
UNIVERSITY OF OKLAHOMA GRADUATE COLLEGE

ON THE DESIGN OF

UNMANNED AERIAL WEATHER MEASUREMENT SYSTEMS

FOR WINTRY PRECIPITATION OBSERVATIONS

A DISSERTATION

SUBMITTED TO THE GRADUATE FACULTY

in partial fulfillment of the requirements for the

Degree of

DOCTOR OF PHILOSOPHY

By GUSTAVO BRITTO HUPSEL DE AZEVEDO
Norman, Oklahoma

2024



ON THE DESIGN OF

UNMANNED AERIAL WEATHER MEASUREMENT SYSTEMS

FOR WINTRY PRECIPITATION OBSERVATIONS

A DISSERTATION APPROVED FOR THE
SCHOOL OF ELECTRICAL AND COMPUTER ENGINEERING

BY THE COMMITTEE CONSISTING OF

Dr. David Schvartzman, Chair

Dr. Tian-You Yu

Dr. Robert D. Palmer

Dr. Petra Klein

Dr. Jamey D. Jacob



©Copyright by GUSTAVO BRITTO HUPSEL DE AZEVEDO 2024
All Rights Reserved.



DEDICATION

to

My wife

Renata

For

Encouraging me to pursue my passion

for engineering.

My parents

Yara and Carlos

For

Fostering curiosity

My siblings

Livia, Marta, Julia and Bernardo

For

Inspiring me to better

iv



Acknowledgements

First, I wish to express my gratitude to my advisor, Dr. Schvartzman, who believed in my

potential, guided me, and helped me become a better scientist and communicator.

I also wish to thank my committee members, Drs. Palmer, Yu, Klein, and Jacob, who,

besides serving on this committee, each had a critical role in affording me the opportunity

to be a part of and complete this degree.

I also would like to express my deepest gratitude to my friends and collaborators, Bill

Doyle and Dr. Avery, who, without this research, would not have been possible.

I also thank David Grimsley and Dr. Chris Fiebrich from the Oklahoma Mesonet for

their guidance in my journey of becoming an atmospheric measurements specialist and their

indispensable support during the laboratory and field experiments.

I also wish to express my gratitude to Matt Fronzak, who welcomed me to the aviation

weather community and enabled me to access critical experts in this research.

I also thank Stephanie DiVito, Dr. Landolt, Ben Bernstein, Brian Filipiak, and Daniel

Tripp for their role as consultants and subject matter experts in winter weather precipitation.

I would be remiss if I did not thank and mention the critical role played by my peers and

the staff at the Advanced Radar Research Center, particularly Jorge Alva, Rosalind Agasti,

Dr. Salazar-Aquino, Danny Feland, Dale Sexton, Kerri Raper, and Mark David.

Finally, I wish to thank my friends and family. In particular, Kyle Sandidge and my

brothers and sisters in Christ from Providence Road Church for showing us God’s love and

making Renata and me feel at home away from home.

v



Contents

Abstract xvi

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.4 Broader Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.5 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Literature Review 17
2.1 Key-Term Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Atmospheric Measurement Systems . . . . . . . . . . . . . . . . . . . . . . . 21

2.2.1 Design Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2.2 Integration of New Observations Into Forecast and Decision-Making

Workflows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.2.3 Integration of WxUAS Data Into Forecast and Decision-Making Work-

flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.3 WxUAS Design Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.3.1 System Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.3.2 Sensor Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3 In-Situ Measurement Design 41
3.1 Sensor Shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Sensors and Sampling Techniques . . . . . . . . . . . . . . . . . . . . . . . . 46
3.3 Flight Control Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.4 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.4.1 Laboratory Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.4.2 Field Experiment - OKMesonet . . . . . . . . . . . . . . . . . . . . . 60
3.4.3 Field Experiment - Marshall . . . . . . . . . . . . . . . . . . . . . . . 63

4 Remote Measurement Design 69
4.1 Radar System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.2 Initial Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.3 Integration and Deployment Strategy . . . . . . . . . . . . . . . . . . . . . . 76
4.4 WxUAS Radar Post-Processing Algorithm . . . . . . . . . . . . . . . . . . . 80

vi



4.4.1 Aircraft Motion Compensation . . . . . . . . . . . . . . . . . . . . . 82
4.4.2 Synthetic Long Exposure . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.4.3 Context-Dependent Noise Reduction . . . . . . . . . . . . . . . . . . 90

5 Unmanned Aerial Vehicle Design 96
5.1 Platform-base Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.2 Winter Weather Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.3 Aircraft Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.3.1 Measurement Quality Features . . . . . . . . . . . . . . . . . . . . . . 107
5.3.2 Safety and Operational Features . . . . . . . . . . . . . . . . . . . . . 110

5.4 Performance Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6 Data Processing and Fusion 117
6.1 Measurement, Information, and Insight . . . . . . . . . . . . . . . . . . . . . 118

6.1.1 Spatiotemporal Maps . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
6.1.2 Time Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.1.3 Considerations on Data Use . . . . . . . . . . . . . . . . . . . . . . . 125

6.2 Multi-modal Fusion and Algorithmic Weather Inference . . . . . . . . . . . . 126

7 Field Deployment 134
7.1 Multi Atmospheric Instrument Intercomparison

Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
7.1.1 WxUAS Data and Sampling Strategy . . . . . . . . . . . . . . . . . . 138
7.1.2 Deployment 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.1.3 Deployment 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
7.1.4 Deployments 3 and 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

7.2 Final MAI2S Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

8 Conclusion 164
8.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
8.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
8.3 Final Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

A OK Mesonet Chamber Experiment 176

B OK Mesonet Flight Comparison Experiment 178

C Radar Configuration Parameters 182

D Pitch Angle Compensation Experiment 184

E Aircraft CAD 187

F Field Campaign Supporting Weather Data 192

vii



List of Figures

1.1 Illustration of precipitation phase change with altitude and coverage by radar
and surface observations. The first case shows frozen precipitation melting
gradually with the decrease in height. The second case shows a shallow freez-
ing layer producing mixed-phased precipitation below the radar and above the
ASOS coverage. The final case shows a melting and a freezing layer creating
a mix of frozen and liquid precipitation. . . . . . . . . . . . . . . . . . . . . 10

1.2 Overlap within this research’s primary motivation and its broader impact areas. 15

2.1 Example of environmental interference, a frozen cup anemometer at the King-
fisher Oklahoma Mesonet tower after the ice storm of January 28-30, 2002.
Photo by Chris Fiebrich. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2 Examples of physical sensor integration into UAS: (A) Omnidirectional shielded
integration with propeller-based passive aspiration [54]; (B) No shielding with
partial propeller-based, passive ventilation [66]; (C) Fixed-wing two-layer
shielding with passive ventilation through vehicle motion [8]; (D) Multi-direction
with partial shielding and propeller-based ventilation [46]; (E) Comparison of
directional shield with active aspiration with partial shielding and propeller-
based ventilation [37]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1 Lateral cross-section of the two-layer custom sensor shield designed to pre-
vent contact with freezing precipitation while allowing for direct atmospheric
observation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2 Frontal cross-section view of the two-layer custom sensor shield designed to
prevent contact with freezing precipitation while allowing for direct atmo-
spheric observation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 Lateral cross-section view of the two-layer custom sensor shield design high-
lighting construction dimensions that enhance flow characteristics, where “d”
is the diameter of the inner shield. . . . . . . . . . . . . . . . . . . . . . . . . 46

3.4 Sensors for in-situ measurements: (A) The OPC-N3 for particle size distribu-
tion, (B) the PT-100 bead thermistor and ADS1115 ADC for fast temperature;
(C) the HYT 271 for slow temperature and relative humidity; and (D) the
MS5611 for fast pressure measurements. . . . . . . . . . . . . . . . . . . . . 47

3.5 Concentric sensor ring with redundancy for increased accuracy. The right
panel illustrates 60◦ segmentation strategy, and the left panel illustrates its
implementation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

viii



3.6 Example of enhanced neighboring sensor analysis showing temperature values
for sensors across four stages of a profile to 200m above ground level. . . . . 50

3.7 Diagram depicting the ArduPilot open-source vehicle control software frame-
work with this dissertation’s weather sensor integration library. This archi-
tectural solution enables the seamless and standardized cross-platform use of
the proposed in-situ sensor design. . . . . . . . . . . . . . . . . . . . . . . . . 54

3.8 Diagram depicting the weather sensor library’s use of the framework’s service
loop as a mitigation strategy for the risks associated with the direct integration
method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.9 Diagram depicting the weather sensor library producing inputs to the control
loop under the safety of the framework’s navigation library. . . . . . . . . . . 57

3.10 Examples of cross-platform use of the proposed WxUAS in-situ sensor hard-
ware and software. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.11 In-situ inner shield calibration at the Oklahoma Mesonet’s Calibration Labo-
ratory. The left panel shows the Thunder Scientific 2500 benchtop humidity
generator, and the right panel details the experimental setup inside the cham-
ber’s test section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.12 Experimental setup for the system’s performance evaluation under operational
conditions. Two identical WxUAS were flown next to the reference Oklahoma
Mesonet 10m tower for colocated measurements. . . . . . . . . . . . . . . . . 61

3.13 Results for the second temperature and relative humidity ground-based in-
tercomparison experiment. The small mean absolute errors are below both
manufacturers’ reported accuracies. . . . . . . . . . . . . . . . . . . . . . . . 64

3.14 Results for particle size distribution (left) and power and Doppler velocity
(right) during the second ground-based experiment. For the vertically pointing
radar, negative Doppler velocities indicate particles falling towards the radar. 65

3.15 Ceilometer data (above) indicating the cloud base and the profiles of the par-
ticle size distribution (below) for each of the four flights to 120m. The orange-
shaded columns in the ceilometer’s scatter plot represent the time intervals
for the four flights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.1 Experimental setup for initial evaluation of the TI AWR2243: (A) the setup
for precipitation perpendicular to the radar beam, (B) the parallel setup. (C)
The perpendicular “Mist” experiment. (D) The improvised radome to emulate
a vertically pointing radar in parallel experiments. (E) The ice shavings used
to mimic frozen precipitation. . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.2 range-Doppler map for the large water drops and ice shavings falling vertically
toward the radar (i.e., parallel setup). . . . . . . . . . . . . . . . . . . . . . . 74

4.3 range-Doppler map for the mist generated by the handheld spray floating in
front of the radar (i.e., perpendicular setup). . . . . . . . . . . . . . . . . . . 75

4.4 Illustration of the multiple angles scanned by the TI AWR2243 PAR, which
can be leveraged to compensate aircraft motion in pitch. . . . . . . . . . . . 77

ix



4.5 Illustration of cross-platform application of this chapter’s proposed remote
measurement solution. Images on the top detail the integration into Oklahoma
State University’s Skateboard, and the bottom image depicts a conceptual
design for fixed-wing deployment. . . . . . . . . . . . . . . . . . . . . . . . . 78

4.6 Illustration of the 3D-printed radar enclosure lid with a slope to remove pre-
cipitation accumulation from the radome. . . . . . . . . . . . . . . . . . . . . 80

4.7 Illustration of the effectiveness of the slopped, edgeless design used in the
lightweight radar enclosure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.8 Illustration of the TPU-based suspended raft used to decouple the TI AWR2243
from motor-induced vibrations commonly found in multi-rotor UAVs. . . . . 82

4.9 Range-Doppler map for the four frames of an atmospheric profile during a
drizzle event at the MAI2S field campaign. The data presented here includes
the aircraft compensation algorithm. . . . . . . . . . . . . . . . . . . . . . . 87

4.10 Range-Doppler map for an atmospheric profile during a drizzle event at the
MAI2S field campaign. The data presented here includes the aircraft compen-
sation and the SLE partial algorithms. . . . . . . . . . . . . . . . . . . . . . 88

4.11 Range-Doppler map for the same drizzle event presented in Fig. 4.10 after the
use of the motion correction, partial SLE, and a 5 dB threshold. . . . . . . . 89

4.12 Example of the noise-induced challenge for programmatic calculations of rel-
evant statistics, using the data displayed in Fig. 4.11. . . . . . . . . . . . . . 89

4.13 Example of Context-Dependent Noise Reduction Algorithm in a simplified
context. The left panel presents the binary 20 by 20-pixel matrix with the
word “HELLO”, and the center panel presents the original and added noise.
The right panel presents the noise-reduced recovery results. The red circle
indicates a noise pixel that was not cleaned. . . . . . . . . . . . . . . . . . . 92

4.14 Illustration of the final range-Doppler map and velocity and distribution pro-
files using the motion compensation, SLE, and Context-Dependent Noise Re-
duction algorithms for the same drizzle event presented in Figs. 4.10 and 4.11. 94

4.15 Illustration of the range-Doppler map and velocity and distribution profiles
using the motion compensation, SLE, and Context-Dependent Noise Reduc-
tion algorithms for a new rain event. . . . . . . . . . . . . . . . . . . . . . . 95

5.1 Isometric view of the 3-dimensional computer-aided design for this disserta-
tion’s WxUAS technology demonstration platform with the remote (left) and
in-situ (right) measurement solutions integrated as its topmost component. . 105

5.2 Exploded orthographic front view of the main components in the 3-dimensional
computer-aided design for this dissertation’s WxUAS technology demonstra-
tion platform. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3 3-Dimensional computer-aided design for this dissertation’s in-situ and remote
measurement solutions with the critical obstruction zones for each measure-
ment. (A) Orthographic top view, with elliptical shading over the radar’s field
of view and arrow indicating the predominant direction for the incoming wind
for in-situ samples. (B) Orthographic front view with the same obstruction
regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

x



5.4 3-Dimensional computer-aided design illustrating how the aircraft arm length
can be defined based on propeller size to allow an unimpeded path to the
sensors. (A) The aircraft’s orthographic top view with the red shaded areas
representing the propeller discs and the blue shaded area representing the 1.5-
propeller diameter clearance from above. (B) Orthographic front view with
the same highlighted regions. . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.5 Diagonal cross-section view of the aircraft’s 3-dimensional computer-aided
design illustrating the seal-less water resistance design techniques. . . . . . . 111

5.6 Horizontal cross-section of the aircraft’s orthographic top view highlighting
the two water escaping points within the motor arm. . . . . . . . . . . . . . 112

5.7 X-Frame co-axial quadcopter implementation of a partial version of this design
for increased resiliency against icing. . . . . . . . . . . . . . . . . . . . . . . 114

5.8 Two units of the StormTrooper winter precipitation WxUAS built for the
MAI2S field campaign. This configuration represents the baseline for this
dissertation’s proposed WxUAS aircraft design. . . . . . . . . . . . . . . . . 115

5.9 Performance metrics for the StormTrooper winter precipitation WxUAS in its
baseline configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.1 Illustration of the graphical summaries for a profile gathered by this disser-
tation’s WxUAS. Variations with height for: (A) particle size distribution,
(B) micro-range Water content, (C) temperature, and (D) relative humidity.
Along with one of the many similar snapshots produced by the radar during
a profile with (E) Doppler-range map, (F) Doppler velocity distributions, and
(G) mean velocity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.2 Illustration of the steps to produce the time-height maps that graphically
summarize the WxUAS spatiotemporal datasets. . . . . . . . . . . . . . . . . 122

6.3 Relative humidity time-height map for the last WxUAS data collection in the
MAI2S field campaign. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.4 Temporal evolution of approximate hydrometeor fall velocity during a rain/drizzle
event. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.5 Overlay of the results for the automated cloud detection algorithm. . . . . . 130
6.6 Distribution of the reported lowest cloud bases by a colocated ceilometer. . . 131

7.1 Multi Atmospheric Instrument Intercomparison Study (MAI2S) location at
the University of Connecticut’s Campus (red dot) shown here with an MRMS
reflectivity overlay for the 500m level. . . . . . . . . . . . . . . . . . . . . . . 136

7.2 MAI2S instruments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
7.3 Spatiotemporal temperature map for the WxUAS profiles on March 9, 2024. 140
7.4 Radar-derived precipitation variables used for type and intensity classification.

The dynamic classification thresholds for liquid precipitation are shown as a
reference. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

7.5 WxUAS cloud-sized particle distribution profiles compared to the colocated
ceilometer. (A) ceilometer reports for the lowest cloud base. (B) WxUAS
cloud-sized particle distribution profiles. (C) Box and whisker plot for the
ceilometer lowest cloud base for the interval of the four WxUAS profiles. . . 143

xi



7.6 Height-time map for precipitation reflectivity from the colocated Micro-rain
radars (MRRs). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7.7 Relative humidity map for the WxUAS profiles on March 9, 2024. . . . . . . 145
7.8 Frames from the WxUAS’s onboard camera at 160, 185, 210, and 240m indi-

cating the start of the cloud transition layer and base of the cloud layer during
the profile at 22:55. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

7.9 Complementary weather data from mesoscale networks. The top two rows
present the relative humidity profiles from the KOKX and KALB sounding
stations, and the bottom row presents the MRMS composite reflectivity at
the same time steps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

7.10 Temperature and relative humidity maps for the WxUAS profiles on March
11th, 2024. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

7.11 Radar-derived precipitation variables used for type and intensity classification
for March 11th, 2024. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

7.12 MRMS composite reflectivity for the snow band sampled on March 11th, 2024:
(left) 05:30, (center) 06:00, and (right) 06:30. . . . . . . . . . . . . . . . . . . 153

7.13 Wet bulb Temperature spatiotemporal map from the WxUAS profiles for
March 11th, 2024. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

7.14 Height-time map for precipitation reflectivity from the colocated MRRs. . . . 155
7.15 Height-time map for the Ceilometer’s cloud-based reports during the passage

of the snow band on the backside of the low-pressure system. . . . . . . . . . 156
7.16 Temperature and relative humidity spatiotemporal maps for the WxUAS pro-

files on March 23rd, 2024. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
7.17 Height-time map for precipitation reflectivity from the colocated MRRs. . . . 159
7.18 Temperature and relative humidity spatiotemporal maps for the WxUAS pro-

files on March 23rd, 2024. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
7.19 MRMS composite reflectivity for March 24th, 2024 at 01:00. . . . . . . . . . 162

8.1 This dissertation’s in-situ measurements solution deployed as a calibration
reference for 36 WxUAS from various manufacturers and research groups. . . 165

8.2 Diagram illustrating the framework, its modules, and how its implementation
leads to novel atmospheric information. . . . . . . . . . . . . . . . . . . . . . 168

8.3 Illustration of weather passing through the WxUAS profile path and inducing
unexpected measurement values (e.g., sharp increase and decrease in relative
humidity). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

A.1 Time series for the temperature and relative humidity experiment at the Ok-
lahoma Mesonet’s Calibration Laboratory. The black series represents the
chamber reference values, and the colored series represents the calibrated in-
dividual sensors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

B.1 Time series for the tower and two aircraft data highlighting the comparison
interval. Mean and maximum absolut errors are found in Table 3.4. . . . . . 179

B.2 Temperature time series for the tower data (1.5 and 9m) with both aircraft
data, including data before and after take-off. . . . . . . . . . . . . . . . . . 180

xii



B.3 Relative humidity time series for the tower data (1.5m) with both aircraft
data, including data before and after take-off. . . . . . . . . . . . . . . . . . 181

C.1 Chirp illustration from Texas Instrument’s user guide showing each chirp pa-
rameter. Source: TI mmwaveSDKUserGuide. . . . . . . . . . . . . . . . . . 182

D.1 Experiment setup, a metal pole at broadside and a 60-degree angle. Both at
approximately 10m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

D.2 Experiment results for the pitch angle compensation via beamforming in post-
processing. Metal pole at broadside on the left and 60 degrees on the right. . 186

E.1 3-dimensional computer-aided design for this dissertation’s WxUAS aircraft
designs. (A) Orthographic top view and (B) orthographic front view. . . . . 188

E.2 3-dimensional computer-aided design for this dissertation’s WxUAS aircraft
designs in a vertical cross-section cut of the orthographic back view illustrat-
ing the internal components and the overlapping layer technique for seal-less
water-resistance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

E.3 Evolutionary desing steps that led to the StormTrooper’s final design. The top
left corner shows the initial waterproofing test. The top right corner shows the
initial test of the landing gear integration for modular co-axial design. The
bottom image shows the final baseline configuration as used in the MAI2S
field campaign. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

E.4 Two units of this dissertation’s WxUAS aircraft design in the baseline config-
uration. These two units were purpose-built for the MAI2S field campaign. . 191

F.1 MRMS composite reflectivity product for the northeastern United States from
March 9th, 06Z (top left) until the 11th at 06Z (bottom right). . . . . . . . . 193

F.2 Weather Prediction Center’s surface observation maps for the NE U.S. The
time stamps for the data are (top left) March 9th 15Z, (top right) 18Z, (bottom
left) March 10th 0Z, and (bottom right) 3Z. . . . . . . . . . . . . . . . . . . 194

F.3 MRMS composite reflectivity product for the northeastern United States from
March 22th, 18Z (top left) until the 24th at 0130Z (bottom right). The initial
two rows advance in a 6-hour step, while the final row advances in a 30-minute
step to highlight the missed rain event at Storrs (CT). . . . . . . . . . . . . 195

F.4 Soundings from Albany (left), and Long Island (right) for March 24th 0Z. . . 196

xiii



List of Acronyms

AGL above ground-level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

AAM Advanced Air Mobility . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

AIO all-in-one weather stations . . . . . . . . . . . . . . . . . . . . . . . . . . 138

CIP/FIP Current and Forecasted Icing Potential . . . . . . . . . . . . . . . . . . . 8

FZDZ Freezing drizzle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

FZFG Freezing fog . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

FZRA Freezing rain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

GAIL NASA GPM Atmospheric Instrumentation Laboratory . . . . . . . . . . 138

IMPACTS Investigation of Microphysics and Precipitation for Atlantic
Coast-Threatening Snowstorms . . . . . . . . . . . . . . . . . . . . . . . 135

ISARRA International Society for Atmospheric Research using Remotely-piloted
Aircraft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

LW-PLA Lightweight Polylactic Acid . . . . . . . . . . . . . . . . . . . . . . . . . 104

LiPo Lithium-Polymer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

LLJ Low Level Jet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

mmWave millimeter wave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

MAI2S Multi Atmospheric Instrument Intercomparison Study . . . . . . . . . . xi

mPING Meteorological Phenomena Identification Near the Ground . . . . . . . . 156

