wind,

with high spatio-temporal resolution compared to other similar instruments, such as ra-

diosondes. Therefore, the CopterSonde must be able to carry the weight of additional

sensor packages for atmospheric sampling in a modular fashion.
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Regarding the desired maximum altitude above ground level (AGL) to be attained

using the CopterSonde, part of the 3D Mesonet project was to do preliminary stud-

ies to examine the potential improvement and impacts that a WxUAS network could

have on Numerical Weather Predictions (NWP) [26]. For this, an Observation System

Simulation Experiment (OSSE) was performed over the state of Oklahoma, assuming

that 110 WxUAS stations were distributed and conducting atmospheric soundings with

a desired �ight cadence and maximum altitude. Four study cases, each of them with

WxUAV �ights up to 120 m, 1 km, 2 km, and 3 km AGL, respectively, were compared

against the no-WxUAS �ight study case. The study concluded that the addition of Wx-

UAV �ights up to 1 km was adequate to reliably resolve the vertical structure of the

PBL, and �ights up to 3 km were preferred when focusing on severe storm predictions

[87].

For reference, Table 3.1 summarizes the desired variables to be observed using the

CopterSonde with their respective target accuracy and operating ranges. It has to be

mentioned that many of these desired goals were agreed upon by an informal consen-

sus of atmospheric scientists, National Weather Service (NWS) staff, and other experts

in the subject [21, 26]. The speci�cations of the thermo-hygrometers provided in this

work already claim that such sensors almost fully meet the above-desired requirements

(see Table 2.1 for comparison), provided that they are working within appropriate op-

erating conditions. On that account, a goal of the CopterSonde design is to keep the

onboard thermo-hygrometers working within a nominal regime and prevent unwanted

sources of data contamination from interfering with the sensor measurements. Before

even conceiving the �rst CopterSonde prototype, it was known that these problems

could arise. Therefore, it was necessary to explore ways to provide adequate ventila-

tion to the sensors, minimize the effects of solar radiation exposure, and make sure that

the sensors were not being impacted by the effects of the UAV itself. However, not all
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Table 3.1: Desired meteorological measurement speci�cations and operating range
used as a reference for the CopterSonde design. Many of these desired targets were
agreed upon by an informal consensus of atmospheric scientists, National Weather Ser-
vice (NWS) staff, and other experts in the subject [21, 26].

Meteorological variables and accuracies
Parameter Measurement accuracy
Temperature � 0.2 °C
Relative humidity � 5.0 %
Wind speed � 0.5 m s� 1

Wind direction � 5.0° azimuth
Sensor time response < 5 s (preferably< 1 s)

Operational and environmental conditions
Parameter Range
Temperature -30 – 40 °C
Relative humidity 0 – 100 %
Max wind speed 0 – 35 m s� 1

Max altitude AGL � 1000 m

of these problems could be addressed immediately at the beginning of this work due

to the initial low resources, lack of adequate facilities, and the high demand for quick

solutions so that CASS could join and participate in scheduled �eld campaigns. Conse-

quently, the CopterSonde design approach was initially taken in a provisional manner,

where the �rst few �eld campaigns were primarily for identifying engineering chal-

lenges, testing solutions by trial and error, sharing experiences with other institutions,

and making improvements based on empirical observations. From this point forward,

the skills and techniques for design and construction signi�cantly improved throughout

the CopterSonde development years, which led to the formation of a robust engineering

work�ow.

Even though the initial research and development approaches were mainly attempts

without much scienti�c support while also trying to �nd inspiration from existing so-

lutions at the time [24, 25, 55], there were efforts in investigating some fundamental
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questions related to the integration of thermo-hygrometers into UAVs. Finding an ad-

equate location for the weather sensors on the UAV was and remains one of the most

debated topics among experts in the subject [23, 53, 88]. In an effort to help to address

the problem, simple experiments to learn about the effects of the UAV on weather sen-

sors were conducted at the Advanced Radar Research Center (ARRC) of the University

of Oklahoma [89]. The tests were carried out in a reasonably homogeneous chamber to

�nd optimal locations for the thermodynamic sensors clear of systematic biases. The

sensors were gradually displaced under the rotor wash of a mounted multicopter UAV,

as shown in Figure 3.1. This study concluded that when trying to monitor the ambient

temperature with a standard multicopter UAV, there is no particular location under the

propellers that guarantees contamination-free measurements. These types of platforms

are prone to changing their own surrounding environments in unpredictable ways.

This led to a period of brainstorming and thinking about feasible solutions and

roadmaps that could lead to improvements in the quality of the measurements using a

multicopter UAV. In order to satisfy short-term and long-term goals, it was decided to

take two different paths. For reasons explained above, the short-term solution involved

assembling a UAS that could be mission-ready in a short time. This meant opting for

a standard multicopter UAV design with a symmetrical distribution of weather sensors

around the UAV. This design was known as the CopterSonde-1 shown in Figure 3.2 and

was �rst fabricated in early 2017 using an ad hoc design structure. On the other hand,

the long-term solution consisted of a richer list of desirable custom features on the UAV

to meet the overarching goals of this work and start moving towards a fully integrated

airborne weather instrument system.