MRRs Micro-rain radars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

MRMS Multi-Radar Multi-Sensor System . . . . . . . . . . . . . . . . . . . . . . 28

NOAA National Oceanic and Atmospheric Administration . . . . . . . . . . . . 2

NSF National Science Foundation . . . . . . . . . . . . . . . . . . . . . . . . . 96

PAR Phased Array Radar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

PBL Planetary Boundary Layer . . . . . . . . . . . . . . . . . . . . . . . . . . 29

PIPs Precipitation Imaging Packages . . . . . . . . . . . . . . . . . . . . . . . 138

PID Proportional–Integral–Derivative . . . . . . . . . . . . . . . . . . . . . . 100

PLA-CF Carbon-fiber reinforced Polylactic Acid . . . . . . . . . . . . . . . . . . . 104

xiv



RAM Regional Air Mobility . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

SN Snow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

SLD Supercooled Liquid Droplets . . . . . . . . . . . . . . . . . . . . . . . . . 24

SLW Supercooled Liquid Water . . . . . . . . . . . . . . . . . . . . . . . . . . 6

STL Stereolithography Computer-Aided Design . . . . . . . . . . . . . . . . . 106

SWaP Size, Weight, and Power . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

SCALES Small-UAS Coordination for Atmospheric Low-Level Environmental
Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

TAIWIN Terminal Area Icing Weather Information for NextGen . . . . . . . . . . 4

TPU Thermoplastic Polyurethane . . . . . . . . . . . . . . . . . . . . . . . . . 104

UAM Urban Air Mobility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

UAMDAR Unmanned Aircraft Meteorological Data Reporting Network . . . . . . 14

UAVs Unmanned Aerial Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . 4

VTOL Vertical Take Off and Land . . . . . . . . . . . . . . . . . . . . . . . . . 98

WMO World Meteorological Organization . . . . . . . . . . . . . . . . . . . . . 30

WxUAS Unmanned Aerial Weather Measurement Systems . . . . . . . . . . . . . 2

xv



Abstract

Weakly forced winter weather precipitation events within the atmospheric boundary layer

can lead to considerable negative economic impacts. Due to their proximity to the ground

and varying range of particle sizes, some of these precipitation phenomena are not well cap-

tured by current observation systems (e.g., radiosondes, ground and space-based radars, and

automated surface observations). In aerial transportation, undetected low-altitude freezing

rain and drizzle can produce almost invisible hazards with potentially catastrophic conse-

quences for aircraft within low altitudes (e.g., the terminal area). However, the lack of

direct observations of the low-altitude freezing precipitation environment creates a challenge

for forecasters, flight crews, dispatchers, and air traffic controllers. This challenge is fur-

ther exacerbated by the integration of autonomous aircraft (i.e., sUAS and AAM) into the

national airspace system, which will necessitate the availability of this currently missing in-

formation at higher spatial and temporal resolutions. To address this need, this dissertation

endeavors to develop a novel unmanned aerial weather measurement system (WxUAS) to

complement the current observation systems and provide insight into the mechanisms that

govern low-altitude wintry precipitation. Such insight is achieved through a multi-modal

data fusion algorithm that leverages novel WxUAS-base techniques for in-situ measurements

in active precipitation and airborne radar measurements to produce an automated present

weather inference aimed at detecting and locating freezing and melting layers, cloud and

cloud-transition layers, as well as precipitation type and intensity. Validation for these novel

techniques is presented through an intercomparison study with NASA instruments.
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Chapter 1

Introduction

“Without measurements, we cannot gain any cognition on the exact state of

our environment (...) Taking measurements is thus one of the most basic and

elementary exercises in each science. This very fact justifies a monograph on

meteorological measurement techniques and methods.”

Stefan Emeis

Winter weather events can lead to power grid failures, damaged crops, loss of livestock,

transportation disruptions, and other negative economic impacts. In addition, a considerable

portion of these negative impacts is produced by shallow (lowest 1 to 1.5 km of the atmo-

sphere), weakly forced events [1]. Due to the proximity to the ground and varying range

of particle sizes, some of these precipitation phenomena are not well captured by current

observation systems. For example, due to their fast ascent rate through the atmosphere’s

first 1.5 km, radiosondes do not capture enough vertical samples to characterize low-altitude

atmospheric structural features [2]; In particular, structural features that lead to a precip-

itation phase change (e.g., melting and freezing layers) [1]. The poor observation-based

characterization of the lower atmosphere impacts the parametrization of numerical models
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and leads to the underrepresentation of specific precipitation types in the final forecast prod-

ucts. For example, in some instances, ice pellets, Freezing rain (FZRA), and Freezing driz-

zle (FZDZ) can produce low radar reflectivity and have their observed values fall below the

assimilation thresholds for the National Oceanic and Atmospheric Administration (NOAA)

High-Resolution Rapid Refresh (HRRR) forecast model [3].

In the case of aerial transportation, FZRA and FZDZ can produce nearly invisible hazards

with potentially catastrophic consequences. For this reason, the Federal Aviation Adminis-

tration (FAA) is implementing new standards that restrict flights into and out of commer-

cial airports during freezing precipitation events to prevent icing-related accidents [3, 4, 5].

Therefore, precisely determining precipitation type in the lower atmosphere is required to

implement such standards successfully. However, limitations in the current observation sys-

tems prevent the classification of mixed-phased precipitation in the lower atmosphere for

certain scenarios [3, 6, 7].

This dissertation demonstrates how Unmanned Aerial Vehicles (UAVs) can be designed

and instrumented to create Unmanned Aerial Weather Measurement Systems (WxUAS) ca-

pable of sampling the low-altitude wintry precipitation environment, including mix-phased

and freezing precipitation. The proposed WxUAS provides in-situ samples of pressure, tem-

perature, relative humidity, and particle size count. Additionally, it provides remote samples

of reflectivity and velocity from an onboard, vertically pointing millimeter wave (mmWave)

radar. Leveraging the mobility of UAVs, the proposed WxUAS creates a spatial distribution

of the measured atmospheric parameters. Via repetition of the flight pattern at regular in-

tervals, the proposed WxUAS captures the temporal evolution of the measured parameters’

spatial distribution. Together, the spatiotemporal aspects of the WxUAS measurements

can help bridge the measurements of the current observation systems, aid researchers in

new studies, and assist forecasters in validating new algorithms and models. Hopefully, the

insight into currently under-observed low-altitude freezing precipitation will increase flight

operations safety.
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1.1 Background

The term low altitude does not have an official definition. So, in this dissertation, we will

consider low altitude to indicate the region between the surface and 1.5 km above ground-

level (AGL). The 1.5 km relative altitude is selected for multiple reasons. First, it is a

well-accepted value to represent the depth of a generalized atmospheric boundary layer,

in spite of regionality and seasonality [2, 8, 9]. Second, this altitude represents the level at

which ground-based radar coverage may start to deteriorate [6, 10], and radiosonde sampling

is still vertically sparsed [8]. Finally, this altitude is selected because it encompasses the flight

envelope of the most vulnerable flight operations (e.g., small helicopters and general aviation

aircraft, larger aircraft in holding patterns, and the next-generation autonomous aircraft).

Low-altitude freezing precipitation is a concern across all categories of flight operations.

Ice build-up can increase weight and drag while reducing lift, resulting in increased stall

speed and a deterioration of aircraft performance [11, 12]. Even large commercial aircraft

are affected by these issues because FZRA and FZDZ can produce ice accretion beyond the

location of traditional icing mitigation mechanisms (e.g., wing boots) [13]. Although large

commercial aircraft only encounter low-altitude freezing precipitation during take-off and

landing, traffic delays caused by icy runways can prolong their flight time in low altitudes.

This is particularly concerning given that 12mm of accumulation can reduce lifting power

by 50% in some aircraft, and over 20mm of ice can accumulate on an airframe in less than

5 minutes, under certain conditions [11]. Moreover, a recent study indicates that within

30NM from an airport, an aircraft spends up to 60% of its flight time below 1.5 km [14].

Low-flying aircraft (e.g., Helicopters and general aviation airplanes) are also severely

impacted by low-altitude freezing precipitation. Their lower altitude flight envelopes create

more prolonged exposure, and their size and weight limitations reduce the availability of

icing mitigation mechanisms. Several aircraft in this category are not certified to fly in

these conditions. They are required by the FAA to avoid and evade these conditions when

inadvertently encountered [15]. The same is true for most aircraft in the Advanced Air
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Mobility (AAM), which encompasses Regional Air Mobility (RAM), Urban Air Mobility

(UAM), and delivery Unmanned Aerial Vehicles (UAVs). However, without a human aboard

the aircraft to avoid and evade icing conditions, AAM aircraft will need to rely on weather-

aware path planning and sensors to detect unforeseen icing conditions.

The concerns with low-altitude freezing precipitation that motivated the FAA to en-

act the 2015 rule change [4] also provoked changes in the Meteorological Aerodrome Re-

ports (METAR) and the aviation-weather products generated by the FAA and the National

Weather Service (NWS). In the case of METARs, an observation field was created to re-

port ice accretion, even when freezing precipitation is not reported [16]. Within the NWS,

the Helicopter Emergency Medical Services (HEMS) tool was created to provide a gridded

view of critical weather parameters for low-flying aircraft (up to 1.5 km). Within the FAA,

the Terminal Area Icing Weather Information for NextGen (TAIWIN) is currently under

development to support operations in a 30 NM radius (from the airport center) and up to

3.5 km.

Even though the changes and advances mentioned above indicate a positive trend toward

operational safety, systems like HEMS and TAIWIN still depend on the current forecast

models and observation infrastructure. Both systems integrate data streams from multiple

radars, surface and upper air observations, satellites, and forecast models. However, the

coverage and resolution of the available systems and models do not accurately characterize

low-altitude wintry precipitation in the atmosphere’s first 1.5 km, in particular, FZDZ and

FZRA [1, 3, 6, 7, 10, 17]. Often, the detection of low-altitude icing conditions is still reliant

on human observations (e.g., pilot reports and augmented station reports). Therefore, there

is a need for observations of mixed-phased and freezing precipitation to inform and train

low-altitude forecasting tools.
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1.2 Motivation

Providing an accurate forecast of wintry precipitation is a challenging task. First, observa-

tions from soundings, radar, and automated surface stations need to accurately describe the

current state of the atmosphere. Then, after assimilating this initial atmospheric state as

parametrization, an NWP model must accurately determine what kind of precipitation will

be formed (i.e., precipitation generation layer). At this point, general forecast products can

be generated. However, within aviation weather, low-altitude forecast systems (e.g., HEMS,

TAIWIN, Forecast Icing Potential, FIP) continue this workflow to generate a detailed view

of precipitation hazards for each flight level. To generate this detailed hazard prediction for

the coming hours (up to 18 hours), low-altitude forecast systems need to take into account

potential variations in atmospheric conditions with height and microphysical information to

determine what possible phase changes may occur. After that, a low-altitude forecast system

can generate a detailed view of precipitation hazards for each flight level. Once this work

is done for one location, it must be repeated to cover the entire National Airspace System

(NAS). However, scaling this process to the NAS creates a trade-off between spatial reso-

lution, coverage, and operational feasibility. Traditional NWPs generate outputs for large

areas with resolution in the tens of kilometers. Low-altitude forecast systems can improve

these results to produce information with one to three-kilometer resolution, but only for

smaller volumes (e.g., the terminal area) [6, 14]. Nonetheless, with new FAA requirements

and the introduction of AAM aircraft into the NAS, the current spatial resolution require-

ments will increase (i.e., hundreds of meters), and the tolerance for forecasting errors will

decrease. Furthermore, the increase in aerial commercial operation will also increase the

temporal resolution requirements.

Given the number and complexity of the steps required to forecast wintry precipitation

in the lower atmosphere, the errors found in forecasting tools can also be induced by the er-

rors present in each previous step. Even though each step’s exact contribution is unknown,

some studies examine the carryover impacts from one stage to the next [1, 3, 7, 18, 19].
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Considering the importance of observations on the forecast workflow and their real-time im-

pact on operations, this dissertation focuses on this first step and proposes a new unmanned

aerial weather measurement system to complement the current observation systems. Within

the currently available systems, the most commonly assimilated into forecast workflows for

aviation weather are radar, radiosondes, Automated Surface Observing Stations (ASOS),

Automated Weather Observing Systems (AWOS), Significant Meteorological Information

(SIGMETs), Meteorological Aerodrome Reports (METARs), and human-observed reports

(e.g., Pilot Weather Reports, PIREPs). The current operational networks using these sys-

tems span the conterminous U.S. (CONUS) and provide weather observations at regular

intervals. For example, the Weather Surveillance Radar - 1988 Doppler (WSR-88D) network

has 159 sites, providing a 460 km coverage radius, scanning up to 15 different elevation an-

gles every 5 minutes, generating a radar image of each elevation. Radiosondes are launched

twice a day from 92 stations in the CONUS and Pacific region. AWOS and ASOS are

deployed in 2000 and 900 locations and provide automatic updates on local weather ev-

ery minute. Together, these observation networks compose a mosaic of atmospheric data,

providing invaluable insight into several phenomena (e.g., guidance for hail, tornado, and

lightning hazards [20]). However, given their operational characteristics and observational

focus, these networks present some limitations regarding the observations of the low-altitude

freezing precipitation environment [1, 6, 7, 18, 19, 21]. Some examples are given next.

Although radiosondes provide atmospheric profiles of pressure, temperature, humidity,

wind speed, and direction from the ground to 30 km, they are only able to capture 10 to 15

measurements in the atmosphere’s first 1.5 km at irregular spacing [2]. When measuring in

freezing environments, radiosondes can present a warm bias upon contact with Supercooled

Liquid Water (SLW) droplets [22]. Another drawback of radiosondes is their cost and avail-

ability. Soundings are launched twice a day, making their temporal resolution inadequate for

nowcasting and short-term forecasting (e.g., HEMS 6-hour and FIP 18-hour outlooks). In

the case of AWOS sites, pressure, wind speed and direction, temperature, and dew point ob-
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servations are available every minute of the day. However, AWOS measurements are limited

to the ground level, and inferences drawn from visibility measurements are only available

at select sites. ASOS sites expand the AWOS observations with cloud base height and pre-

cipitation measurements at every site. Although ASOS can detect rain, snow, and freezing

rain, it reports unknown precipitation (UP) for cases of mixed-phase hydrometeors [7]. It

also reports “clear” for some cases of light-intensity precipitation (e.g., freezing or regular

drizzle, or light snow). For this reason, 130 of the 900 ASOS locations in the CONUS still

rely on human observers to correct observation errors, particularly the errors associated with

their limitation to discern between freezing rain, ice pellets, and freezing drizzle. These 130

locations are at airports where high-quality weather data is critical for operations [7].

In the case of weather radars, the smallest droplet sizes of SLW are beyond the current

operational radar network’s direct measurement scope [12]. Nonetheless, these SLW droplets

can freeze on contact with aircraft, causing the icing issues mentioned in Section 1.1. In near

0 ◦C environments, radar reflectivity distributions of rain, snow, freezing rain, ice pellets,

drizzle, and freezing drizzle can span a 30 dB range and produce an overlap across scenarios

of light, moderate, and heavy precipitation [3]. This occurs because reflectivity is a function

of the number and size of hydrometeors. Therefore, a large number of small particles can

produce the same reflectivity as a small number of large particles. Since low-altitude freezing

precipitation events can simultaneously present any combination of hydrometeor amounts,

sizes, and phases, radar-based hydrometeor classification becomes challenging. Advances in

radar technology (e.g., dual-polarization) and the incorporation of radiosonde (or even NWP

generated) soundings into radar-based hydrometeor classification algorithms have helped

mitigate these issues [12, 19]. However, the lack of in-situ validation of radar data and the

complexity of the low-altitude freezing precipitation can still cause freezing precipitation to

be misclassified or under-represented in forecasts [3].

Given the abovementioned limitations, human-observed weather reports became the un-

official standard for low-altitude freezing precipitation and icing observations. These reports
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can come from professional weather observers, pilots, and air traffic controllers and are avail-

able via PIREPs, SIGMETs, and METARs. Two examples of this unofficial standard are

the NOAA/NWS Aviation Weather Center’s (AWC) HEMS tool and the Current and Fore-

casted Icing Potential (CIP/FIP). These products warn their users about the uncertainty

within the product and recommend use with caution.

“NOTE: CIP/FIP are intended for flight planning purposes and should always be

used in combination with icing information from all available sources including

AIRMETs, SIGMETs, and PIREPs” [NOAA/NWS/AWC].1

This uncertainty and lack of trust are also reflected in the literature. Some studies limit their

datasets to use only human-augmented observations from the current automated systems [3,

6, 7, 21]. However, human-observed weather reports are not uniform, regular, or continuously

available. Controllers are only allowed to submit reports on the downtime of their primary

duties, pilot reports are often submitted after the aircraft has safely landed, and only a few

airports have 24-hour professional observers [7].

Another challenge found in the observations of the low-altitude freezing precipitation

environment is the limitation in coverage. As mentioned above, ASOS and AWOS have

good temporal coverage but limited spatial coverage. Radiosondes have a large vertical

coverage but poor temporal and low-altitude spatial coverages. Even radars in the WSR-

88D network, that cover large volumes within minutes, have limited coverage below 1.5 km

for distances greater than 100 km due to the earth’s curvature [10]. Indeed, considering the

size of the NAS, these limitations are understandable. However, even if we restrict our focus

to the terminal area airspace (TAS2), we find that most commercial airports in the CONUS

have limited-to-no radar coverage within their TAS [3]. The quality of radar in a TAS is

a function of three variables, the airport-to-radar distance (A2R), the Volume Coverage

Pattern (VCP) mode, and terrain effects [3]. The terrain effects can be well characterized,

1Source: AWC FIP website - https://www.aviationweather.gov/icing/fip
2The terminal area airspace does not have an official definition. The definition adopted here is the one

given by the FAA’s TAWIN project team: 55.56 km radius (from airport center) and up to 3.5 km.
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and its relevant impacts are limited to specific locations. However, varying degrees of beam

broadening or overshooting create conditions that prevent radar-inferred icing from being

useful across several commercial airports [3, 6]. For example, hazardous low-altitude freezing

precipitation events may not be captured unless the airport is near a radar site. This

occurs because the lowest elevation beams rise to the point of potentially overshooting the

precipitation generation layer. This problem can be noted in relatively weak clouds and

worsens with increasing distance from the radar. The introduction of the Terminal Doppler

Weather Radar (TDWR) network mitigates these issues, but the TDWRs are only available

at 47 out of 513 commercial airports in the CONUS. VCP mode can also cause coverage

issues. Near the radar, the lack of sampling at very high beam elevation angles can cause

precipitation overhead to be missed [23]. Antenna beam broadening and distance to the

radar make classifying hydrometeor type harder, particularly in mixed-phase precipitation

cases. Although these issues can be partially mitigated if classification algorithms account for

the melting layer depth and height, as well as the size of the sampling volume, classification

algorithms still rely on modeled thermodynamic information to complete this task [12, 19].

Even though the multi-sensor approach used in the low-altitude wintry precipitation

forecasting systems mitigates some of the issues highlighted above, there are some scenarios

where the sensors can produce conflicting results or not detect hazardous freezing precipita-

tion conditions. For example, mixed-phased precipitation aloft can produce an ambiguous

radar-based classification, while surface observations produce only one type of precipitation

(see Fig. 1.1, case 1). In this case, it may be challenging to determine if a classification al-

gorithm error occurred or if actual mixed-phased precipitation occurred. A more hazardous

example is shown in Fig. 1.1, case 2. In this case, the weather radar may detect rain aloft,

but a low-altitude freezing layer (below the radar coverage) produces freezing rain (FZRA)

on the surface. In this scenario, a counterintuitive icing environment may be encountered

by pilots in which the proper evasive maneuver is to climb. This example is comparable to

the atmospheric conditions that caused the American Eagle 4184 accident in Roselawn (IN)
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in 1994, which claimed 68 lives [13].

WxUAS
Profiler

Surface 
Observation

Radar

case 1 case 2 case 3

Figure 1.1: Illustration of precipitation phase change with altitude and coverage by radar
and surface observations. The first case shows frozen precipitation melting gradually with
the decrease in height. The second case shows a shallow freezing layer producing mixed-
phased precipitation below the radar and above the ASOS coverage. The final case shows a
melting and a freezing layer creating a mix of frozen and liquid precipitation.

Finally, other scenarios (see Fig. 1.1, case 3) with complete or partial melting and refreez-

ing present a more complex detection and forecasting challenge. This scenario also presents

more hazardous flight conditions. Therefore, to mitigate these risks, meet the requirements

of the abovementioned 2015 FAA rule change, and expand these requirements for the safe in-

troduction of AAM aircraft into the NAS, the products from the current observation systems

need to be improved. For this reason, a new unmanned aerial weather measurement system

capable of sampling the low-altitude wintry precipitation environment is proposed in this dis-

sertation. The proposed WxUAS provides in-situ samples of pressure, temperature, relative

humidity, and particle size count. It also offers remote samples of reflectivity and Doppler

velocity from an onboard, vertically pointing mmWave radar. With this sensor payload, the

proposed WxUAS will characterize the thermodynamic structure of the lower atmosphere

while coupling it with its microphysical properties. Leveraging the mobility of UAVs, the
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proposed WxUAS creates a spatial distribution of the measured atmospheric parameters.

Via repetition of the flight pattern at regular intervals, the proposed WxUAS captures the

temporal evolution of the measured parameters’ spatial distribution. These new spatiotem-

poral measurements within the atmosphere’s first 1.5 km can be used for local studies of the

low-altitude freezing precipitation environment, provide local validation for new models and

classification algorithms, and eventually be scaled to bridge the measurements of the current

observation systems, increasing flight operations safety.

1.3 Contribution

This dissertation’s primary aim is to develop and validate a novel unmanned aerial weather

measurement system capable of sampling the low-altitude wintry precipitation environment,

providing insight into atmospheric mechanisms that govern it, and improving the detection

and forecast of hazards it may harbor for manned and unmanned aerial vehicles. This new

WxUAS provides direct observations of atmospheric structures previously inferred or unob-

served. These new observations allow researchers to investigate the micro-scale changes near

the low-altitude precipitation generation layer and the interactions between hydrometeors

and the planetary boundary layer as they fall to the surface.

The complexity and harshness of the low-altitude wintry precipitation environment imply

the need for a considerable number of mission-specific subsystems to conceive a measurement

tool that reliably retrieves atmospheric profiles in these operational conditions. For example,

the development of a rotary-wing UAV to serve as the base for the proposed WxUAS.

Although there are several commercially available UAVs, they do not offer the openness to

modifications necessary for weather sensor integration, nor are they designed to minimize

atmospheric disturbance near the weather sensors, nor would they meet the necessary flight

performance requirements, fly up to 1.5 km AGL, even in harsh conditions with heavy or

freezing precipitation and wind speeds exceeding 15m s−1, while carrying a 2 kg scientific
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payload.

The mission-specific subsystems, methods, and algorithms conceived in the process of

developing the WxUAS for low-altitude wintry precipitation measurements will be described

throughout this document. Nonetheless, it is important to highlight here the contributions

that are most impactful to the low-altitude wintry precipitation research field. They are

detailed below.

• Multi-modal sensor data-fusion method for autonomous present weather re-

porting. This dissertation demonstrates a method for combining temperature, relative

humidity, and micron-range particle size measurements with hydrometeor reflectivity

and Doppler velocity to report the presence of precipitation and infer its type, indicate

visibility ceiling, and determine flight-level hazards for small UAVs. This novel so-

lution provides a much higher resolution alternative to ground-based present weather

stations at a lower cost, advancing the impact of future UAS-based weather observation

networks (e.g., the 3D Mesonet).

• A new measurement technique for in-situ sampling of temperature, relative

humidity, and particle size for airborne instruments in active precipitation

environments. Leveraging gravity and an innovative air-intake design, this technique

segregates freezing precipitation droplets from the air allowing for the atmosphere’s

temperature, relative humidity, and particles (between 1 to 40µm) to be measured

without exposing the sensor to the elements, thus reducing bias from contact with su-

percooled liquid water and other error sources (e.g., sunlight). Sensor redundancy and

a concentric sensor placement strategy produce flow homogeneity, enabling enhanced

accuracy and automated sensor failure detection. This design efficacy is underscored

by temperature measurements exhibiting a mean absolute error of 0.051 ◦C and a max-

imum absolute error of 0.17 ◦C. These design attributes enable the WxUAS detailed

in this dissertation to accurately capture atmospheric gradients of 0.22 ◦Cm−1. These

findings hold particular importance in mixed-phase wintry precipitation environments,
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where even minor disturbances of 0.5 ◦C can have notable implications on hydrometeor

phase.

• UAV-based mmWave radar precipitation measurements. As one of the initial

studies in this domain, this dissertation provides insights into the complexities associ-

ated with integrating a weather radar system into the Size, Weight, and Power (SWaP)

constrained environment of UAV platforms. Moreover, this dissertation presents find-

ings regarding the feasibility of employing a vertically-pointing UAV-based mmWave

phased array radar for hydrometeor reflectivity and velocity observations and demon-

strates how this measurement can supplement the current observation network for

specific locations.

1.4 Broader Impact

Although this dissertation’s primary motivation is to support low-altitude wintry precipita-

tion research, the developed measurement tool and its subsystems may extend their impact

beyond this specific domain. Notably, in its potential role to support aviation’s weather-

based operations, regulation development, and aircraft certification procedures. This poten-

tial benefit becomes more evident when considering the challenges within the three above-

mentioned categories for the safe introduction of AAM aircraft into the NAS.

Given the wide range of AAM aircraft and their diverse SWaP limitations, the FAA is

considering a plan to categorize AAM aircraft into a tiered safety and permission system,

akin to the structure used in manned aviation. Under this system, autonomous vehicles are

categorized into three tiers:

Tier 1 - Weather Dependent Flight Planning: Aircraft do not have any weather

mitigation/awareness systems, and their operations are limited to areas with known

weather conditions.
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Tier 2 - Weather Detection and Avoidance: Aircraft have minimum weather

awareness systems to identify conditions outside their flight envelope and perform

autonomous evasive procedures.

Tier 3 - Weather Detection and Autonomous Monitoring: Aircraft possess a

comprehensive weather awareness system and must exhibit capabilities similar to those

of a pilot in the cockpit, actively identifying and monitoring hazardous weather condi-

tions. Autonomous aircraft in this tier are required to navigate away from hazardous

conditions only if those conditions approach the limits defined by the aircraft’s rating.

Nevertheless, the implementation of this tiered system faces notable challenges. For ex-

ample, the spatial resolution of existing weather observation systems, such as the WSR-88D

radar network and the ASOS/AWOS network, is insufficient for weather-oriented path plan-

ning (below 1 km AGL) in most of the NAS. The lack of a method and standard to integrate

weather sensors and perform atmospheric measurements from AAM aircraft presents a chal-

lenge for minimum onboard weather awareness. Furthermore, the absence of a low-altitude

reference observation system poses a significant obstacle to aircraft certification procedures.

Given the modularity and cross-platform characteristics of the pressure, temperature,

and relative humidity sensing package developed for this dissertation, it can be used as

a standardized open-source format for minimum weather awareness in commercial AAM

aircraft in tier 2. Upon reaching a critical level of adoption, such a sensing package can

be leveraged to establish an Unmanned Aircraft Meteorological Data Reporting Network

(UAMDAR). Such a network can be used to fill the local weather data gap and enable

weather-based path planning for aircraft in tier 1. Finally, the full system developed in this

dissertation can be used to provide insight into the low-altitude environmental conditions for

icing certification of commercial AAM aircraft in tier 3. Finally, as a low-altitude freezing

precipitation measurement system, it can provide targeted observations at some airports

when low-altitude icing conditions from ground-based systems produce ambiguous results.
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For these reasons, the technologies developed within this dissertation have an elevated po-

tential to enhance aviation’s weather-based operations, regulation development, and aircraft

certification procedures, particularly with regard to the new AAM aircraft.

Figure 1.2: Overlap within this research’s primary motivation and its broader impact areas.

1.5 Outline

To attain its objective, this dissertation is structured as follows: Chapter 2 presents an

overview of the development process of atmospheric measurement systems, common design

and deployment challenges, and their impact on measurement comparability. It also provides

a discussion on measurement challenges faced by unmanned aerial weather measurement sys-

tems and their implications for UAS-based wintry precipitation measurements; Chapter 3

introduces a novel technique for in-situ sampling of temperature, relative humidity, and

cloud-sized particles for airborne instruments in freezing precipitation environments; Chap-
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ter 4 details the experimentation and feasibility evaluation efforts to adapt an automotive

mmWave phased-array radar for airborne precipitation measurements onboard a UAS; Chap-

ter 5 outlines the design details for a new multirotor UAV tailored to withstand the harsh

conditions of the freezing precipitation environment; Chapter 6 presents the data processing

and multi-modal data fusion techniques used to produce meaningful weather data products

that enable insight. It also presents a proof of concept for an automated present weather

inference algorithm; Chapter 7 highlights the system’s performance during the four deploy-

ments of an exploratory field experiment in Storrs, CT. This experiment includes validation

against NASA’s Global Precipitation Mission instruments; Chapter 8 offers final remarks re-

garding this dissertation’s atmospheric measurement system development cycle and insights

drawn from the field deployment results, concluding with considerations regarding future

research.
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Chapter 2

Literature Review

“Good students (...) peek over the fences of their own discipline - and once

you have done that, you cannot go back and do what everyone else is doing,

even if you now must deal with heterogenous ideas that come without a manual

on how they might fit together.”

Sönke Ahrens

Considering the inherent multidisciplinarity in the development of an Unmanned Aerial

Weather Measurement System (WxUAS) for low-altitude observations of wintry precipi-

tation, a literature review for this research topic is inevitably broad, traversing multiple

research domains. Consequently, this chapter aims to delineate a focused theme that not

only refines the scope of inquiry but also positions it as a valuable contribution for future

researchers in the field. This dissertation’s focus naturally directs this review towards the

atmospheric measurement systems literature. Although this literature segment has been

extensively covered in existing textbooks and review articles [24, 25, 26, 27, 28], this chap-

ter revisits it with a focus on the atmospheric measurement challenges that impact system
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design.

This theme selection is pertinent because the challenges faced in developing a WxUAS

for the wintry precipitation environment are often analogous to those found in other at-

mospheric sampling methodologies. Examples of these challenges include characterizing the

interplay between system time-response, vehicle motion, and atmospheric feature spatiotem-

poral resolution, balancing the trade-off between system resiliency and accuracy, mitigating

the system’s interference in the sampled environment, and determining the limitations of

inferences from multimodal measurements.

To accomplish this task, this chapter is structured as follows: Section 2.1 provides a

list of definitions to clarify some of the ambiguity found in the atmospheric and unmanned

aerial weather measurement systems literatures; Section 2.2 presents an overview of the

development process of atmospheric measurement systems, common design and deployment

challenges, and their impact on data assimilation; Section 2.3 closes the chapter with a

review focused on measurement challenges faced by Unmanned Aerial Weather Measurement

Systems.

2.1 Key-Term Definitions

Considering this dissertation’s broad range of stakeholders (i.e., engineers, meteorologists,

government regulators, air traffic managers, and pilots), it is important to define a few

terms that will be heavily used throughout this dissertation but have ambiguous use in the

literature. They are as follows:

• Sensing element: Is the material used to detect and quantify the changes in the

atmospheric variable of interest. For example, in a PT-100 bead thermistor, the plat-

inum filament is the sensing element that changes its resistance in response to changes

in the surrounding air temperature. The physicochemical characteristics of the sensing

element determine the measurement inversion function that allows the conversion of
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physicochemical changes into a measurement. In some cases, the sensing element is

mistakenly referred to as a sensor.

• Sensor: Is the combination of a sensing element with an inversion function translator

that is capable of receiving an input signal (e.g., a change in air temperature) and

producing a quantified output (e.g., a temperature measurement in degrees). Other

common elements found in contemporary sensors are amplifiers and analog to digital

converters.

• Measurement system: Can be referred to as an observation system, measurement

instrument, or observation instrument. It is the deployed tool that produces a collection

of measurements over time. It comprises a measurement platform hosting one or more

sensors of a single or multiple types. The measurements collected by its sensor(s)

are stored in a local data logger or transmitted to a remote data storage unit. It

often employs some level of sample conditioning to mitigate environmental influences

on the measurements (e.g., solar radiation shielding and aspiration fans). Because the

measurement system includes the measurement platform, it requires a characterization

of its own that accounts for any interferences introduced by the platform. For example,

in airborne measurement systems, the system time-response may be longer than the

sensor time-response.

• UAV – Unmanned Aerial Vehicle: Although the terms UAV, UAS, and drone are

often used interchangeably, clarity is crucial, especially in the realm of atmospheric

measurements. Therefore, for the purpose of this dissertation, UAV refers explicitly to

the aerial vehicle itself and its associated flight systems, including a flight controller

computer, a radio control receiver, a GPS, and a flight telemetry radio. While it may

transport scientific payloads, its primary function is flight from one point to another

without undertaking additional tasks beyond this scope.

• UAS – Unmanned Aerial System: Denotes a comprehensive system comprising
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a UAV and additional subsystems integrated to execute a predetermined category of

tasks. In a UAS setup, the sensors and subsystems are not merely appended as payloads

but are integrated into the vehicle, transforming it into a distinct third system. For

example, a UAV carrying a camera makes a UAV-based camera. A UAV with a camera

integration into the flight controller becomes a new airborne imaging system that can

use the imaging data to make decisions about its task. Such a system is herein defined

as an imaging UAS.

• WxUAS – Weather UAS: Is an unmanned aerial weather measurement system. It

comprises weather sensors integrated into a UAV and is characterized as a complete

measurement system, accounting for the interactions between the sensors, the aircraft,

and the measurement environment. As explained in the UAS definition, the integration

of the sensors is a critical distinction of the WxUAS. Besides mitigating the impact of

the vehicle on the measurement, this integration allows the system to autonomously

adapt to the sampling environment, optimizing the data collection.

• Atmospheric profile: Sometimes called vertical profile, it is a sequence of vertical

measurements directly above a specific point on the surface that produces a repre-

sentation of the changes in atmospheric condition with height. Although any system

sampling the atmosphere from the ground to a pre-determined height incurs a travel

time, atmospheric profiles are often interpreted as instantaneous given the difference in

time scales between travel time (order of minutes) and mesoscale atmospheric changes

(order of tens of minutes to hours). In radiosondes, horizontal drift is often ignored,

and their measurements are interpreted as perfectly vertical. The same applies to spiral

ascent flight patterns in fixed-wing WxUAS and manned aircraft.

• Atmospheric transect: Sometimes called a horizontal transect, is a sequence of hor-

izontal atmospheric measurements taken at a fixed height above the ground. Similarly

to atmospheric profiles, they are also interpreted as instantaneous snapshots. Tran-
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sects are less common than profiles due to the lack of algorithms for the assimilation

of their data into weather models. Nonetheless, they produce valuable insight into

horizontally moving features such as dry lines and fronts.

2.2 Atmospheric Measurement Systems

Given their potentially life-threatening impacts, weather phenomena have perennially con-

cerned humanity, as evidenced by their depiction in rudimentary paintings, chronicles, and

later in our first writings. However, it was not until the late 16th century that instruments

for quantifiable and repeatable atmospheric measurement were developed [29]. While the

initial impetus for developing these instruments was rooted in scientific inquiry, their rapid

evolution, particularly in the last 100 years, was increasingly driven by the societal benefits

derived from enhanced meteorological understanding [28].

Indeed, the relationship between increases in meteorological understanding and economic

development can be described as a cycle. Observations enhance our scientific comprehension

of the Earth’s system and its changing climate. This heightened understanding contributes to

the refinement of predictive models, thereby bolstering forecast accuracy and predictability.

These advancements, in turn, yield tangible societal benefits, such as enhanced agricultural

planning and safer aviation operations [30, 31]. The perception of these benefits and the

suge of unforeseen weather data applications create the need for more observation systems

and the willingness to fund their development.

Aviation stands as a prime illustration of this cyclical progression, where enhanced wind

observations near airports have virtually eradicated wind-shear-related airline accidents.

This safety milestone furthered the airline industry’s growth. Consequently, the additional

number of commercial aircraft in the skies enabled the creation of the Aircraft Meteorological

Data Relay (AMDAR) network, a weather observation network using airliners as measure-

ment platforms [28]. A similar cycle seems to be occurring within unmanned aviation. As
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the momentum intensifies toward leveraging advanced air mobility for economic growth,

the need for low-altitude observation drives instrument development [32]. Subsequently, an

increased presence of AAM vehicles at low altitudes will enable their use as measurement

platforms, creating an analogous unmanned aircraft meteorological data delay network.

This prediction based on the cyclical development pattern of atmospheric observing sys-

tems is substantiated in shared conclusions found in the American Meteorological Society’s

and the National Research Council’s evaluation of the state of the art in atmospheric mea-

surements. Both documents point to the need for increased small-scale observations of lo-

calized weather events in mountains, coastlines, and cities. Small-scale phenomena in these

environments are largely undersampled yet negatively impact life and property. A key com-

ponent presented in both works is the need for increased coverage in the vertical dimension

for these phenomena [28, 33].

New atmospheric observing systems undergo a maturing process that may take several

years. This process often starts with initial feasibility studies, which may involve laboratory

and field testing. This stage aims to quickly rule out concepts and principles that may

prevent the technology from coming to fruition. These initial tests are commonly followed by

exploratory research in a small-scale investigative field campaign alongside well-established

systems. This stage provides an initial assessment of the system’s potential to provide

insight into relevant atmospheric properties. If successful, the system is further improved

and hardened for operational use in a specific societal need (e.g., forecasting). This extended

improvement and hardening phase is mostly done in testbeds where the tool’s capabilities

can be evaluated by decision-makers in a semi-controlled environment. Besides reducing the

complexity of the operational environment, testbeds also allow stakeholders to provide early

feedback and influence the final developmental stages [25, 26, 27, 28].

This lengthy maturing process is costly and may diminish the new system’s impact due

to partial technology obsolescence. Nonetheless, it is unavoidable because errors associated

with exposure, static, and dynamic properties are not present in most laboratory settings.
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Therefore, system characterization and error mitigation require long testbed deployment

periods to allow these types of errors to manifest themselves [25, 26]. Nevertheless, this

maturing process is imperfect; operational systems still require quality assurance and control

methods. These and other atmospheric measurement system design challenges are discussed

in the following subsection.

2.2.1 Design Challenges

In approximately 400 years, atmospheric measurement instruments have evolved from Torri-

celli’s barometer, Galilei’s thermometer, and Saussure’s hair hygrometer to advanced capac-

itive, sonic, and optical devices. While contemporary instruments boast enhanced accuracy

and precision, they remain dependent on the physical properties of their sensing elements

to describe atmospheric conditions through indirect observations. For example, through

temperature-induced changes in resistance in certain metals and humidity-induced varia-

tions in capacitance in microfilms. Thus, despite improvements, the foundational principles

of sensing remain the same [25, 26, 29].

All indirect observations create the need for inversion functions that map the relationship

between the atmospheric variable of interest, the desired measurand (e.g., temperature), and

the effectively measured variable (e.g., resistance). This inevitable characteristic fosters two

types of error sources. The first type is associated with the sensing element’s physical prop-

erties (e.g., time-response), and the second relates the physical properties to the inversion

function’s performance. For instance, sensing elements may not exhibit consistent behavior

across their entire measurement range, particularly near the edges of their operational lim-

its. Therefore, sensors may require multiple functions to map the relationship accurately or

specify different errors across the range as an operational limitation.

This inherent sensing element characteristic is commonly treated as a sensor operational

limit and is sometimes reported as part of the final system’s specifications. Fortunately, sys-

tem design techniques such as redundant sensors, sample conditioning, integrative sampling,
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and multi-modal sensing can mitigate the impact of some of these issues [7, 34]. Nonethe-

less, the adoption of these techniques must be done with care as they may introduce other

errors. For this reason, it is critical to highlight that the same sensing element and sensor

characterization procedures must be extended to the final measurement system.

Within the atmospheric measurement system literature, system-level characterization is

also motivated by exposure errors [24, 25, 26, 27]. As mentioned in the previous section,

some errors do not occur in laboratory settings. Additionally, some of these errors associated

with exposure stem from complex interactions between the system and the environment and

between multivariable changes in the environment. For this reason, in this dissertation,

the errors caused by environmental interactions, commonly labeled exposure errors, are

reclassified as environmental interference errors. Given the wide variety of environmental

interference sources and the extent of their impact on different categories of atmospheric

measurement systems, this new category can be further divided into external and internal

environmental interference errors.

The principal motivation for this distinction is that, in practice, even well-designed sys-

tems sometimes encounter conditions in which they fail despite the designers’ best efforts. A

great visual representation of this concept is the external environmental interference example

shown in Fig. 2.1. In this case, the mesonet tower system employs a cup anemometer sensor

that complies with the World Meteorological Organization’s exposure recommendations [35],

and had its reported wind speeds slowed and then stopped by severe ice accretion during

an ice storm from January 28 to 30, 2002. Other less obvious examples of external environ-

mental interference include cases where Supercooled Liquid Droplets (SLD) come in contact

with radiosonde sensors mid-profile [36], and angle-dependent solar radiation heating affects

WxUAS temperature sensors [37].

Internal environmental interference poses a considerable challenge for atmospheric ob-

servations because it may stem from multiple causes, some of which may be unknown. For

example, an optical carbon dioxide sensor may yield erroneous readings in a high-humidity
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Figure 2.1: Example of environmental interference, a frozen cup anemometer at the King-
fisher Oklahoma Mesonet tower after the ice storm of January 28-30, 2002. Photo by Chris
Fiebrich.

environment due to the spectral similarities of water vapor and carbon dioxide. The same

sensor may also produce inaccurate measurements in low-pressure environments as a result

of inadequate sample volume compensation for the new gas density. To address this type of

error, new systems need to be evaluated in their operational environments, and system units

must also undergo a field calibration in their specific deployment conditions [34].

As the category name implies, both types of interferences are naturally occurring, and

system deployment conditions mostly determine the extent of their impact. In some cases,

environmental interference errors can be mitigated by effectively designed sensor shield-

ing, sample conditioning, and algorithmic compensation [8, 34]. However, in other cases,

environmental interference must be considered an operational limitation, and atmospheric

observations must be deemed invalid when the system cannot perform within 95% of its
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specified characteristics [26].

Given the complexity of environmental interference errors, design-based mitigation strate-

gies may introduce new interference sources. For example, relative humidity sensors deployed

in ground-based systems (e.g., weather stations and towers) often employ a microporous filter

to prevent dust accumulation on its sensing element, an external environmental interference

source. However, laboratory results indicate that, although moisture can permeate these

filters quickly through advection, temperature changes inside the filter occur at a slower rate

through conduction. This difference in the rate of change between the two variables creates

a micro-climate inside the filter that no longer represents the surrounding atmosphere. Con-

sequently, this departure from accurate representation leads to errors in relative humidity

measurements [38]. This example illustrates how a mitigation strategy for an external envi-

ronmental interference error can result in an inadvertent internal environmental interference

error.

The previous example also underscores how system application determines the extent

of the impact of certain errors. For instance, in climatological studies, sampling rates are

usually ingested on hourly or daily scales. In these cases, microporous-induced relative

humidity errors can be diminished by downsampling the data via averaging (e.g., taking 1-

minute to 1-hour data by averaging sixty 1-minute samples). This technique is also known as

integrative sampling [26]. This example further highlights the reciprocal relationship between

system design and its application, wherein certain design features may constrain operational

capabilities while application-driven requirements influence design considerations.

Based on the aforementioned discussions, it is evident that designing atmospheric mea-

surement systems presents complex and challenging tasks. This process is intricately guided

by the physical properties of the desired measurand and sensing elements, technology avail-

ability, funding, target data application, and operational conditions. This complexity further

motivates the need for system-wide characterization and calibration during development and

the employment of data quality throughout the system’s lifecycle.
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Reliable measurements require consistent procedures for quality assurance and control.