For the long-term solution, a combination of desired interrelated features was en-

visioned primarily for reducing platform errors on thermodynamic observations of the

atmosphere. The main one being the implementation of a wind tracking algorithm for
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Figure 3.1: Experimental setup for evaluating temperature sensor location on a UAV.
The test was conducted inside the anechoic chamber of the ARRC. (a) Position of the
linear actuator arm below the rotors of the multicopter UAV mounted on a pedestal.
The temperature probe is shown inside the white box. (b) Close-up side view of the
temperature probe. (c) Close-up front view of the temperature probe and the actuator.
Images were taken from [89].

the CopterSonde dubbed the wind vane �ight mode (WVFM). This method would al-

low the CopterSonde to quickly estimate wind direction and continuously turn itself

into the wind. The resultant orientation was initially thought of as a way to favor sam-

pling undisturbed air, given that the sensors are placed at the most downwind section

of the UAV body, which will be demonstrated further in the chapter. Consequently,

this envisioning of features gave a �rst idea of arranging the internal components of

the next CopterSonde iterations as shown in Figure 3.3. The elongated airframe fa-

cilitated positioning the UAS electronics behind the payload and effectively hide them
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Figure 3.2: CopterSonde-1 concept made in early 2017. An octocopter UAV with
temperature and humidity sensors distributed in a symmetrical arrangement around the
UAV. The sensors were housed and protected inside plastic tubes and mounted on the
UAV's arms below the rotors.

from the wind. The idea of having the payload located at the most downwind section

of the CopterSonde would result in undisturbed air �owing across the weather sensors.

Directly behind the sensors is the autopilot system for ease of wiring and connections,

followed by the battery, which is the heaviest component in the CopterSonde. The bat-

tery was conveniently placed close to the center of mass of the CopterSonde, allowing

for increased maneuverability and overall �ight performance. Lastly, the communica-

tion system was placed on the other end of the airframe, far away from the electronics,

in order to reduce potential RF interference.

The full list of additional features for the long-term solution is as follows:

1. Modular and interchangeable payload compartment for ease of calibration and

maintenance purposes.
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2. Solar shield and ventilation system to force air across the sensors and mitigate

measurement errors caused by solar radiation and sensor self-heating, respec-

tively.

3. Custom wireless data stream to the GCS for live monitoring of weather parame-

ters and distribution of products.

4. Decision-making and adaptive behavior capabilities based on sensed environ-

mental conditions to eliminate human errors and move toward a fully automated

system.

Moreover, the shape of the enclosure (or shell) of the subsequent CopterSonde revi-

sions drastically changed compared to the CopterSonde-1. The new shell design takes

advantage of the aerodynamic bene�ts made possible by using the WVFM. To give the

reader an idea of how the resultant UAV platform looks like, Figure 3.4 shows a close-

up of the latest CopterSonde model produced in early 2022, dubbed the CopterSonde-

3D.

Lastly, given that the CopterSonde must reach high altitudes to achieve the science

goals, this also means that it must share the airspace with other crewed aircraft. The

FAA must unavoidably intervene in this situation and set rules to decon�ict air traf�c

and prevent accidents. Consequently, in addition to the above-mentioned requirements,

the CopterSonde must carry navigation and anti-collision lights, communication links,

and aircraft avoidance capabilities to ful�ll current and future FAA rules. Nonetheless,

predicting the amount of risk mitigation necessary to satisfy the FAA is challenging

because regulations governing access to and operations in the National Airspace System

(NAS) are constantly changing (see Appendix B).

With the presented context, the following sections are dedicated to describing the

engineering solutions applied to the most recent CopterSonde model, the CopterSonde-
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Figure 3.3: Illustration of the desired component distribution onboard the CopterSonde
under the assumption that the system automatically orients itself into the wind by us-
ing a custom wind tracking function. The payload was located at the most downwind
section of the CopterSonde, followed by the autopilot system for ease of connection.
The battery was conveniently placed close to the center of gravity of the platform to
increase maneuverability. The communication system was placed far away from the
electronics to reduce potential RF interference.

3D. The proposed solutions aim to comply with the desired atmospheric measurement

requirements and design constraints. From this point, the CopterSonde-1 is considered

an unmodi�ed standard UAS design re-purposed for weather sampling and used as a

reference for comparisons in this study.

3.2 Autopilot System

The CopterSonde-3D is equipped with a Pixhawk CubeOrange autopilot board devel-

oped and manufactured by CubePilot company located in Moolap, Australia [90]. The

Pixhawk is an open-hardware project that provides users with a readily available, eco-

nomical, and high-end autopilot board solution for academic, hobby, and industrial

communities. It contains a powerful ARM® STM32H7 Cortex®-M7 micro-controller

capable of executing complex �ight operations, including autonomous missions. Be-

sides having a powerful microcontroller, it also comes with a redundancy of IMUs
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