Quality assurance starts before the first measurements. It begins with the definition of range,

spatiotemporal resolution, and accuracy of the desired data. The system is then tested and

calibrated in controlled environments before field deployment. In the case of a network, the

systems deployed at distinct locations should be tested simultaneously in a representative

location. This ensures that differing results can be later interpreted as spatial differences

and gradients. Finally, the quality assurance concludes or repeats itself at the end of the

field deployment or during cyclical maintenance periods. This allows for drift errors to be

detected [26].

Quality control procedures consist of proactive measures during the data collection pe-

riod. Some examples of quality control techniques include but are not limited to the detection

of instrument/sensor failure, internal consistency of colocated sensors, and expected result

checks based on the bounds of physical laws. For example, the absolute moisture content can-

not exceed a certain temperature-dependent saturation level [26]. Thankfully, well-designed

systems can have quality control procedures through automated tests.

In the American Meteorological Society’s review of the past 100 years of atmospheric

observations, the authors note that the integration of new observations into official forecast

and decision-making systems is often slow. According to the authors, new atmospheric

measurement systems are sometimes to blame. Often, new systems are developed in the

silo of their driving application and do not employ the same rigor seen in data collection

to their data distribution practices [28]. This lack of concern with data distribution during

the system design phase produces a dampening effect in the broader measurement system

development cycle because non-standardized, unvetted data sources can’t be immediately

inserted into forecasters’ workflows. Therefore, as new observations overwhelm users, the

societal drive for system development diminishes. Once assimilation middleware is developed

and data becomes integrated, its societal benefit becomes evident again.

A notable example of this phenomenon is illustrated by the contrast between the conclu-
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sions of the 1958 and 1998 National Research Council’s reports. The former presents concerns

with the excess push for new observations, citing the limited capability to use them. The lat-

ter concludes with concerns regarding the lack of measurement capabilities [28]. Therefore,

novel systems should push boundaries and solve societal needs while producing data that is

comparable with current and legacy systems and adhering to data distribution formats and

standards. This is critical for the continuous advancement of atmospheric knowledge.

2.2.2 Integration of New Observations Into Forecast and Decision-

Making Workflows

The segmented evolution of atmospheric measurement systems and networks presented a

substantial hurdle in the distribution and assimilation of their data. However, in the past

30 years, a considerable effort has been made to drive the atmospheric sciences community

toward standardized data formats, open solutions, shared workflows, and data aggregation

practices [39, 40, 41, 42]. These efforts are crucial because weather data is critical for

decision-making across several societal areas. Moreover, economic growth and geographical

expansion drive weather data needs toward extended coverage and higher resolution.

One example of this need is the integration of AAM aircraft into the NAS. Given the

absence of a human to evaluate hazardous conditions on board, these operations will si-

multaneously require data with spatial coverage scales similar to traditional aviation (i.e.,

CONUS-wide) and high spatiotemporal resolution similar to local networks (i.e., minutes and

hundreds of meters). Therefore, support for these operations will likely come from weather

data aggregation systems such as the Multi-Radar Multi-Sensor System (MRMS), CIP/FIP,

and TAIWIN. Besides aggregating weather information from multiple sources, these systems

blend observations, inferences, and forecasts into an actionable product and offer invaluable

support to weather-based decision-making.

Although the abovementioned efforts have steered the community in a fruitful direction,

the integration of new observation systems and networks into forecast and decision-making
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workflows is still slow [28]. Part of the reason for this slow integration process is the high

entry barrier for third-party weather data providers into the workflow of federal agencies (e.g.,

NWS and FAA). This high entry barrier is understandable, considering these agencies’ roles

in decision-making and public safety. However, the other reason is the systemic ambiguity

in weather data. This ambiguity is attributable to several factors, including the inherent

complexity of atmospheric structures, the decentralization of weather management amongst

governmental agencies, and the wide variety of measurement technologies in use.

The complexity of atmospheric structures creates a need to divide their study into more

accessible areas (e.g., hydrology, cloud physics, and atmospheric chemistry). However, the

natural overlap of these areas of study can create ambiguity in the characterization of atmo-

spheric structures. This occurs because each area of study attempts to characterize shared

atmospheric features through the observations of different atmospheric parameters. For ex-

ample, a field experiment studying potential temperature and aerosol dispersion in Tarong,

Queensland (AU) demonstrated how these two parameters produced differing results for the

depth of the planetary boundary layer [43].

A similar example is found in a study comparing the results of different Large Eddy Sim-

ulation (LES) implementations. In this study, the authors show that while variables such as

mean virtual potential temperature, resolved temperature variance, and vertical kinematic

heat flux show agreement between each LES implementation, the characterization of the

Planetary Boundary Layer (PBL) depth given by each variable shows considerable disagree-

ment in all models [44]. Both examples illustrate how atmospheric feature characterization

is highly dependent on the observed parameter. Consequently, the observed parameters can

greatly influence decision-making based on the intensity and extent of a weather event or

atmospheric feature.

Understanding the abovementioned relationship between observed parameters, feature

characterization, and decision-making is important because when different governmental

agencies fund, implement, and manage atmospheric observation networks, their application
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bias directly impacts how features and phenomena are reported. A study investigating

Snow (SN) mixed with Freezing fog (FZFG) events reported in ASOS-based METARs pro-

vides a quintessential example of this issue. This study shows that two ASOS, 6.5 miles

apart, operated by two agencies, produced differing FZFG METARs 99.5% of the time over

a 22-year interval. Upon further investigation, it was found that the over-reporting ASOS

was wrong more than 90% of the time [45]. However, these errors were not observation errors.

They were caused by the managing agency’s rules for FZFG inference. This reporting distinc-

tion severely impacts commercial aviation operations because it informs decisions regarding

the amounts and compositions of fluids used in ground de-icing operations. Consequently,

impacting holdover times and operational safety.

Although standardized data formats facilitate data-sharing across measurement systems

and networks, the wide variety of measurement technologies in use creates ambiguity within

this standard. This occurs because the observation context is critical for data interpretation

[25, 26]. For this reason, the World Meteorological Organization (WMO) stresses the impor-

tance of sharing metadata and is working on a standard for key observations [35]. This is

critical for the integration of new observations into forecast and decision-making workflows

because standards help eliminate or minimize measurement differences between measure-

ment methods, exposure, and other factors, allowing for data comparison and phenomenon

tracking across different measurement sites [27].

2.2.3 Integration of WxUAS Data Into Forecast and Decision-

Making Workflows

When new measurement systems are introduced, it is essential that their data is evaluated in

comparison to data from established systems. If a new system replaces an existing system,

additional comparability steps are required to ensure time series continuity. This process

should not result in the degradation of good measurements generated by the improved sys-

tems in order to make them compatible with the poorer measurements of an existing system
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[35]. As a new entrant in the low-altitude weather observation field, WxUAS have been

thoroughly compared to existing systems [2, 37, 46]. However, the spatiotemporal resolution

of WxUAS data and its flexibility in sampling patterns are unique, and data assimilation

requires new methods. For this reason, several studies are evaluating how this new measure-

ment tool can support forecast and decision-making workflows [47, 48, 49, 50]. Nonetheless,

the integration of WxUAS data faces similar challenges as the ones discussed in Section 2.2.2.

Similarly to other atmospheric measurement systems, WxUAS development has also

been historically linked to societal needs and applications. The diverse requirements of these

different weather applications produced many interesting technological advancements in the

field. However, this diversity has also created low cohesion of measurement outputs between

systems, as shown by the large intercomparison study in support of the LAPSE-RATE field

campaign [51]. The bias towards specific applications in WxUAS development appears to

exacerbate this issue. Even when focusing on the same atmospheric variables, choices in

system design have led to significant divergence in outcomes [37, 46].

WxUAS’s supporting role in the safe introduction of AAM aircraft into the NAS has

motivated the creation of standardization groups, such as the ASTM F38. This group is

developing performance-based standards for low-altitude observation for Supplemental Data

Service Providers (SDSPs). SDSPs’ weather data is intended to extend coverage and increase

the resolution in support of weather-based path planning for Unmanned Traffic Management

(UTM). Although standardization efforts such as these could help bring cohesion to WxUAS,

this effort’s very clear application can bring with it some of the application bias issues

previously discussed. Nonetheless, to implement this standard, new WxUAS must overcome

three critical design factors: sensor integration, vehicle interference, and system operation.

The following section details these and other WxUAS design considerations.
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2.3 WxUAS Design Challenges

As previously discussed, designing atmospheric measurement systems is a complex and chal-

lenging task. Designing systems for airborne in-situ atmospheric measurement adds another

layer of difficulty to this challenge due to the motion of the measurement platform, its

interaction with the sampling environment, and the increased exposure to environmental

interference errors (see Section 2.2.1 for details). This section presents a review of how these

challenges impact WxUAS design and limit its operations.

2.3.1 System Operation

The diverse requirements of different weather applications directly influenced WxUAS de-

sign, producing a wide variety of system sizes, shapes, and flight capabilities. Nonetheless,

these can still generally be described as fixed— and rotary-wing WxUAS, which reason-

ably indicates their expected sampling patterns. Although both types can perform either

transects or profiles (see Section 2.1), their operational limitations may influence how their

observations can be interpreted. For this reason, incorporating the system’s operational

limitations into a well-designed flight plan is a critical step within WxUAS measurements.

For instance, in some applications, the flight speeds required to maintain the assumption

of an “instantaneous” representation of a rapidly evolving phenomenon may degrade the

accuracy of the observations [52]. Simulations have shown that observation errors of atmo-

spheric features with strong gradients scale with flight speed and the system’s time response

[53]. Although post-processing algorithms are capable of correcting some time response er-

rors, they only work within the speed limit that allows the system to detect these strong

gradients [54].

The abovementioned simulation study indicates that in WxUAS-based profiles, the max-

imum errors for temperature measurements are less than the typically reported sensor ac-

curacy (i.e., ±0.5 ◦C), as long as ascent rates are less than 10m s−1 and the system’s time
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response is less than 5 s. For transects, the study has shown maximum errors smaller than

or equal to ±0.5 ◦C for flight speeds less than 10m s−1 and system time response less than

1.5 s [53]. Field experiments and statistical analysis corroborate these simulated results and

further detail the recommendations for vertical sampling.

For temperature measurements, the recommended ascent rates are 5m s−1, prior to atmo-

spheric mixing, and 3m s−1 once mixing has occurred. For humidity measurements, due to

typically slower response sensors, the recommended ascent rate is 2m s−1 [2, 37, 46, 55, 56].

When following the above recommendations, systems with time responses of 1 s (for temper-

ature) and 4 s (for humidity) have shown to be capable of capturing mesoscale and micro-

scale boundary-layer phenomena such as convective thermals, well-mixed boundary layers,

and airmass boundaries [52].

Other WxUAS challenges associated with the system’s operations are more nuanced.

For example, ground-influenced heating (between flights) can be “transported” to the lower

layers of the atmosphere because the system’s time response from motors-off to full-flight

may be greater than its average full-flight time response. This potential source of error may

require the aircraft to be flown near the ground to allow the aircraft to reach its full-flight

equilibrium with the atmosphere before the profiling commences [57].

Additionally, flight speed, system hysteresis, and sensor integration choices directly re-

strict the orientation a feature should be sampled. For example, when attempting to charac-

terize the depth and height of atmospheric layers, the abovementioned variables may produce

a smearing effect on the sampling data. When the sampling is performed during the system’s

ascent to the profile top, this smearing effect tends to position the sampled layers further

from the ground. When performed during decent, this smearing effect tends to report the

layer heights closer to the ground [57, 58].

For these reasons, considerations regarding WxUAS deployment methods and operational

conditions must have a greater weight in WxUAS design than in the design of traditional

ground-based atmospheric measurement systems. Therefore, WxUAS design, particularly
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sensor integration, must consider all the challenges discussed in Section 2.2.1 in conjunction

with its specific challenges and operational limitations, to produce meaningful measurements

that lead to insight into low-altitude atmospheric phenomena.

2.3.2 Sensor Integration

As defined in Section 2.1, an unmanned aerial weather measurement system (Fig. 2.2 A, C-E)

is not the same as a UAV that carries a weather sampling payload (Fig. 2.2 B). By definition,

the critical difference between the two is the integration aspect of weather sensors into a

WxUAS. Two principles guide this integration process: the software integration that allows

the WxUAS to adjust its task execution based on sensing the environment and the physical

integration that maximizes sensor exposure while minimizing environmental interference

sources (see Section 2.2.1) and platform interference.

2.3.2.1 Software Integration

Within WxUAS, software integration of weather sensors is still in its infancy, with very few

academic papers describing this type of effort [8, 34, 59, 60]. This is, in part, explained by

the evolutionary process of WxUAS. This research field started with exploratory experiments

using remotely piloted aircraft as a platform to transport sensors through the atmospheric

boundary layer [61]. Once initial exploration demonstrated the value of these observations,

UAV-based weather measurement development was mostly focused on mitigating physical

integration issues and evaluating measurement performance against well-established mea-

surement systems (e.g., radiosondes) [1, 2, 51].

Through this period, most of the weather data collection was performed with the as-

sistance of secondary single-board computers or even microcontroller development boards

(e.g., Arduinos) [57, 58, 62]. These secondary data recording mechanisms created additional

issues when merging measurement files with aircraft flight logs to create the spatiotempo-

ral distribution of the atmospheric measurands. In addition to data post-processing issues,
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secondary data recording mechanisms hinder UAV performance due to the increased weight

and power requirements. For this reason, the initial software integration efforts were mostly

focused on weight reduction and real-time data transmission to ground-station computers

and data-cloud services [8, 34, 59].

With the advent of software integration into the flight controller and considerable physical

integration characterization, UAV-based atmospheric measurements were transformed into

unmanned aerial weather measurement systems. With the advent of WxUAS, adaptive

sampling and new operational strategies became possible. However, given the necessity

to compare WxUAS measurements to well-established systems, the initial weather-based

adaptations to task executions were limited to minor adjustments to preprogrammed paths.

For example, facing the vehicle or sensor payload towards the incoming wind to increase

accuracy while doing a profile or transect (i.e., Wind-vaning) [59].

Additionally, efforts in flight control software development for weather applications also

unlocked the ability to transform a vehicle frame into a weather sensor. Leveraging the

aircraft’s GPS and Inertial Measurement Unit (IMU), new flight control subroutines can be

used to measure wind speed, direction, and, in some multi-vehicle applications, turbulence

[60, 63].

As WxUAS matures as an alternative for high-resolution sampling in the lower atmo-

sphere and its data gains broader adoption, new observational needs drive WxUAS capability

development, many of them enabled by software integration. In Chapter 5, we offer an ex-

ample of how weather sensing can be used for autonomous trajectory decisions, allowing

WxUAS to trace hydrometeor fall paths and correct potential erroneous assumptions in

processing radiosonde data.

2.3.2.2 Physical Integration

In addition to the ability to adjust its task execution based on environmental cues, the mea-

surement quality aspect of sensor integration is another defining characteristic of WxUAS.
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This assertion stems from the inherent disruption any in-situ measurement platform intro-

duces to its environment [26]. Thus, physical integration techniques serve as the means to

maximize sensor exposure while minimizing environmental interference sources and platform

interference.

Many of the sampling challenges found in WxUAS have been present for years in manned

aircraft and balloon-based measurements. This occurs because all three platforms share com-

mon sensors, and their data can be assimilated under similar spatiotemporal assumptions

[37, 64, 65]. These similarities allow the adoption of some successful error mitigation strate-

gies developed for other airborne platforms in WxUAS research. However, WxUAS’s unique

flight characteristics and reduced SWaP create WxUAS-specific challenges.

An ideal WxUAS would not interfere with its measurement environment, and its sensing

payload would be considered decoupled, allowing it to be characterized independently from

the vehicle. However, even the best system designs still present some degree of interference

caused by the aerial vehicle. Therefore, the most important elements of physical sensor

integration are contaminant shielding, airflow, and placement. For this reason, this section

discusses physical integration issues from the perspective of the complete system and its

operational conditions (i.e., vehicle, sensors, shields, sample conditioning techniques, flight

pattern, and sampling environment).

As with any atmospheric measurement system, the sensors on a WxUAS require max-

imum exposure to ensure they truly measure the environment. However, the WxUAS’s

dynamic flight characteristics introduce additional sources of external environmental inter-

ference. One significant challenge lies in designing solar radiation shielding that effectively

eliminates direct exposure from a multitude of angles without inadvertently introducing

internal environmental interference errors (as seen in Section 2.2.1). In some cases, solar

radiation can heat the shielding material and generate errors up to 1 ◦C in temperature

measurements [37, 46]. To mitigate this problem, external shields can be designed with two

layers, where solar radiation only affects the outer shield, and the inner shield is isolated via
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natural airflow [8].

Other solutions are internal shields, integrated inside the main fuselage [37], and external

shields built with low thermal mass material and reflective paint [54]. Sensor shield designs

must also consider precipitation, as accumulated droplets may produce artificial wet-bulbing

[54]. This concern is more common for winter weather research applications but should also

be accounted for in any technology used for year-round nationwide mesoscale measurements.

In contrast, the intermittent nature of WxUAS sampling allows the reduction of exposure

to solar heating, precipitation cooling, and other external environmental interference sources

by removing the system from the sampling environment between flights [32].

Another important aspect to consider during sensor shield design is self-contamination.

This is particularly true for temperature and relative humidity measurements because a

UAV generates considerable heat in its motors, propeller tips (frictional and compressional

heating from turbulent fluctuations), LiPO batteries, and the thermal mass of the airframe

[2, 37, 46, 53, 54, 61, 66, 67, 68]. Besides an effective shield design, it is also imperative

to choose an appropriate position relative to the heat sources on the aircraft to place the

sensor payload [37, 46, 54, 66]. For improved chances of success, it is recommended to use

computational fluid dynamics during the design phase [59] and later validate the built design

using thermal imaging [66].

Sensor shielding is also important to protect the sensors from other external interference

sources. Since WxUAS can be operated at any location, adverse take-off and landing condi-

tions can expose the system to dust, dew, and deposited precipitation. Therefore, WxUAS

design decisions must favor either system resilience (i.e., reduced sensor exposure) or system

accuracy (i.e., increased sensor exposure). A compromise solution often adopted in Wx-

UAS with active aspiration or flow-related sampling conditioning techniques involves halting

airflow to sensors during take-off and landing. However, this approach requires discarding

samples acquired within the first one or two meters off the ground [34, 59].

This exposure during takeoff and landing generally influences sensor physical integration
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toward placement above the vehicle. However, this influence introduces an imbalance in

sensor exposure to flows coming from above compared to airflow from below. In most cases,

this introduces a system-level bias that can limit the system’s operation to data acquisition

only during the ascent portion of the flight. Without this limitation, top-mounted sensors

can often produce ambiguous characterization of atmospheric features [57, 58].

Besides measurement errors induced by external heat sources, some sensors used in Wx-

UAS also suffer from self-heating. On thermistors, for example, the electrical current through

the sensitive element can produce readings of 0.5 ◦C above the background temperature [46].

The most common way to mitigate this problem is to promote additional airflow over the

sensors [2, 37, 46, 53, 54, 57, 66, 67]. Although empirical results have demonstrated accept-

able accuracy with airflow over sensors of 3m s−1, temperature sensor manufacturers still

recommend airflow of at least 5m s−1.

To achieve the desired flow rates, WxUAS can use active and passive techniques for aspi-

ration or ventilation. Passive flow depends on the system’s motion or the airflow produced

by the system’s propellers. In this method, airflow over the sensors varies with flight speed.

Active airflow methods use a dedicated fan or pump that produces constant flow independent

of flight speed. The distinction between aspirated and ventilated systems is given by the

relative position of the flow generation mechanism. In aspirated systems, the fan, pump, or

propeller is behind the sensors. Air flows through the sensors before reaching the aspiration

source.

The various flow control methods, sensor shielding designs, and airframes produced a

wide variety of WxUAS designs. Each of them exhibits a set of design choices based on their

application-specific optimum point in the resiliency and accuracy trade-off scale. Figure 2.2

illustrates a few of them. Nonetheless, for all of them, it is recommended to ensure the

sensing payload always faces the incoming wind because the heat sources on the aircraft will

alter the air immediately near it [37, 46, 54, 66].
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C D E

Figure 2.2: Examples of physical sensor integration into UAS: (A) Omnidirectional shielded
integration with propeller-based passive aspiration [54]; (B) No shielding with partial
propeller-based, passive ventilation [66]; (C) Fixed-wing two-layer shielding with passive ven-
tilation through vehicle motion [8]; (D) Multi-direction with partial shielding and propeller-
based ventilation [46]; (E) Comparison of directional shield with active aspiration with partial
shielding and propeller-based ventilation [37].

As mentioned before, some designs use the airflow produced by the aircraft propellers

(e.g., Fig. 2.2 A, B, D, and E). However, this strategy must be used with caution, as proximity

to the motor or the propeller tips can induce errors. For this reason, sensor shields using

rotor-wash passive ventilation (under the propeller, Fig. 2.2 B, D, and E) must be placed

at a third of the distance between the propeller tip and the motor [46]. Rotor-wash passive

aspiration (above the propeller, Fig. 2.2 A) is less sensitive to placement because it utilizes

the pressure deficit to promote flow from the shield to the propellers [54].

Proponents of propeller-based passive aspiration argue this method reduces the aircraft’s

weight and optimizes battery usage. However, recent experiments showed that active as-

piration (via a dedicated fan inside the sensor shield, Fig. 2.2 E - center) did not hinder

the aircraft’s endurance. Direct aspiration proponents raise concerns regarding the potential
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negative impact of varying aspiration rates present in rotor-wash passive aspiration [37].

The numerous possibilities of platform interference on in-situ sUAS-based measurements

make designing a platform-decoupled sensor package unrealistic. Recent experiments have

shown that sensor characterization techniques, such as oil bath step functions, are not enough

to correct time response errors in sUAS-based measurements [54]. Consequently, there is

growing support in the literature for system-level characterizations of accuracy, time re-

sponse, and other parameters [52, 53, 54, 56, 58, 62, 65, 67, 68].

Among all characterization parameters, time response may be the one where system-

level characterization is the most important. This assertion stems from delays that may be

introduced by flow control systems in sensor shields and the recirculation induced by propeller

wash, which can create a system time response that is larger than the sensor’s. Systems with

inadequate time response are incapable of resolving fine-scale changes and cause undesirable

spatial “smoothing” of atmospheric structural parameters [52, 54, 65]. One example of

“smoothing”, sometimes called gradient dampening, is the misrepresentation of the height

of the PBL [57]. This misrepresentation can negatively impact convection inhibition studies

and consequently severe storm research [69].

The sensor integration issues discussed in the section represent a concise overview of the

challenges that impact WxUAS design. Many other issues in application-specific contexts

may also hinder WxUAS design and measurements. However, they are not the focus of

this chapter. Chapter 3 will discuss the specific issues faced when designing an unmanned

aerial weather measurement system capable of sampling the low-altitude wintry precipitation

environment, including mix-phased and freezing precipitation.

40



Chapter 3

In-Situ Measurement Design

“Automated instrumentation is used to make measurements that humans can-

not, for reasons of safety, cost, or performance (speed or accuracy for exam-

ple), and the instrumentation must deliver data to the user. Therefore, all

measurement systems must be viewed as extensions of the human who wishes

to use the data.”

Fred V. Brock and Scott J. Richardson

In near 0 ◦C environments, radar reflectivity distributions of rain, snow, freezing rain,

ice pellets, drizzle, and freezing drizzle can span a 30 dB range and produce overlapping

results across light, moderate, and heavy precipitation scenarios [3]. Therefore, information

regarding the atmosphere’s thermodynamic profile is critical for hydrometeor classification

and hazard assessments [14, 21]. The current operational observation system for this infor-

mation is the radiosonde network. However, radiosonde soundings are only available twice

daily, resulting in a temporal observation gap larger than the temporal scales of many wintry

precipitation events.

In addition to the low temporal resolution, radiosondes have a sensor exposure issue that
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hinders their use in wintry precipitation studies. Due to weight considerations and their

disposable nature, radiosondes deploy fully exposed sensors and leverage airflow induced

by the system’s motion through the air. This design produces satisfactory measurements

in most environmental conditions. However, during freezing precipitation events, sensors

can be struck by supercooled drops, resulting in encapsulation in ice. This encapsulation

produces errors in portions of radiosonde-based atmospheric profiles [1, 36]. The low tem-

poral resolution and potential freezing bias of the radiosonde network lead developers of

radar-based hydrometeor classification models to rely on numerically generated soundings

and radar data inferences [3, 12].

In light of the aforementioned considerations, this dissertation endeavors to develop and

validate an innovative WxUAS in-situ sampling technique for measurements in the low-

altitude wintry precipitation environment as part of a broader WxUAS solution to provide

insight into atmospheric mechanisms that govern it. However, as expounded upon in Chap-

ter 2, designing WxUAS measurements is challenging because it can introduce layer mixing

(particularly in multirotors) and heat from motors, batteries, and other sources. Given that

precipitation phase can be affected by temperature variations as small as 0.5 ◦C, meticulous

attention to sensor shielding, placement, and sample conditioning are critical for measure-

ment accuracy [34, 46, 52, 53].

To account for all these requirements, a WxUAS sensor shield design must be able to

expose the sensors to atmospheric conditions (e.g., temperature, moisture, and cloud size

particles) without exposing them to large precipitation droplets. Although designs in other

atmospheric measurement systems account for precipitation, they do not account for the pre-

viously discussed WxUAS-specific challenges (e.g., varying tilt angles and relative position).

Therefore, this dissertation presents a design proposal that leverages gravity to mechanically

separate large precipitation droplets from the air while accounting for other WxUAS-specific

challenges (Figs. 3.1 and 3.2).
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3.1 Sensor Shield

As previously stated, this dissertation aims to provide insight into atmospheric mechanisms

that govern the low-altitude wintry precipitation environment, particularly in mixed-phased

precipitation events that lead to ambiguity and uncertainty in forecast and hazard assess-

ment products. To attain this goal, the proposed WxUAS focuses on temperature, relative

humidity, cloud size particle distribution, precipitation reflectivity, and Doppler velocity.

These variables were selected because they can directly reduce ambiguity in other remote

measurements, provide understating of a large body of weather phenomena, and have SWaP

characteristics in accordance with UAS limitations. This chapter focuses on the in-situ

temperature, relative humidity, and cloud-sized particle distribution measurements.

In the wintry precipitation environment, temperature measurements allow for under-

standing how temperature changes with height impact precipitation as it falls. More specif-

ically, temperature profiles allow the height and depth of freezing and melting layers to be

determined, resolving the precipitation phase observed at the surface. Relative humidity

profiles indicate the amount of moisture the atmosphere can absorb before becoming sat-

urated. Additionally, repeated relative humidity profiles allow the understanding of how

certain atmospheric transport mechanisms change the atmospheric structure over time. Fi-

nally, the amounts and sizes (i.e., distribution) of low-altitude cloud particles can inform

about precipitation generation layers that form below radar coverage and operation visibil-

ity for low-level flights. The combined spatiotemporal evolution of these parameters helps

elucidate the hazards produced by certain winter storms and their expected impacts on the

surface.

The sensors for these measurements are extremely sensitive to external environmental

interferences (see Chapter 2) and require careful sample conditioning for accurate and pre-

cise measurements. To reduce the impact of measurement interference sources, the proposed

sensor shield employs a cylindrical two-layer solution that optimizes flow conditions over the

sensors (Figs. 3.1 and 3.2). It shelters three bead thermistors, two capacitive hygrometers,
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and one optical particle counter. Leveraging the concentric cylindrical solution, the sensors

are symmetrically placed around the inner shield’s perimeter, equidistantly from the center

point of a constant flow (greater than 5m s−1). This constant flow is produced by a dedi-

cated aspiration fan. The sensor ring is strategically placed at 2-diameter lengths from the

aspiration fan and the inner shield’s intake (see Fig. 3.3).

Aspiration Fan

Optical Particle 
Counter

T/RH Sensor
 Ring

Flow

Outer Shield

Aspirated
Inner

Shield
Optical Particle 
Counter Intake

Figure 3.1: Lateral cross-section of the two-layer custom sensor shield designed to prevent
contact with freezing precipitation while allowing for direct atmospheric observation.

The outer shield is a passive protection layer that guards the inner shield from direct

contact with precipitation and sunlight, even through the many angle variations that occur

during a WxUAS flight. This is possible because the outer shield’s intake extends over the

inner shield’s intake and curves downward, prolonging in this new direction. As mentioned,

only the inner shield is aspirated. This design feature lessens the degree of turbulent heating

in the outer shield. Additionally, the outer shield’s diameter is twice as large as the inner

shield’s diameter. The resultant air gap insulates the sensor ring from radiative and sensible

heat fluxes and impinging water and snow.
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Figure 3.2: Frontal cross-section view of the two-layer custom sensor shield designed to
prevent contact with freezing precipitation while allowing for direct atmospheric observation.

Due to its shape, this design can leverage gravity to mechanically separate large precipi-

tation drops from the air. This separation occurs because larger droplets will be dominated

by their inertia while small droplets will follow the streamlines on the intake system ac-

cording to Stokes flow. This flow characteristic allows the system to sample the atmospheric

conditions without exposure to harmful freezing precipitation and other external interference

sources.

The aspiration rate and interior sensor shield’s diameter produce a flow with an approx-

imate Reynolds number of 10,000. This Reynolds number and the two-diameter distance

between the sensor ring and the inner shield’s intake ensure the sensors have a consistent flow

profile due to a well-mixed flow that is sampled beyond the entrance length (see Fig. 3.3).

The Weber numbers for the objective particles at the flow rate range from 3 to 7. These low

spectrum numbers denote the minimal presence of droplets smearing and separating within

the inner shield.

45



d

d
d

d d d d

Figure 3.3: Lateral cross-section view of the two-layer custom sensor shield design highlight-
ing construction dimensions that enhance flow characteristics, where “d” is the diameter of
the inner shield.

The abovementioned flow characteristics assume a shield placement on the vehicle’s top-

side, away from vehicle-generated interference sources. At this point, vehicle-specific char-

acterization will not be discussed because this is a cross-platform solution. This solution’s

portability is possible because the two-layered solution covers various flight angles and rela-

tive intake flows, and the sensors are directly integrated into a multiplatform flight control

software framework. The details of this software integration are among the topics covered

in the following section.

3.2 Sensors and Sampling Techniques

As depicted in Fig. 3.2, the proposed sensor shield houses one optical particle counter (OPC)

and three temperature and two relative humidity sensors. The OPC is the AlphaSense N3

model. The temperature sensors are Platinum-based bead thermistors with a 100Ω resis-
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tance at 0 ◦C (PT-100), combined with a 16-bit ADS1115 ADC, manufactured by Texas

Instruments. The bead thermistor and ADC are combined and sold as a temperature sensor

by InterMet Systems (iMet). The relative humidity sensors are HYT 271 modules manufac-

tured by Innovative Sensing Technologies. In addition to these sensors, the WxUAS’s flight

controller has a built-in MS5611 digital barometer from TE Connectivity’s Measurement

Specialties Sensors. An illustration and the sensor specifications are given by Fig. 3.4 and

Table 3.1.

These sensors were selected based on their quality, resiliency, and low SWaP charac-

teristics. Additionally, the pressure, temperature, and relative humidity sensors are widely

adopted across the WxUAS research community and are present in a considerable number

of commercial radiosonde solutions. The ubiquity of these sensors is important because it

creates a baseline for measurement comparability between different WxUAS and radioson-

des, allowing the study of WxUAS design and measurement quality.

A CB

D

Figure 3.4: Sensors for in-situ measurements: (A) The OPC-N3 for particle size distribution,
(B) the PT-100 bead thermistor and ADS1115 ADC for fast temperature; (C) the HYT 271
for slow temperature and relative humidity; and (D) the MS5611 for fast pressure measure-
ments.
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Time Resp. Current Dimension
Sensor Range Accuracy

(t63) [µA] [mm]

MS5611 1 to 120 kPa ±1.5 kPa 1.7ms 1 5 x 3 x 1
PT-100 −90 to 50 ◦C ±0.3 ◦C 1 s 150 30 x 15 x 3

0 to 100%RH ±1.8%RH 1 s
850 10.2 x 5.1 x 1.8HYT 271 −40 to 125 ◦C ±0.2 ◦C 5 s

OPC-N3 0.35 to 40µm – 1 s 180mA 75 x 64 x 60

Table 3.1: In-situ sensor specifications.

Leveraging the sensor shield’s cylindrical design (Fig. 3.2) and a sensor redundancy strat-

egy, a concentric sensor ring was created to increase the system’s accuracy. As illustrated

in Fig. 3.5, the inner shield’s 360◦ is divided into six 60◦ slices. The five temperature and

relative humidity sensors occupy the upper slices, and the OPC intake fills the lower slice.

Moreover, this innovative concentric design ensures all sensors are under the same airflow

conditions, which enables the evaluation of flow quality metrics and the implementation of

measurement-quality-control and failure-and-recovery algorithms.

T1

T3 T2

RH2 RH1

Figure 3.5: Concentric sensor ring with redundancy for increased accuracy. The right panel
illustrates 60◦ segmentation strategy, and the left panel illustrates its implementation.

The temperature and relative humidity sensors inside the inner shield sample the atmo-

sphere at 10Hz, while the optical particle counter produces a distribution every second. The

higher sampling rate of each thermistor and hygrometer allows for intra-sensor averaging,
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where every ten samples within a second are averaged to produce higher quality samples

at 1Hz. This technique adds one digit of precision for each sensor, reducing noise and the

effects of analog to digital quantization. A similar process is already implemented by the

manufacturer on the OPC measurements to produce its 1Hz data.

Following the intra-sensor averaging process, the temperature measurements from the

individual sensors are combined to produce a single temperature measurement for the sys-

tem. A similar multi-sensor averaging procedure is applied to the relative humidity sensors.

However, before these system measurements are produced, the sensors’ spatial distribution

inside the inner shield is leveraged to evaluate sensor health and intake airflow quality. Each

sensor is assessed individually and in comparison to neighboring sensors.

This approach facilitates the identification and removal of occasional sampling errors from

the final multi-sensor system measurement. Additionally, persistent temporal bias in any

individual sensor (e.g., drift) can also be identified, prompting a recalibration or replacement

procedure. The neighboring sensor analysis validates the uniform flow assumptions that en-

able the multi-sensor average. Persistent regional bias detected through this analysis also

triggers maintenance procedures. Supplementary system health investigations can be per-

formed using the auxiliary temperature measurements available from the relative humidity

sensors. This auxiliary method uses all five upper 60◦ portions of the inner shield, forming

a higher resolution neighboring sensor analysis.

As an example of this enhanced neighboring sensor analysis, let’s consider a profile flight

to 200m above ground level (AGL). In this flight, the ascent rate was 2.5m s−1, which

produces at least 80 measurements after the 1Hz intra-sensor averaging. For the sake of

conciseness, let’s consider four instants to represent varied flight conditions that can produce

airflow disturbances: take-off acceleration (at 2m), developed flight 1 (at 70m), developed

flight 2 (at 130m), and profile top deceleration (at 192m). The choice to represent two

developed flight stages accounts for potential wind gusts that can disturb the constant ascent

assumptions and produce sharp aircraft angle changes.
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Figure 3.6 graphically summarizes this example, illustrating the 1Hz intra-sensor aver-

aged temperatures at each flight stage for all temperature sensors (PT-100) and the auxiliary

temperatures measured by the two relative humidity sensors (HYT 271). The temperature

values are organized in the same 60◦ spatial orientation as depicted in Fig. 3.5 to clearly

indicate the adjacent sensors (i.e., neighbors). The colors in each plot are part of an unde-

picted scale that allows for quick visual evaluation of the entire flight through an animation

of the 80 (or more) measurement heights.

Figure 3.6: Example of enhanced neighboring sensor analysis showing temperature values
for sensors across four stages of a profile to 200m above ground level.

In this example profile, temperatures range from approximately 3.6 ◦C at the surface to

1.2 ◦C near 200m AGL, providing an adequate amount of variation to perform this analy-

sis. The first step in this analysis is to determine if the difference between maximum and

minimum temperatures observed for each flight stage is below 0.5 ◦C, which is the minimum

temperature difference for precipitation phase change. In this example, the differences are
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0.173, 0.3147, 0.2305, and 0.278 ◦C. In this case, all flight stages show acceptable differences,

indicating airflow through the sensors was consistent, and the sensors are healthy.

For the sake of continuing the analysis, let’s assume a 0.3 ◦C threshold (the manufac-

turer’s reported accuracy) and evaluate the 0.3147 ◦C difference seen in the “developed flight

1” stage (i.e., 70m) as an example of a flagged discrepancy. This Max/Min temperature dif-

ference is given by a PT-100 temperature sensor (T2) and a HYT 271 auxiliary temperature

measurement (Aux2). As a reminder, the HYT 271 auxiliary temperature measurements are

not part of the system’s final reported temperature. Evaluating only the three temperature

sensors used for the system’s reported value (T1, T2, and T3), the Max/Min difference is

reduced to 0.0708 ◦C, well bellow the acceptance threshold.

Considering that T2 and Aux2 are not adjacent, this discrepancy could indicate a regional

airflow imbalance. However, this discrepancy only occurs in one out of the four flight stages,

and the sensors involved are of different types. Therefore, this difference is more likely caused

by the slower time response of the auxiliary temperature measurements, 5Hz instead of 1Hz

(see Table 3.1). This conclusion is further corroborated by comparing the temperature

difference in Aux1 and Aux2, 0.1086
◦C, which are also not adjacent.

In addition, correlation coefficients are calculated for sensor pairs based on location (ad-

jacent) and type. These coefficients, shown in Table 3.2, are calculated based on the data

for the entire profile. Within a sensor type, coefficients are above 0.998, and within adjacent

sensors (mixing types), coefficients are still above 0.98. These high correlations indicate

overall sensor health and airflow consistency, enabling measurement assumptions that allow

the multi-sensor average and increase the system’s accuracy.

Although similar analyses can be manually performed in other atmospheric observation

systems, this design’s unique features give the analyses presented here an algorithmic char-

acteristic that allows for their automation. The implementation of automated measurement-

quality-control and failure-and-recovery algorithms allows these analyses to be performed on

large bodies of data (e.g., for all flights in a multiday field campaign).
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Sensors T1 Aux1 T2 T3 Aux2

T1
Aux1 0.9848
T2 0.9983 0.9834
T3 0.9979 0.9989

Aux2 0.9870 0.9984 0.9809

Table 3.2: Correlation coefficients for the five sensors in the manual neighboring sensor
analysis.

The scalability of these automated measurement-quality-control and failure-and-recovery

procedures, which are promoted by this innovative design, is a critical feature for any WxUAS

with aspirations of broad adoption in operational workflows. Therefore, the design presented

here is a meaningful contribution to atmospheric observations, serving as a roadmap for

future implementations. More examples that further validate this design and the quality of

its measurements are provided in Section 3.4.

3.3 Flight Control Integration

As discussed in Chapter 2, WxUAS comprises weather sensors integrated into a UAV specifi-

cally designed for measurement operations, which is characterized as a complete measurement

system, accounting for the interactions between the sensors, the aircraft, and the measure-

ment environment. In the same chapter, the UAS definition explains that sensor integration

is a critical distinction between a vehicle payload and a new measurement system. Besides

mitigating the vehicle’s impact on the measurement, this integration allows the system to

autonomously adapt to the sampling environment, optimizing the data collection.

Flight control integration can take two forms: an external computer managing the flight

controller or via direct wiring and programming into the flight controller’s microcontroller

unit (MCU). Both methods have advantages and disadvantages. This section presents their

distinctions as means to justify the implementation design choices in the proposed unmanned

aerial weather measurement system for the low-altitude wintry precipitation environment.
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An external processing unit has the advantage of higher computational power. In certain

cases, the additional computational capability is a requirement to implement the desired au-

tonomous adaptive behavior, such as vision-based navigation in GPS-denied environments.

In this integration method, sensors are wired to the external computer, where their data is

stored and processed. In most cases, the external computer is integrated into the flight con-

troller via half-duplex serial communication. Through this communication line, the external

processor can receive flight data (e.g., position, attitude, airspeed) and send back simple

or complex flight commands. Examples of simple commands are “accelerate”, “climb”, and

“yaw 30◦”. An example of a complex command is: “go to the next waypoint” (defining

coordinates, altitude, and travel speed).

Although the additional computational power allows fast processing of complex algo-

rithms onboard, the half-duplex serial communication can become a limiting factor in the

system’s reactiveness. The complementary hardware necessary for this integration method

adds to the total system weight and power consumption, impacting flight endurance and

resiliency. Some cases of poor integration via external computation also create separate nav-

igation and sensor data files requiring post-flight reconciliation, which can lead to errors in

the spatiotemporal results provided by the system.

Given the low computational requirements for the aforementioned sensors, the harshness

of the low-altitude wintry precipitation environment, and the abovementioned integration

drawbacks, the WxUAS solution proposed in this dissertation used the direct flight controller

integration method. In this method, sensors must be directly wired to the available commu-

nication buses, and their processing, storage, and communication relay software codes must

be compiled and flashed directly to the flight controller’s MCU.

Although the direct integration method has the benefit of weight, power, and cost re-

duction, it requires a very steep learning curve for MCU programming. This method also

has the added risk of total system failure due to poor programming causing slow processing

loops and segmentation faults. To mitigate these issues and enable cross-platform bene-
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fits, the proposed WxUAS adopted an open-source vehicle control software framework. The

ArduPilot vehicle control framework was created in 2007 and is maintained by nearly 500

developers across the globe. Its source code repository1 has over 41,000 commits.

As an autonomous vehicle control framework, ArduPilot encompasses a large variety

of vehicles, ranging from aircraft to submarines. Figure 3.7 illustrates this architectural

solution, highlighting how shared features are inherited by each vehicle class and how specific

vehicles can be developed as implementations of classes. Through this software architecture,

developers can expand the range of vehicle implementations via class extension and create

minor vehicle modifications via parametrization of existing vehicles. ArduPilot is freely

available to be downloaded and extended with a GPL3.0 license.

ArduPilot Vehicle Framework

Communication 
Library

Navigation 
Library

Weather Sensor 
Library

Multithread 
services

Common 
Control Laws

ArduCopter

QuadCopter HexaCopter

Coaxial 
QuadCopter

ArduPlane

Twin Plane VTOL Plane

Flying Wing

ArduBoat ArduRover

Figure 3.7: Diagram depicting the ArduPilot open-source vehicle control software framework
with this dissertation’s weather sensor integration library. This architectural solution enables
the seamless and standardized cross-platform use of the proposed in-situ sensor design.

With the explicit intention of addressing the WxUAS standardization needs discussed

in Chapter 2 and leveraging the framework’s multi-thread infrastructure separating control

1https://github.com/ArduPilot/ardupilot
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and service loops, this dissertation’s direct sensor integration solution was implemented as

a native library inside the ArduPilot autonomous vehicle framework. As highlighted by the

dashed yellow line in Fig. 3.7, each vehicle class also inherits the autonomous vehicle weather

sensor library, allowing for seamless and standardized cross-platform use of the in-situ sensor

package design proposed in this chapter.

As part of the framework, the weather sensor library has direct access to all other frame-

work libraries and services (e.g., navigation, communication, and multithreading). Access

to the multithreading services enables the development of software strategies to mitigate the

abovementioned direct integration risks. For example, as illustrated by Fig. 3.8, the weather

sensor library can use the framework’s service loop to communicate with the sensors, ac-

quire new data, log the data to the onboard SD card, and stream live data to the ground

station computer. Because these tasks are in a separate and lower-priority computational

loop, errors and run-time exceptions within these tasks can not hinder the vehicle’s control

and operation.

ArduPilot Vehicle 
Framework

Vehicle 
Control 

Loop

Service 
Loop

WxSensor 
Logging

WxSensor 
Streaming

WxSensor 
Comm.

Acq.

10 Hz

0.5 Hz

15 Hz

Figure 3.8: Diagram depicting the weather sensor library’s use of the framework’s service
loop as a mitigation strategy for the risks associated with the direct integration method.

As also illustrated by Fig. 3.8, each of the tasks mentioned above is performed in asyn-

55



chronous sub-loops at different rates. This strategy ensures the sensor information is always

updated while avoiding costly I/O routines and overwhelming the telemetry radio link. Ad-

ditionally, this strategy divides the failure risks, creating opportunities for data recovery. To

implement this strategy, the library submodule responsible for sensor communication and

data acquisition uses the SPI and I2C buses to request and collect data from the sensors. At

a separate time, the logging submodule uses the framework’s I/O library to save measure-

ments into flight data SD card. Because each entry in the flight data SD card is associated

with a time, position, and attitude, the sensor data in the SD card is automatically logged

in a spatiotemporal representation. Finally, at a reduced rate, real-time data is transmitted

to the ground station computer to provide system users with indications of atmospheric

conditions during the flight.

Although the adopted sensors have 1 and 5 s time responses, sensor data is acquired at

15Hz and logged at 10Hz. The sensors’ faster oversampling and slightly slower measurement

logging (still one order of magnitude faster than the sensors’ time response) ensure that any

sensor step change is always captured. Repeated samples are naturally eliminated through

the 1 s intra-sensor average mentioned in Section 3.2. To avoid errors associated with racing

conditions, a semaphore is used in the sensor data acquisition submodule. To ensure data

integrity, only the sensor data acquisition submodule has access to write on the sensor

measurement variables. The remaining submodules have read-only access to the sensor

measurements.

Besides eliminating redundant hardware (e.g., the external computer and sensor data

streaming link), the direct integration method also enables adaptive sampling and other

sensor-based autonomous decisions. To implement these features in alignment with the

previously discussed direct integration risk mitigation strategies, the weather sensor library

leverages its native state in the vehicle framework to safely provide inputs to the vehicle con-

trol loop through the framework’s navigation library. This layered implementation through

the framework’s architecture separates sensor communication and processing from adjust-
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ments to the flight and sampling patterns, ensuring minimum risk to the control loop and

providing a safe development environment. Figure 3.9 illustrates this concept.

ArduPilot Vehicle 
Framework

Vehicle 
Control 

Loop

Service 
Loop

WxSensor 
Navigation 

Input
2 Hz

Navigation 
Library

Figure 3.9: Diagram depicting the weather sensor library producing inputs to the control
loop under the safety of the framework’s navigation library.

The direct integration of weather sensors into the flight controller through an open-

source vehicle control framework as a native library enables the seamless and standardized

cross-platform use of the in-situ measurement design outlined in this chapter. Figure 3.10

presents a few examples of WxUAS in which the proposed design was deployed during

this dissertation’s research phase. These examples include a fixed-wing vehicle utilizing

the weather sensor library via the ArduPlane class, as well as three rotary-wing vehicles

incorporating the proposed in-situ hardware and software designs. The rotary-wing examples

comprise a coaxial quadcopter with eight motors and two different sizes of conventional

quadcopters.
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Figure 3.10: Examples of cross-platform use of the proposed WxUAS in-situ sensor hardware
and software.

3.4 Validation

As detailed in Chapter 2, new atmospheric measurement systems must undergo a maturing

process that starts with laboratory testing, followed by exploratory research in small-scale

investigative field campaigns alongside well-established systems, concluding with an extended

improvement and hardening phase in a realistic testbed. This lengthy maturing process is

necessary because errors associated with exposure, static, and dynamic properties are not

present in most laboratory settings. Therefore, operational system characterization requires

several years.

Within this dissertation’s scope, the first two phases of this maturing process were ac-

complished through a series of controlled experiments at the Oklahoma Mesonet’s calibration

laboratory and field deployments at the Kessler Atmospheric Environmental Field Station
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(KAEFS), Research Applications Laboratoy’s field station (Marshall), and during MAI2S.

The complete details on these field deployments are given in Chapter 7; nonetheless, part of

their results are presented in this section to validate the in-situ measurement design outlined

in this chapter.

3.4.1 Laboratory Experiment

Initial calibrations at the Oklahoma Mesonet’s Calibration Laboratory used the Thunder

Scientific 2500 benchtop humidity generator (left panel in Fig. 3.11). This chamber pro-

duces controlled temperature and relative humidity conditions following NIST’s two-pressure

method. Within this controlled environment, the design’s inner shield was taken through

three 3-hour ramps where temperatures varied from 5 to 15 ◦C and relative humidity varied

from 65 through 95 %RH. These ranges were selected to reflect the system’s operational

environment within wintry precipitation.

After determining the calibration coefficients for each sensor, the intra- and inter-sensor

averaging procedures (described in Section 3.2) were applied, and the system’s temperature

and relative humidity were performed. Plots illustrating one of the three experiments are

provided in Fig. A.1. For this example, the mean and maximum absolute errors (MAE and

MxAE) for temperature and relative humidity are presented in Table 3.3.

Temperature Relative Humidity
MAE MxAE MAE MxAE

0.0537 ◦C 0.4856 ◦C 0.1458 %RH 1.3073 %RH

Table 3.3: Mean and maximum absolute errors during the experiment at the Oklahoma
Mesonet’s Calibration Laboratory.

Although a calibration procedure such as this is expected to improve static errors, the

small mean error found indicates the proposed in-situ inner shield design also has a pre-

dictable dynamic behavior across different combinations of individual and simultaneous vari-

ations in temperature and relative humidity (see Fig. A.1). This finding is further corrobo-
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Figure 3.11: In-situ inner shield calibration at the Oklahoma Mesonet’s Calibration Labo-
ratory. The left panel shows the Thunder Scientific 2500 benchtop humidity generator, and
the right panel details the experimental setup inside the chamber’s test section.

rated by the maximum errors below our self-imposed accuracy standards of 0.5 ◦C and 2.5

%RH (a larger discussion on WxUAS accuracy standards is presented in Chapter 7). This

result is very meaningful because it indicates that in 3 hours, that is, in 10,800 samples, not

one sample crossed the accuracy threshold expected for the mean.

3.4.2 Field Experiment - OKMesonet

To evaluate performance under operational conditions, the system was deployed near an Ok-

lahoma Mesonet tower for collocated measurements. Each Mesonet station has a collection

of instruments placed at heights that range from 60 cm below to 10m above the surface.

This experiment leveraged the temperature sensors at 1.5 and 9m and the relative humidity

sensor at 1.5m. Figure 3.12 offers an illustration of the tower’s sensor placements along with

a depiction of the experimental setup.

In this comparison experiment, two identical rotary-wing WxUAS, with the proposed

in-situ measurement design solution, were placed on the ground next to the tower (one on

each side). After a period of baseline measurements without any effects introduced by the

aircraft’s flight characteristics, both aircraft took off and hovered next to the tower at 9m
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Figure 3.12: Experimental setup for the system’s performance evaluation under operational
conditions. Two identical WxUAS were flown next to the reference Oklahoma Mesonet 10m
tower for colocated measurements.

above the ground (height of the temperature sensor). This hover height was selected to

eliminate any potential recirculation produced by aircraft ground effects, which could bias

the experiment and interfere with the time series of this operational Mesonet station. For

similar reasons, each aircraft flanked the tower on opposing sides, facing the mild incoming

breeze.

Table 3.4 presents the mean and maximum absolute errors for each aircraft. The tem-

perature errors presented similar values to the ones obtained in the laboratory experiments,

with mean errors lower than the abovementioned 0.5 ◦C standard by an order of magnitude

and maximum errors of 0.2 degrees below the sensor manufacturer’s reported accuracy. Un-

fortunately, the same can not be said about the relative humidity results, which presented

mean errors between 6 and 7 %RH and maximum errors above 7.5 %RH. Thankfully, this

divergence can be explained by the experimental setup and conditions and does not indicate

poor performance or a design flaw.

61



Temperature Relative Humidity
MAE MxAE MAE MxAE

Aircraft 1 0.0361 ◦C 0.116 ◦C 6.1565 %RH 7.093 %RH
Aircraft 2 0.0808 ◦C 0.1856 ◦C 6.9813 %RH 7.6312 %RH

Table 3.4: Mean and maximum absolute errors during the Oklahoma Mesonet’s Flight Com-
parison experiment.

As previously discussed, the tower only offers relative humidity measurements at 1.5m,

and the data collection height was set at 9m to avoid interference from rotor wash recircu-

lation. In many atmospheric conditions, this experimental limitation is deemed acceptable

because %RH values at 9m are assumed to be the same as at 1.5m, as long as temperatures

at both levels are the same. Given the limited availability of relative humidity measure-

ments above 2m, this comparison limitation is well known and documented in the scientific

literature [37, 51, 59].

To increase the experiment’s representativity for winter weather, the data collection oc-

curred at night when the temperatures were below 6 ◦C, mimicking the chamber experiment’s

condition. Unfortunately, during most of the few data collection opportunities in Oklahoma’s

2024 winter2, the atmospheric conditions available produced considerable vertical temper-

ature gradients. As presented in Fig. B.2, the reported mesonet temperatures during the

experiment fluctuated around 4.08 and 5.67 ◦C at 1.5 and 9m, producing a 0.21 ◦Cm−1

gradient.

The 0.21 ◦Cm−1 gradient found in the experiment’s data invalidates the humidity homo-

geneity assumption between 1.5 and 9m. This is indicated by the mean relative humidity

errors between 6 and 7 %RH. Nonetheless, further analyzing the experiment’s results reveals

a few positive insights into the system’s performance for relative humidity measurements in

operational conditions. Appendix B provides extended experimental details, and Figs. B.1

to B.3 depict the resulting data’s time series.

2Average monthly temperatures at the selected Mesonet tower during JAN-MAR 2024 were, 1.5, 10.1,
and 13.2 ◦C.
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The tower data time series in Fig. B.3 reveals the tower experienced relative humidity

fluctuations larger than 10 %RH before and after the experiment, with a fairly stable pe-

riod during the data collection. These same behaviors can be seen in the data for both

aircraft, indicating the differences in absolute values are likely due to the differences in tem-

peratures between 1.5 and 9m. Additionally, during the stable data collection period, the

maximum difference between both aircraft measurements was less than 1 %RH, indicating

similar conditions experienced by both systems at 9m and measurement consistency. Finally,

considering the reasonable agreement between both aircraft and the tower in the short period

before take-off and after landing, coupled with small errors in temperature measurements,

it is reasonable to assume %RH measurements would also have acceptable errors.

Analyzed as a whole, the minor chamber errors for temperature and relative humidity,

the minor temperature errors during flight, the relative humidity agreement between aircraft,

and their agreement with the tower from the ground indicate the proposed two-layer in-situ

measurement design does not hinder the sensor’s ability to describe atmospheric conditions

accurately. This conclusion will be further corroborated in Chapter 7 with more details

on field deployments at the Research Applications Laboratoy’s field station and during the

Multi Atmospheric Instrument Intercomparison Study (MAI2S).

3.4.3 Field Experiment - Marshall

To validate the proposed design’s ability to effectively shield the sensors from wintry precip-

itation while accurately sampling the atmosphere, results from the field deployment at the

Applications Laboratoy’s field station (Marshall Field) for the National Center for Atmo-

spheric Research (NCAR) are partially presented here. Particularly a ground comparison

experiment during a snow event and flights in the presence of low-level clouds and drizzle. In

the two ground comparison experiments, the mean absolute errors were 0.2155 ◦C and 1.1653

%RH (not shown), and 0.1439 ◦C and 1.0778 %RH (Fig. 3.13). Both results are below the

sensors’ accuracies specified by their manufacturers, which are 0.3 ◦C and 1.8 %RH.
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MAE = 0.1439˚C

MAE = 1.0778 %RH

Figure 3.13: Results for the second temperature and relative humidity ground-based in-
tercomparison experiment. The small mean absolute errors are below both manufacturers’
reported accuracies.

During these ground-based experiments, the Marshall Field distrometer reported snow

with total counts increasing from 0 to 400 particles per minute. During this same period,

the 77GHz vertically pointing radar, part of this dissertation’s proposed design discussed

in Chapter 4, detected a 15 to 25 dB increase in power with Doppler velocities of -2 and

−4m s−1. Also, in this period, the optical particle counter inside the two-layer in-situ sensor

shield did not report any change in particle size distribution.

These results are shown in Fig. 3.14, where the left panel presents the temporal evolution

of the particle size distribution’s mode, and the right panel presents three range-Doppler

plots. In the particle size plot, the x-axis is the total particle count per second, the y-axis

is time, and the color expresses the size of the particle associated with the distribution’s

mode. In each range-Doppler map, the y-axis represents altitude above the radar, and the

x-axis indicates the Doppler velocity, where negative velocities indicate hydrometeors falling

towards the radar. Evaluating the particle size distribution’s mode, it is possible to note the
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distribution’s bin with the highest count remained between 0 and 2 µm with a total count

between 50 to 100 particles per second. These rates and distribution modes are consistent

with the sensor’s background readings.

Figure 3.14: Results for particle size distribution (left) and power and Doppler velocity

(right) during the second ground-based experiment. For the vertically pointing radar, nega-

tive Doppler velocities indicate particles falling towards the radar.

The results from these ground experiments reveal that, during active precipitation, the

proposed in-situ measurement design effectively utilized gravity to mechanically separate

large precipitation from the air, avoiding impinging the system’s sensing elements. Addi-

tionally, the small mean absolute errors in temperature and relative humidity indicate the

design strategy does not introduce any bias or artifacts. Combined, these results help vali-

date the proposed design and confirm our expectations regarding the mechanical separation

of large precipitation drops from the air while eliminating the impact of radiative and sensible

heat fluxes.
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3.4.3.1 Particle Size Distribution

Given the novelty of WxUAS cloud-size particle profiles, methods for validating the proposed

design are not yet well established. Additionally, considering the physical complexity of

clouds, controlled chambers with artificially generated clouds are not abundantly available.

Therefore, the initial tests for the proposed WxUAS in-situ measurements of particle size

distribution in the 2 to 40µm range were executed at the Marshall Field Station using

naturally occurring conditions.

Upon conclusion of the abovementioned ground-based experiments, four vertical profiles

from the ground to 120m were performed to evaluate the WxUAS’s ability to characterize

the atmosphere’s thermodynamic structure and its microphysical properties in near-freezing

conditions. Although the WxUAS was designed to perform profiles up to 1500m, flight

ceilings were limited for compliance with the FAA’s Part 107 rules. This limitation was un-

fortunate as it could have hindered the system’s ability to observe any meaningful structural

change with height. However, given the field station’s proximity to the mountains and eleva-

tion (1627m, ASL) and the intensity of the weather event, the four profiles were performed

in scientifically relevant conditions and permitted gauging the WxUAS’s potential.

Although all in-situ and remote sensors were in use, we highlight only the particle size

distribution results here, leaving the other results to be discussed in Chapter 7. Hence,

Fig. 3.15 displays the particle size distribution profiles (bottom panels) against the ground-

based ceilometer data (top panels). In all plots, the y-axis signifies altitude, and the x-axis

corresponds to the variable of interest. For the particle size distribution profiles, the data

represents the distribution’s mode – the particle size bin with the highest count. The color

in these profiles denotes the mode’s particle size, while the x-axis portrays the distribution’s

total count for that second. For the ceilometer scatter plot, the orange shaded columns

represent the time intervals for the four flights.

The first profile occurred immediately after an intense snow event had subsided, while the

ceilometer reported a low-altitude cloud base near 95m AGL (Fig. 3.15). The snow, freshly
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Figure 3.15: Ceilometer data (above) indicating the cloud base and the profiles of the particle
size distribution (below) for each of the four flights to 120m. The orange-shaded columns
in the ceilometer’s scatter plot represent the time intervals for the four flights

deposited on the ground, produced lower temperatures and intense moisture on the surface

layer, as reported by the tower instruments. These conditions were also reflected in the

WxUAS measurements. Most notably in the particle counter data that showed distribution

modes with total counts above 150 particles per second on the surface, falling to 100 between

10 and 50m AGL and rising to 200 between 80 to 110m (Fig. 3.15: ‘Mission 1’).

The high count of smaller particles (from 0 to 4 µm) near the ground is most likely

produced by the rotor wash during takeoff over the snow-covered surface. While other effects

could yield similar increases in small particle count, the likelihood of rotor wash effects is

substantiated by the similar pattern observed during ‘Mission 4’ following a drizzle event.

Additionally, this pattern is notably absent in ‘Mission 2’ and ‘Mission 3’ after peri-

ods without precipitation and during the ground-based comparison experiments (Fig. 3.14),

which were conducted during a snowfall event with the rotors turned off. The high count
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of larger particles (from 8 to 13 µm) from 80 to 110m shows agreement with the ceilome-

ter’s reported cloud base, which had a median altitude of 95.5m, interquartile range (IQR)

of 18m (between [91 109]), and 82 to 118m minimum and maximum values. This result

demonstrates the system’s ability to detect cloud-sized particles and characterize the cloud

layer’s depth.

Furthermore, upon comparing the four particle size distribution profiles with the ceilome-

ter reports, the WxUAS’s high sensitivity to cloud-sized particles becomes evident. During

the interval between ‘Mission 1’ and ‘Mission 3,’ as the reported cloud base ascended from

95 to 400m and subsequently descended in ‘Mission 4’ and beyond, the distribution mode

profiles identified by the WxUAS began to manifest the size variation with altitude consis-

tent with the ceilometer reports, albeit earlier. For instance, during ‘Mission 3’, the reported

cloud base exhibits a median altitude of 411m with an IQR of 305m. Concurrently, the size

distribution profile reveals an increase in particle sizes above 80m.

During ‘Mission 4’, the reported cloud base, characterized by a median altitude of 384m

and an IQR of 37m, corresponds to an increase in particle sizes above 60m, with particles

reaching 11µm at 120m. Approximately 40 minutes after ‘Mission 4’, the ceilometer reports

the cloud base at 137m with an IQR of 91m. Subsequently, one hour later, the ceilometer

records the cloud base at 82m with a 27m IQR, between 73 and 100m.

The abovementioned results indicate the system promptly shielded its sensing elements

from precipitation while accurately describing low-altitude atmospheric conditions with en-

hanced sensitivity in an operational environment. Therefore, this validates the proposed

WxUAS in-situ measurement system design. The remaining chapters will revisit the above-

mentioned field campaigns and provide further details into the role of the proposed WxUAS

as a tool to provide novel insight into the low-altitude wintry precipitation environment.

However, before the full system can be discussed, Chapter 4 presents the design details and

results for an innovative WxUAS vertically pointing weather radar.
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Chapter 4

Remote Measurement Design

“Kick some @ss, show some good sh!t, and hit the road!”

Robert D. Palmer

Within wintry precipitation, FZFG, FZDZ, and FZRA remain among the most challeng-

ing phenomena to accurately detect via automated systems. Within radar data, FZDZ and

FZRA can present overlapping ranges of reflectivity distributions across light, moderate,

and heavy intensities compared to other freezing and non-freezing precipitation forms [3].

This ambiguity requires using atmospheric thermodynamic profiles to enable hydrometeor

classification and hazard assessments [14, 21]. Additionally, drizzle droplet sizes are below

the detection limits of many radar systems [12], and fog is too close to the ground, putting

it outside of radar operational limits [3].

In ASOS-based detection and classification, a multi-modal data fusion technique is em-

ployed to identify freezing precipitation. Nevertheless, this method may occasionally misclas-

sify light-intensity freezing precipitation as “clear” or categorize mixed-phase precipitation

cases as “unknown” [7]. These issues arise because the sensors involved in ASOS’s multi-

modal fusion each have specific detection thresholds that must be individually met for the
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system to reliably classify these complex wintry precipitation events [7, 45]. When the con-

ditions are marginal, where some thresholds are met while others are not, the likelihood of

misclassification increases [45].

The in-situ measurement design presented in Chapter 3 addresses the thermodynamic

and particle profiling needs associated with the observational limitations mentioned above

and detailed in Chapters 1 and 2. However, it does not address the need for high-resolution,

low-altitude, precipitation, and obscuration measurements, particularly for FZDZ and FZFG.

This chapter presents novel algorithms and integration techniques to enable the detection of

drizzle and other weak precipitation types with a low-cost, commercial, off-the-shelf mmWave

phased array radar onboard this dissertation’s unmanned aerial weather measurement sys-

tem.

4.1 Radar System

Historically, mmWave radars have only been employed as cloud radars due to their shorter

wavelength, which is appropriate for smaller cloud-sized particles. However, leveraging the

mobility of UAVs, a mmWave radar can be transported through the lower atmosphere closer

to these larger particles, making consecutive, short-range, high-resolution measurements. By

combining these measurements during post-processing, it is possible to generate precipitation

reflectivity and Doppler velocity profiles with centimeter-scale range resolution. As a result, a

WxUAS equipped with thermodynamic and high-resolution reflectivity and Doppler velocity

profiling capabilities may offer valuable insights into low-altitude FZFG, FZDZ, and FZRA

events.

The Texas Instrument’s (TI) AWR2243 is an automotive second-generation high-performance

monolithic mmWave integrated circuit coupled with two antennas (transmit and receive) to

comprise a highly configurable Frequency-Modulated Continuous Wave (FMCW) phased

array radar. The TI AWR2243 operates between 76 to 81GHz, which makes its transmit
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and receive patch antennas small and easy to conform within a UAV design. In addition to

its small antenna, the TI AWR2243 consumes less than 12W and weighs less than 0.4 kg

in its evaluation board form factor. These characteristics make it a suitable candidate for

UAV-based deployment.

The TI AWR2243’s configuration allows users to design sequences of chirps with varying

configurations (i.e., active TX and RX antennas, start and stop frequencies) and program

repetition of these sequences in loops. Additionally, the TI AWR2243 leverages its phased

array antenna to produce a data cube that, theoretically, covers a 180◦ field of view. This

feature, in a more realistic 60◦ field of view, is crucial for the aircraft motion compensa-

tion detailed in Section 4.3. For more details on the TI AWR2243’s configuration for this

dissertation, see Appendix C.

Although previous studies have demonstrated how this specific radar and others were

leveraged for UAV-based deployment, these studies have focused on imaging and collision

avoidance applications [70, 71, 72]. These applications better align with the TI AWR2243’s

design purpose, automotive collision avoidance, and have targets with high reflectivity (e.g.,

other UAVs, buildings, and plants). The literature survey for this dissertation did not

produce any UAV-based active weather radar studies using the TI AWR2243 or other radars.

Therefore, before working on its integration, a few chamber experiments were performed to

ensure the TI AWR2243 could detect and distinguish between falling water, ice, and mist.

4.2 Initial Experiments

To evaluate the TI AWR2243’s ability to detect and distinguish between the characteristics

of falling water, ice, and mist, six experiments were designed and later performed at the

University of Oklahoma’s (OU) Advanced Radar Research Center (ARRC). In these exper-

iments, large water drops, ice shavings, and water mist were used to emulate the target

precipitation. The water drops were produced by drips from melting ice and a showerhead.
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The ice shavings were created using a hand-cracked ice-shaving machine which uses three

steel blades to produce fine shavings from ice cubes. The mist was produced by multiple

water vaporizers and a handheld spray bottle. During these experiments, the radar and a

camera were placed perpendicularly or parallel to the precipitation. Figure 4.1 provides an

illustration and details for this experimental setup.

A B C

D E

Figure 4.1: Experimental setup for initial evaluation of the TI AWR2243: (A) the setup for
precipitation perpendicular to the radar beam, (B) the parallel setup. (C) The perpendicular
“Mist” experiment. (D) The improvised radome to emulate a vertically pointing radar in
parallel experiments. (E) The ice shavings used to mimic frozen precipitation.

The parallel and perpendicular setups were designed to emulate two modalities of po-

tential deployment conditions. The perpendicular setup emulates the expected operational

conditions of a forward-facing airborne weather radar. In this setup, the falling precipitation

crosses the radar beam (as indicated by the yellow and red dotted lines in Fig. 4.1-“A”). The

parallel setup emulates the expected operational conditions of a vertically pointing radar,

similar to a ground-based micro-rain radar. In this setup, the precipitation falls continuously

through the radar beam toward the radar. At this point in the research, both modalities
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were still under consideration for the final WxUAS integration and deployment, given that

both provide different but valuable information regarding the precipitation environment.

Although all experiments were performed inside an anechoic chamber to reduce external

interference, the equipament necessary to produce the emulated precipitation conditions

was expected to introduce considerable interference in the experimental data. To mitigate

this issue and isolate the effects of the precipitation, six complementary experiments were

performed without any mock precipitation. Therefore, for each setup (i.e., combinations

of parallel and perpendicular with the three types of “precipitation”), data were collected

before and during the “precipitation event”, generating twelve datasets.

Three of the twelve experimental results illustrate the overall conclusions well. They are

presented here in Figs. 4.2 and 4.3. All three resulting plots present the data as a range-

Doppler map, a tool for synthesizing the collected data and providing a visual aid for this

discussion. In this map, the y-axis represents the range or distance of a detection bin from

the radar. In the parallel experiment setups, the range can be interpreted as the height

or altitude above the radar. The x-axis represents the Doppler velocities, where negative

velocities indicate particles moving toward the radar. In the parallel experiment setups,

Doppler velocity can be interpreted as hydrometeor fall velocity.

As expected, the results in Figs. 4.2 and 4.3 show strong reflections at zero Doppler

velocity caused by the experimental apparatus. The reflections were confirmed to be caused

by the experimental apparatus via comparison with the results without “precipitation” (not

shown). The setup interference is even more pronounced in the top map shown in Fig. 4.2,

which indicates a high power band of positive and negative velocities caused by the circular

motion of the handheld ice shaver. Nonetheless, these three results were promising and

indicative of the ensuing developmental challenges.
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Figure 4.2: range-Doppler map for the large water drops and ice shavings falling vertically

toward the radar (i.e., parallel setup).
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Comparing the two maps in Fig. 4.2, it is possible to note the distinctive velocity arcs

caused by the falling hydrometeors. For the ice shavings experiment, the velocities are

slightly slower (under 5m s−1) and show both acceleration and deceleration. These effects

are potentially caused by the instabilities introduced by the handheld shaver and the under-

developed fall speed caused by this short test section. For the large water drops experiment,

the acceleration arc is slightly broader and more pronounced, with a terminal fall veloc-

ity at 5m s−1. These results indicate that this low SWaP radar can detect water and ice

hydrometeors and the nuances in their fall characteristics.
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Figure 4.3: range-Doppler map for the mist generated by the handheld spray floating in
front of the radar (i.e., perpendicular setup).

The results for the mist experiment (show in Fig. 4.3), where the mist “hovered” in front

of the radar in a pseudo perpendicular setup, produced a faint signal nearly indistinguishable

from the radar’s noise. Given the low output of our mist generators, it is possible that they

may not have produced enough mist for a valid experiment. Therefore, even though this

result exhibited a minor power increase from the control experiment without the emulated
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mist, it still needs to be considered inconclusive. Nonetheless, this result indicates that

data from this radar will likely require considerable post-processing for relevant use in field

deployment, which is expected to be a noisier environment. These and other post-processing

details are presented in Section 4.4.

4.3 Integration and Deployment Strategy

To address the abovementioned need for high-resolution precipitation and obscuration mea-

surements in low-altitude wintry precipitation environments, this dissertation endeavors to

develop a WxUAS remote measurement system based on the TI AWR2243. Given the in-situ

characteristics of the other sensors integrated into this dissertation’s WxUAS and the limited

range of the TI AWR2243, the design proposed in this chapter deploys the TI AWR2243 as

a vertically pointing radar. This strategy enables the radar to generate localy meaningful

measurements that can be correlated with the in-situ measurements to produce insight into

the low-altitude wintry precipitation environment.

For example, the vertical radar beam can be used to create a proxy relationship between

the detected hydrometeors’ Doppler velocity and their fall velocity. In low wind cases,

where the hydrometeors fall in a primarily vertical trajectory, their Doppler velocity toward

the radar is mostly attributed to their fall velocity. By fusing the hydrometeors’ velocity

spectrum with wind speed and temperature, it is possible to infer the hydrometeors’ phase

(i.e., precipitation type). More details on these multi-modal data fusing techniques will be

given in Chapter 6.

Furthermore, employing a vertically pointing Phased Array Radar (PAR) removes the

necessity for an active gimbal to compensate for aircraft motion. This is achievable because

only the aircraft’s pitch and roll influence its measurements. By utilizing the WxUAS’s

ability to detect wind direction, the system can align with the wind (i.e., function as a wind

vane), thereby minimizing any wind-induced roll during the multirotor’s profiling flight.
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Wind-induced pitch variations can be addressed through the TI AWR2243’s scanning strat-

egy, which encompasses multiple angles (see Fig. 4.4), and by applying digital beamforming

techniques during post-processing (more details are available in Section 4.4.1).

Figure 4.4: Illustration of the multiple angles scanned by the TI AWR2243 PAR, which can
be leveraged to compensate aircraft motion in pitch.

Configuring the TI AWR2243’s frequency, chirp characteristics, ADC, and other opera-

tional parameters, the radar operated with a theoretical range of 225m and an approximate

0.5m range resolution. In this configuration, the TI AWR2243 also measured unambiguous

maximum velocities up to 26m s−1 with 0.2m s−1 resolution. To reduce the amount of data

produced by the system, scans were performed every 9 s during atmospheric profiles with an

approximately 3m s−1 ascent rate. This sampling strategy produced a new scan every 27m,

which can be concatenated in post-processing to produce a 0.5m range resolution reflectivity

and Doppler velocity profile from the ground to 225m above the WxUAS’s flight ceiling.

While the vehicle depicted in Fig. 4.4 is the StormTrooper, which is this dissertation’s

platform design, optimized for data collection in the harsh conditions of the low-altitude

wintry precipitation environment (detailed in Chapter 5), it is important to emphasize that

the concepts proposed in this chapter’s remote measurement system design are applicable
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across different platforms. This cross-platform feature is illustrated in Fig. 4.5, which shows

this chapter’s remote measurement system design partially integrated into Oklahoma State

University’s multi-rotor testbed (i.e., the Skateboard). Although not fully implemented

within this dissertation’s scope, this technology is also available for deployment in fixed-wing

UAVs with minor aerodynamic modifications. A fixed-wing deployment illustration is also

offered in Fig. 4.5. It represents one of this dissertation’s early vehicle design considerations.

Figure 4.5: Illustration of cross-platform application of this chapter’s proposed remote mea-
surement solution. Images on the top detail the integration into Oklahoma State University’s
Skateboard, and the bottom image depicts a conceptual design for fixed-wing deployment.

Given the significant storage requirements for the data generated by the TI AWR2243,

along with its API’s reliance on an MS Windows Dynamic Link Library (DLL), it was not

possible to implement a direct flight controller integration as done for the in-situ measure-

ment sensors. Instead, the chosen software integration strategy involved utilizing an external
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computer to manage the TI AWR2243. For more details on the advantages and disadvan-

tages of each integration method, please revisit Section 3.3.

The physical integration of the TI AWR2243 into both multi-rotor aircraft presented

considerable challenges because the weight of the TI AWR2243, its companion single-board

computer, and wires did not allow for extra weight to be used to safeguard these sensitive

electronic components from precipitation. To solve this challenge, a 50 g, 3D-printed en-

closure was designed using a low-density biodegradable thermoplastic and a 0.25mm thick

Teflon PTFE radome. This material is simple to use, lightweight, and well-characterized in

the literature [73, 74]. Therefore, it is not recharacterized in this dissertation.

The radome design, placed at three wavelengths above the radar’s antenna, follows an 80

by 80mm, flat, rectangular pattern in accordance with Texas Instruments’ recommendations

[75]. However, a flat radome will accumulate water over time in a precipitation environment.

To eliminate this accumulation, the enclosure’s lid was manufactured in three parts: the

base, the Teflon PTFE film, and a radome frame, as shown in Fig. 4.6. The frame was

given a 2◦ tilt angle to create a slope towards the lid’s edge, while the frame curves over the

lid’s edge, attaching to the base’s edge below the Teflon PTFE film. This slopped, edgeless

design allows water to drip over the radome’s top edge as soon as its accumulation achieves

the critical level necessary to break the surface friction with the Teflon PTFE film.

Figure 4.7 illustrates this principle well, with an example taken from one of the deploy-

ments at Storrs (CT) during the MAI2S field campaign (detailed in Chapter 7). In this

illustration, it is possible to note the accumulation of much larger water drops in the flat

portion of the enclosure’s lid than in the slopped, edgeless radome. As mentioned, small

drops will persist due to the friction caused by the Teflon PTFE film’s roughness. Once the

drops accumulate and become larger, they slide over the edge.

Another relevant physical integration design aspect worth highlighting was the use of a

3D-printed support to mechanically attach the TI AWR2243 to the aircraft. This support

was manufactured using a variable-density polyurethane-based thermoplastic (TPU). This
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Figure 4.6: Illustration of the 3D-printed radar enclosure lid with a slope to remove precip-
itation accumulation from the radome.

variable density characteristic enables the manufacturing of complex shapes with varying

stiffness properties across them. Figure 4.8 depicts how this material was used to manu-

facture a partially flexible, floating raft to support the TI AWR2243. This suspended and

partially flexible raft creates a vibration-dampening effect that decouples the TI AWR2243

from the motor-induced vibrations commonly found in multi-rotor UAVs.

4.4 WxUAS Radar Post-Processing Algorithm

The TI AWR2243’s versatility and low size, weight, and power make it a suitable radar

for deployment as part of a multi-sensor WxUAS. Additionally, the encouraging chamber

experiment results (shown in Section 4.2) indicate it has the potential to provide important

insight into hydrometeor reflectivity and fall velocity in the mixed-phased low-altitude pre-

cipitation environment. Nonetheless, these results also indicate that its successful WxUAS

integration requires considerable additional development. After all, the TI AWR2243 was
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Figure 4.7: Illustration of the effectiveness of the slopped, edgeless design used in the
lightweight radar enclosure.

originally developed as an anti-collision automotive radar, making its use as a weather radar

and as part of a WxUAS remote measurement solution a considerable deviation from its

intended application.

Consequently, the algorithm necessary to process its raw data into meaningful weather

data involves several steps. Some of these steps follow conventional radar post-processing

techniques (e.g., pulse compression and thresholding), while others are necessary due to the

specific design choices in this Texas Instruments product. In addition to these steps, the

unique challenges created by deploying the TI AWR2243 as a vertically-pointing mmWave

PAR on a WxUAS require a set of sub-algorithms specifically developed for this dissertation.

The following subsections highlight three of these sub-algorithms and detail their impact on
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Figure 4.8: Illustration of the TPU-based suspended raft used to decouple the TI AWR2243
from motor-induced vibrations commonly found in multi-rotor UAVs.

producing meaningful weather radar data.

4.4.1 Aircraft Motion Compensation

The first step in processing field-collected data from airborne operations in a vertically

pointing configuration is compensating for the aircraft’s motion. This dissertation’s motion

compensation strategy is divided into three components: the physical integration of the TI

AWR2243 into the WxUAS, the flight pattern used during data collection, and the post-

processing software. Due to the thoughtful design of the first two strategies, the post-

processing algorithm discussed in this subsection can rely on a few assumptions, allowing for

a considerable simplification of its implementation.

As detailed in Section 4.3, the TI AWR2243 mounted on an elevated variable-density

polyurethane-based thermoplastic raft to dampen vibrations from the aircraft’s motors and

minor flight corrections. Additionally, the aircraft always faces the incoming wind, thereby

eliminating wind-induced roll. Combined, these two strategies limit external flight distur-
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bances to the aircraft’s motion to its pitch axis (see Section 4.3 for more details). Moreover,

all field deployment data in this dissertation’s scope was collected using multi-rotor profiles

with constant ascent rates over a fixed point on the surface and the radar in a vertically

pointing configuration.

Under these integration and operational conditions, it is reasonably assumed that the

Doppler velocity correction may be simplified to subtracting the aircraft’s instantaneous

vertical velocity (i.e., velocity in the Z axis on the earth’s reference frame) from the reported

Doppler velocities. It is also reasonable to assume that digitally formed beams can be

produced at zenith to ensure the beam remains perpendicular to the surface (i.e., parallel to

the Z axis on the earth’s reference frame) based solely on the aircraft’s pitch angle.

The aircraft pitch correction is applied when the radar’s data cube is being constructed.

Since the TI AWR2243 has four receive antennas separated by λ/2 (i.e., half of a wavelength),

the phase compensation term

ej2π
dsin(θ)

λ ,

where d is each antenna’s subsequent distance from the first receiver antenna and θ is the

aircraft’s pitch angle, becomes

1, ejπsin(θ), ej2πsin(θ), and ej3πsin(θ),

for each of the four receive channels. After this phase correction in each channel, the cube is

compressed into a pulse-range matrix by adding all Rx channel data into a single dimension.

Since this step occurs during the data cube’s construction, all data shown in this section

already has this correction applied. This pitch angle assumption and correction algorithm

were validated with a small set of experiments in which a metal pole was placed broadside to

the radar (i.e., head-on) and at a 60-degree angle, both at a distance of approximately 10m

from the radar. Details of the experimental setup and results are provided in Appendix D.
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4.4.2 Synthetic Long Exposure

During the chamber experiments, detailed in Section 4.2, initial data post-processing in-

dicated that small-diameter precipitation would be challenging to discern from the radar’s

noise. Given this dissertation’s interest in freezing drizzle, adopting a strategy to increase the

signal-to-noise ratio (SNR) became paramount. This dissertation’s strategy to address this

issue comprises a data collection and post-processing technique to increase signal strength

and a post-processing technique for reducing noise. This subsection details the former.

To enhance the detection of small-diameter precipitation droplets, this dissertation’s

WxUAS remote measurement design leverages a few characteristics of the TI AWR2243.

As an FMCW radar, the TI AWR2243 provides the user with the flexibility to configure

several parameters within a chirp (i.e., a frequency-modulated pulse). Additionally, its API

allows the user to pre-program chirps with different configurations and string them in a

predetermined sequence. These sequences can then be repeated a predetermined number of

times to form a frame. Furthermore, frames can be repeated a set number of times with

adjustable periodicity for each data capture command. Each frame produces a radar data

cube with range, pulse, and Rx antenna dimensions.

Within the scope of this dissertation’s remote measurement design, the TI AWR2243 was

deployed with a single chirp configuration, 255 pulses, capturing four frames per command,

with a 40µs interval between frames. In this configuration, the TI AWR2243 operated with a

theoretical range of 225m and an approximate 0.5m range resolution. Its unambiguous max-

imum velocity was 26m s−1 with 0.2m s−1 resolution. A new capture command was issued

every 9 s, generating four new frames every 27m. More details on the radar’s configuration

and an illustration of the chirp parameters can be found in Appendix C.

This configuration provides enough resolution in range and velocity to capture the nu-

ances in the fall dynamics of different precipitation types and intensities. Given the expected

homogeneity of winter precipitation within time and space scales of a few hundred meters

and seconds, this configuration also produces a considerable amount of data overlap that
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enables post-processing techniques to enhance the targeted nuances. This overlap occurs in

two dimensions. The first is in range, where sequential 27m data captures with a 225m

range produce a 198m range overlap. The second is within the four frames in each capture

command because under the homogeneity assumption, the 160 µs between the four frames

can be considered instantaneous.

Unfortunately, field deployment data indicated that the TI AWR2243’s effective range

for rain was under 50m, and its range for smaller precipitation was below 20m. This limited

effective range is understandable considering the TI AWR2243 was designed to be a small,

lower power, cost-effective tool to detect large objects (e.g., cars and walls). Nonetheless, this

limited range eliminates the possible exploitation of the range data overlap. Additionally,

timing and synching stability issues associated with the same radar’s characteristics and

the potential minor errors from the motion compensation strategies create a small level of

incoherence between frames. This incoherence prevents SNR improvements through a simple

frame-averaging operation. For this reason, the Synthetic Long Exposure (SLE) algorithm is

proposed here as an alternate solution to enhance the power received from small precipitation

droplets.

The SLE draws inspiration from the integrative measurement approach used in rain

gauges, as well as the commonalities between radar data collection and photography, which

have also inspired other radar data collection techniques (e.g., synthetic aperture radar). In

low-light photography, a camera’s shutter speed can be reduced to expose its film (or charged-

couple device) to more light, revealing previously uncaptured targets. This technique is

known as Long Exposure. Within the algorithm proposed here, the four frames in each

data capture are combined to artificially mimic a long exposure, consequently enhancing the

detection of small droplets. Hence the name Synthetic Long Exposure.

SLE is implemented by retrieving the highest power received by each range gate and

velocity pair (i.e., pixel) in each frame to produce a new frame representing the cumulative

effect of a particular capture command. That is, for each range and velocity pair in the
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synthetic fifth frame’s range-Doppler map, the same range and velocity pair is then evaluated

in all four frames. The maximum power value found in all four frames for that particular

range-velocity index is then copied to the synthetic frame.

Although a detailed study regarding the impact of the SLE on the precipitation sig-

nal properties was not conducted within this dissertation, impacts in range, velocity, and

spectrum width are not expected. They are not expected because considering the low inter-

frame coherence issue usually only affects a small number of individual pixels in each frame,

all frames maintain the precipitation properties of range and velocity. Consequently, the

synthetic frame should maintain these characteristics. However, even in cases where a par-

ticular frame does not hold these properties, the values in the other three will still produce a

synthetic frame that is representative of the precipitation conditions, making the algorithm

robust for operational deployment.

To aid this discussion and illustrate the working principles of this concept, let us consider

an example taken from an atmospheric profile performed by this dissertation’s WxUAS

during the MAI2S field campaign (see Chapter 7 for more details). In this example, the

WxUAS was profiling a drizzle event from the surface to 250m AGL. Figure 4.9 presents the

four range-Doppler maps for each frame of a particular capture command during the profile.

As expected, all four frames present similar minimum, mean, and maximum velocities, as

well as overall range and average power. However, each frame presents a slightly different

shape for its detection cluster.

Although each frame maintains the desired precipitation characteristics, these minor

detection variations prevent the use of a simple averaging technique to improve SNR. This

occurs because, between frames, the power for a range-velocity pair (i.e., pixel) can move

to a neighboring pixel, making the power of the original pixel lower, or even zero, for that

particular frame. Consequently, averaging a low-power pixel can greatly reduce the average

power for that pixel in the synthetic frame. To counter this effect, the SLE algorithm takes

the maximum power for a given pixel across all frames. The result of this operation can
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Figure 4.9: Range-Doppler map for the four frames of an atmospheric profile during a
drizzle event at the MAI2S field campaign. The data presented here includes the aircraft
compensation algorithm.

be seen in Fig. 4.10, where the drizzle signal is much more pronounced than in each of the

previous frames.

Comparing each frame in Fig. 4.9 with the partial synthetic frame in Fig. 4.10, it is pos-

sible to note that this technique potentially worsens the already elevated noise floor in each

frame. This occurs because the technique is applied to all pixels indiscriminately. Applying

a noise floor threshold to the partial SLE frame produces the range-Doppler map shown

in Fig. 4.11, in which the characteristics of the initially faint drizzle detections are much

more pronounced. However, even after the threshold, the remaining noise presents higher

values than potential drizzle detections. This is exemplified by the two highlighted pixels

in Fig. 4.11, where the potential drizzle that is clustered with all higher power detections

produced a 7.55 dB return and the noise on the upper right corner presented an 8.83 dB

return.

Although this high noise level is scattered and has a diminished impact on human (i.e.,

visual and qualitative) evaluation of the collected data, it presents a considerable challenge
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Figure 4.10: Range-Doppler map for an atmospheric profile during a drizzle event at the
MAI2S field campaign. The data presented here includes the aircraft compensation and the
SLE partial algorithms.

for automated calculations of relevant statistics (e.g., power, velocity, and spectrum width),

as illustrated in Fig. 4.12. Comparing the results in Figs. 4.11 and 4.12, which hold the

same information, the quantitative evaluation issues become evident. The perceived range

(i.e., altitude above the radar) of precipitation seems to be reduced from 30 to 20m, and the

velocity and its spectrum width become undescriptive above 25 and 18m.

88



Figure 4.11: Range-Doppler map for the same drizzle event presented in Fig. 4.10 after the
use of the motion correction, partial SLE, and a 5 dB threshold.
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Figure 4.12: Example of the noise-induced challenge for programmatic calculations of rele-

vant statistics, using the data displayed in Fig. 4.11.
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However, a closer analysis of the original frames (Fig. 4.9) indicates that this issue was

already present in the raw data. This is particularly evident when examining the potentially

aircraft-induced noise on the pixels near 10m and positive 7.5m s−1 (which would indicate a

hydrometeor falling upwards). This particular noise feature is present in all four frames and,

consequently, in the synthetic frame. In addition to preventing the effective use of a threshold

technique, these higher-power noise signals also prevent the use of power-weighted velocity

calculations. For these reasons, besides the SLE technique, the use of the TI AWR2243 for

weather applications also requires an algorithm capable of discerning these characteristics

and selectively removing noise. Hence, this dissertation also proposes the Context-Dependent

Noise Reduction algorithm, which is detailed in the following subsection.

4.4.3 Context-Dependent Noise Reduction

As discussed in the previous subsection, the TI AWR2243 produces considerable noise that

hinder its ability to detect smaller-diameter precipitation, such as drizzle. Nonetheless,

applying the SLE algorithm to the TI AWR2243 data produces a result in which, through

context, the targeted precipitation is human discernable. For example, given the radar’s

vertically pointing beam, all precipitation is expected to present negative Doppler velocities

(i.e., toward the radar). Considering the precipitation homogeneity assumptions in the time

and space scales sampled (see Section 4.4.2 for more details), it is also reasonable to expect

that precipitation will be clustered around a mean velocity characteristic of the sampled

precipitation type. Even in mixed-phase precipitation events, it is reasonable to expect the

velocity distribution to be continuous, without large jumps in value.

In addition to these contextual cues, the example given in Fig. 4.11 indicates that the

TI AWR2243’s relatively high-powered noise is scattered. At the same time, the faintest

possible drizzle detections are clustered around high-powered precipitation detections near

a characteristic mean velocity in the range bins near the radar. In this example, there are

a considerable number of 5 to 10 dB potential detections clustered around the 15 to 20 dB
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drizzle detections at approximately −2.5m s−1, 2 to 10m above the radar.

In light of these contextual and clustering characteristics, one potential solution could

involve limiting data processing to the range bins closest to the radar for a certain range

of negative velocities. However, considering the variability of range, velocity, and spectrum

width within different precipitation types, hard coding such rules becomes challenging. Given

the contextual cohesiveness of the data, which leads the low-power-level data to cluster

around the high-power-level detections that are representative of the mean Doppler velocities

of detected hydrometeors, the solution lies in developing a context-dependent method to

identify precipitation detection clusters that can dynamically adapt to each precipitation

scenario. Such identification enables the elimination of wanted noise and, consequently, the

correct calculation of the desired precipitation metrics.

Leveraging the range and velocity context of the range-Doppler map, the radar data can

be interpreted as an image, where range bins and velocities represent a matrix of pixels.

Converting thresholded power into a simple “yes or no” indication of data creates a binary

(i.e., black and white image) that retains only the original data’s contextual cohesiveness.

Traversing the binary image pixel by pixel and evaluating each pixel’s connectedness to the

surrounding pixels, clusters of pixels can be identified. For the TI AWR2243’s data, the best

connectedness results were obtained using an 8-connect mask.

Once the clusters are identified and their size can be calculated, context-dependent deci-

sions can be applied to the data (e.g., keeping only the largest cluster). Additional examples

within the vertically pointing radar data context include, but are not limited to, removing

clusters that represent velocities of hydrometeor falling upwards and removing zero velocity

clusters in range bins near the radar (i.e., clutter). After applying these or other sets of rules

to the binary cluster map, the “pixel positions” of each member of the remaining clusters

can be used as a mask to filter the original data, thereby restoring its initial information.

In the case of a TI AWR2243’s range-Doppler map, restoring power, velocity, and altitude

above the radar (i.e., range).
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To illustrate the algorithm’s robustness and its working principles, Fig. 4.13 presents an

example of Context-Dependent Noise Reduction in a simple context. This example presents

the data of a binary 20 by 20-pixel matrix. Although simplified, this example presents a

more challenging algorithmic case because the noise and data are both represented by the

binary digit “1”. Therefore precluding the application of a threshold or other traditional

noise reduction algorithms.

In this example, the meaningful information, the word “HELLO”, does not have a pre-

cise mathematical description, yet it has a very explicit contextual meaning. By evaluating

pixel clustering or connectedness with the same 8-connect mask, it is possible to identify the

largest cluster, the one that composes the word, and eliminate all other clusters. Recovering

the original information with the resulting cluster map yields a clean word except for one ad-

ditional noise pixel connected to the top of the second letter “L”(identified by the red circle).
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Figure 4.13: Example of Context-Dependent Noise Reduction Algorithm in a simplified
context. The left panel presents the binary 20 by 20-pixel matrix with the word “HELLO”,
and the center panel presents the original and added noise. The right panel presents the
noise-reduced recovery results. The red circle indicates a noise pixel that was not cleaned.

Besides indicating the algorithm can remove over 90% of the noise, these results also

suggest that any leftover noise will be connected to the desired feature, producing only minor

deviations. Within the context of precipitation data for the WxUAS, these minor deviations

are not expected to impact the mean hydrometeor fall velocities, potentially manifesting

themselves only as minor errors in the spectrum width. To verify these assumptions, the

SLE and Context-Dependent Noise Reduction algorithms are applied to the same drizzle case
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used as an example throughout this discussion (see Figs. 4.10 and 4.11) and to an additional

rain case from the same day. Figure 4.14 presents the final range-Doppler map, mean velocity

profile, and velocity distribution profile for the discussed drizzle event. Figure 4.15 presents

the range-Doppler map, mean velocity profile, and velocity distribution profile for the new

rain event.

The differences between the two cases align with the expected theoretical distinctions

between rain and drizzle. For instance, the denser grouping between drizzle hydrometeors

resulted in greater attenuation, limiting the radar’s range to less than 25m. In contrast,

the more sparsely distributed and larger raindrops caused less attenuation and produced

stronger returns, extending the range to nearly 50m range. The velocity results further

support this distinction. The rain case produced faster fall velocities (exceeding −6m s−1)

over a broader range (−9 to −4m s−1), while the drizzle produced more uniform and slower

fall velocities (with a mean around −3m s−1, ranging from −4 to −1m s−1).

Beyond demonstrating the robustness of the three post-processing algorithms proposed

in this dissertation to produce meaningful data and enable the calculation of key metrics,

the results shown in Figs. 4.14 and 4.15 also highlight the attainment of the overarching

goal to development of WxUAS remote measurement design for the winter precipitation

environment, which is to detect and distinguish different precipitation types. Additional

supporting cases are presented in Chapter 7 along with a comparison to other colocated

observation systems, including micro-rain radars. Nonetheless, before the discussion on the

field deployment results, Chapter 5 offers a detailed discussion on the aircraft design that

enables these measurements.
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Figure 4.14: Illustration of the final range-Doppler map and velocity and distribution profiles
using the motion compensation, SLE, and Context-Dependent Noise Reduction algorithms
for the same drizzle event presented in Figs. 4.10 and 4.11.
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Figure 4.15: Illustration of the range-Doppler map and velocity and distribution profiles
using the motion compensation, SLE, and Context-Dependent Noise Reduction algorithms
for a new rain event.
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Chapter 5

Unmanned Aerial Vehicle Design

“Innovation is not born from mere ideas but from the ability to turn those

ideas into reality”

Attributed to Clarence “Kelly” Johnson

The concept of airborne weather observations is not new. In fact, circa 1945, the U.S.

Congress mandated a multi-agency meteorological study to investigate the causes and char-

acteristics of thunderstorms. To implement these observations, the Weather Bureau, the

Army Air Force, the Navy, and the National Advisory Committee for Aeronautics leveraged

the Northrop P-61 Black Widow, the first U.S. military aircraft designed specifically to carry

a radar. Besides the radar, the research Black Widow carried instruments for temperature,

icing, and precipitation measurements. Additionally, it had provisions to record its posi-

tion and altitude, making it a pioneer as an airborne multi-sensor atmospheric observation

platform [28].

Over the years, the demonstrated value of airborne measurements stimulated the creation

of new airborne research groups and research aircraft. For instance, the National Science

Foundation (NSF) established the Research Aviation Facility, which operates the HIAPER
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GV, a Gulfstream V, and a Lockheed C130. Both platforms carry various scientific payloads

as part of the NSF’s Lower Atmosphere Observing Facility. In winter weather and aircraft

icing research, the Canadian National Research Council instituted a multi-purpose flying

laboratory based on a twin-engine Convair 580 aircraft. This aircraft supports a multitude

of atmospheric studies, including cloud physics, cloud chemistry, and aircraft icing. In the

past five years, this aircraft supported the In-Cloud Icing and Large-drop Experiment and the

Investigation of Microphysics and Precipitation for Atlantic Coast-Threatening Snowstorms

field campaigns.

Two common traits found in these examples are the systems’ ability to carry all the

necessary instrumentation and, most importantly, their ability to do so safely through haz-

ardous environments. Although these systems do not operate in the atmosphere’s lowest

few kilometers due to crew safety reasons, particularly when aircraft icing risks are present,

their general approach to tackling the airborne measurement challenge can still inform and

inspire WxUAS observations. In this dissertation, this is particularly true because the pro-

posed WxUAS for low-altitude wintry precipitation observations also adopts an integrated

multi-sensor approach, combining novel remote and in-situ measurements, much like the

P-61 Black Widow in project Thunderstorm.

While the design solutions discussed in Chapters 3 and 4 are intentionally cross-platform

to encourage broader adoption by other WxUAS researchers and commercial operators,

this chapter presents an aircraft design that integrates them into a cohesive multi-sensor

observation system for data collection in the challenging conditions of low-altitude wintry

precipitation environments. Therefore, serving as a practical demonstration of the combined

potential of the measurement design concepts and the novel data generated through their

implementation. Furthermore, since the design process followed a top-down approach, where

measurement quality, safety, and operational requirements guided each decision, the resulting

vehicle offers modularity, flexibility, and scalability. As such, the proposed aircraft can also

be viewed as a generalized WxUAS technology demonstration platform.

97



5.1 Platform-base Selection

Although the aforementioned manned systems are adaptations of commercial and military

aircraft used as a measurement platform, the lower cost and design complexity of UAVs al-

low for custom aircraft designs that prioritize sensor integration for improved measurement

quality while enduring the harsh conditions of the low-altitude wintry precipitation environ-

ment. Given the diverse locations and conditions of field deployments in this type of research,

design decisions are heavily influenced by operational constraints and flight patterns.

The variability in field deployment conditions for this research requires an aircraft that

is small and can be easily loaded and unloaded for travel or redeployment. To accommodate

the sensor integration requirements for this research and its weight, a fixed-wing UAV would

require a 1.8 to 2.5m (6 to 8 ft) wing span. To support the same payload, a multirotor could

have propeller discs as small as 0.25m for an equivalent wing span of 0.75m (approximately

2.5 feet). Besides increasing storage and transportation convenience, a smaller aircraft can

be kept fully assembled and flight-ready, eliminating the risks of human errors during field

assembly, whereas a larger aircraft often needs to be disassembled for transportation and

reassembled before flight.

Additionally, these locations may often be unfavorable for flight operations, with nearby

power lines, tall trees, or structures (e.g., water towers, buildings, antennas). Consequently,

a small operational footprint is desired. A small UAV that can vertically take off and land

requires a small surface area and a small unimpeded volume near the surface to clear nearby

obstructions, allowing it to operate in more locations. Although some fixed-wing UAVs have

Vertical Take Off and Land (VTOL) capability, they require larger unimpeded volumes near

the surface due to higher position-drift potential in windy conditions (common in winter

weather storms). Due to their smaller size, multirotors are often more proficient at holding

a surface relative position, making their operation safer in obstructed environments.

Considering the measurement design choices discussed in Chapters 3 and 4, particularly

the choice to deploy the radar pointing upwards (toward the falling precipitation), the ideal
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flight pattern for these measurements is a profile (see Chapter 2 for definition). Although

both fixed- and rotary-wing UAVs can perform profiles, fixed-wing profiles require either a

spiral or stepped ascent. These two flight paths require a circular motion around a center

point. Given that a fixed-wing UAV always faces its flight direction, this leads the aircraft to

alternate between facing and not facing the incoming wind. Additionally, given the strength

of the incoming wind, the times spent on the upwind and downwind legs of the circular path

are not equal. Even though spirals and stepped ascents can be post-processed into profiles,

the mentioned flight characteristics often have reduced their sampling uniformity compared

to multirotor profiles.

In addition to the sampling uniformity issue, spiral and stepped ascents also require a

larger footprint for airspace geofencing. This larger footprint can make the FAA altitude

waiver requests more challenging, particularly because in high wind conditions, fixed-wing

UAVs present a higher risk of drifting from the profile’s center point. Another concern of

fixed-wing UAV operations in high winds is the increased surface and aerial footprints in the

event of a critical malfunction. As they are aerodynamic systems, they may be kept aloft by

the wind and be carried over longer distances on the surface.

Winter precipitation events can occur at any time and location; hence, team availability

becomes a critical component of operational readiness. Therefore, a critical vehicle opera-

tional constraint is its pilot skill level requirements. The easier an aircraft is to pilot, the

more people can be trained on it, more team composition flexibility is achieved, and more

operational readiness is attained. Because multirotors do not have moving control surfaces,

their flight control hardware and software are more advanced, leading to a more automated

aircraft that requires a less skilled pilot.

Considering all the points presented in this section, a multirotor concept was selected

as the base platform for the final aircraft design developed to support and demonstrate the

WxUAS proposed in this dissertation. Although multirotor platforms better accommodate

this research’s requirements, the operational and flight characteristics that make it advan-
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tageous can also represent challenges for airborne atmospheric measurements. For instance,

multirotors cause more mixing and disturbances of the sampled atmosphere (as discussed

in Section 2.3), and their reduced aerodynamic stability makes them more susceptible to

icing-induced malfunctions and provides reduced flight endurance. However, these issues

have well-known mitigation strategies in the aircraft and integration design, which will be

addressed in the following sections.

5.2 Winter Weather Requirements

The low-altitude winter precipitation environment presents considerable hazards for small

autonomous aircraft. These hazards include but are not limited to, water incursion from pre-

cipitation, aircraft icing, high winds with even higher gusts, cold temperatures, and reduced

visibility. Therefore, an aircraft designed to support atmospheric sampling in this environ-

ment must account for these conditions while minimizing the platform-induced measurement

interferences discussed in Chapter 2.

Besides the obvious threat to electronic components, water incursion from precipitation

can accumulate inside the vehicle, changing its overall weight. This in-flight weight change

can hamper the flight controller’s ability to interpret the aircraft response, leading to a

catastrophic system failure. This can occur because the Proportional–Integral–Derivative

(PID) control algorithm requires a set of pre-determined tuning parameters, which take into

account the aircraft’s mass, to correctly give inputs to the motors to react to environmental

disturbances (e.g., wind gusts) while performing the desired maneuvers (e.g., move from

point-A to point-B).

In liquid form, accumulated precipitation can shift inside the aircraft, creating a delayed

center of mass shift that further hinders the efficacy of the PID controller. Additionally, be-

cause the aircraft will ascend through the atmosphere, it can transport this ingress precipita-

tion to below-freezing temperatures. Aside from potentially affecting electronic components
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with above-freezing operational temperature requirements, the expansion in ice formation

can internally weaken or damage the airframe. Consequently, a small autonomous aircraft

designed for this environment must be waterproof. However, as a research craft, it cannot

be permanently sealed, and it must also allow easy access to its main components.

In the mixed-phased wintry precipitation environment, aircraft icing can also take place

when SLW or SLD come in contact with the airframe. In the case of multirotors, this is more

problematic when this contact occurs with the propellers. Ice formation on the propellers

can increase drag and reduce lift, consequently reducing thrust. It can also produce vibra-

tions that induce errors in the aircraft’s PID controller. Although flight control algorithms

have been progressively improved to recognize and mitigate PID degradation caused by ice

accretion, non-uniform ice shedding from the propellers continues to pose a significant chal-

lenge. In such cases, the mass of large accretions causes them to be suddenly ejected from

the propeller due to its rotation.

When this ejection takes place on only one (or two) of the multirotor’s propellers, the

now ice-free propeller spins much faster than the others, creating errors in the PID calcu-

lations. From an aircraft design perspective, there are limited options for mitigating this

issue. For instance, an increased thrust-to-weight ratio and redundant motors and electronic

speed controllers may delay performance diminishment, allowing the pilot to maneuver out

of the condition. Special anti-icing coating and heated propellers may reduce ice accretion.

However, given these strategies’ limitations and potential impact on the weather measure-

ment, the most effective approach to managing this challenge remains operational practices

that minimize exposure time to such conditions.

Albeit wintry precipitation can happen under a variety of conditions, the mixed-phased

scenarios that are of most interest for this research are often associated with winter storms

and the temperature and pressure gradients seen on their leading and trailing edges. Also

associated with this environment are strong winds with even stronger wind gusts. Within this

environment, the winds created by the Low Level Jet (LLJ) are often the most hazardous.
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For a WxUAS performing an atmospheric profile, the LLJ represents a sudden increase in

mean and gust wind speeds found only a portion of the flight path. Therefore, the pilot

can be surprised by these conditions that can overwhelm the aircraft’s ability to hold its

position.

Regarding aircraft design, an airframe with low drag and a motor-propeller combination

for high revolutions per minute is a well-known solution to counter high winds and strong

gusts. However, such a design is antagonistic to a WxUAS that favors clean airflow over the

sensors and has to carry multiple heavy sensors while ascending slowly to mitigate sensor

time-response issues and increase sampling resolution. Therefore, a compromise must be

determined considering the desired profile height (1.500m, approximately 5,000 ft), ascent

velocity (2m s−1, see Chapter 2 for justification), maximum wind speed (30m s−1, approxi-

mately 60 mph), sensor payload capacity (2 kg).

The cold temperatures experienced in the wintry precipitation environment can impact

the performance of the flight controller and other electronic components. It also has a

well-known negative impact on Lithium-Polymer (LiPo) batteries. To mitigate these tem-

peratures, the aircraft design must provide some form of insulation to the components, which

allows them to self-heat. The battery selection must have a total capacity that considers a

potential voltage drop and still allows the pilot to perform an emergency landing. Addition-

ally, operational practices should keep the aircraft in a heated environment between flights

to avoid unnecessary exposure to the elements.

Finally, the presence of low-altitude clouds, mist, drizzle, or fog can severely hinder

the pilot’s ability to visualize the aircraft, particularly considering its desired small size for

transport and reduced operational footprint, as discussed in the previous section. To mitigate

this issue, the proposed aircraft design should leverage illumination patterns adopted by

manned aircraft and color schemes that favor aircraft orientation from the remote pilot’s

perspective on the ground.

Although this is a research prototype, the design should be robust and resilient, support-
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ing serviceability and many deployments with the same unit. This is important due to the

time-intensive system characterization procedures necessary for meaningful measurements

(see Chapter 2 for details) and the comparability of results across deployments.

5.3 Aircraft Design

To meet the requirements outlined in the previous sections, the aircraft design process fol-

lowed a top-down approach, where measurement quality, safety, and operational needs guided

the airframe design. Balancing these three, at times conflicting, requirements, this section

details the design decisions and critical features necessary to produce a multirotor WxUAS

for atmospheric sampling in the winter weather environment and others.

As discussed in Chapters 2 and 3, minimizing rotor-induced mixing and heating is

paramount for higher-quality in-situ WxUAS measurements. However, for a multirotor de-

sign concept, a higher number of rotors generally increases flight stability, which is much

needed to counter the harsh operational conditions of the wintry precipitation environment.

Considering both requirements, the proposed multirotor design was based on an X-frame

quadcopter concept because it presents the minimum number of rotors needed for inherent

omnidirectional stability. Due to its symmetric thrust vectors relative to the aircraft’s center

of mass, an X-frame quadcopter is equally resilient to wind gust disturbances in the roll and

pitch axes.

Additionally, by increasing the ratio between an X-frame quadcopter’s motor arm length

and propeller size, a considerable gap between the rotors can be created. This gap allows

minimally disturbed airflow over the airframe’s center during vertical ascents, particularly

when facing the incoming wind, enabling the weather sensors to sample the atmospheric

condition with minimal or undetectable interference.

As detailed in Chapter 4, the proposed WxUAS remote sensing design already requires

the WxUAS to perform its atmospheric profiles in windvane mode (i.e., facing the incoming

103



wind). This requirement is based on the mmWave phased array radar’s aircraft motion com-

pensation algorithm, which uses digital beamforming to maintain the necessary assumptions

to operate as a vertically pointing precipitation observer (see Fig. 4.4). For this reason, its

radome needs to have a field of view unimpeded by other aircraft components. Additionally,

the radar’s antenna must correctly align with the aircraft’s pitch axis (see Fig. 5.3).

Based on these radar integration requirements, the aircraft’s overall symmetry was main-

tained by integrating the remote and in-situ sensor enclosures as the topmost elements of

this design in a side-by-side configuration. In this configuration, the airframe body’s length

was determined by the length of the remote measurement’s radome base, and its width was

given by the sum of the widths of the radome base and the in-situ sensors’ outer shield. The

proximity of these measurements resulted in a nearly squared airframe body, maintaining

the design’s overall symmetry. These and other design decisions, further detailed in the fol-

lowing subsections, resulted in the 3-dimensional computer-aided aircraft design illustrated

by Fig. 5.1 (additional views are available in Appendix E).

Given the uncertainty inherent in designing a novel airborne atmospheric observation

system, modularity, flexibility, and scalability were also key considerations to ensure the

design could accommodate future modifications based on insights gained from field deploy-

ments. As a result, manufacturing techniques were intentionally limited to 3D printing, basic

carbon-cutting methods, and the use of commercially available fasteners and sealants.

Within the rapidly prototyped 3D printed parts, Lightweight Polylactic Acid (LW-PLA),

Thermoplastic Polyurethane (TPU), and Carbon-fiber reinforced Polylactic Acid (PLA-CF)

filaments were used to accommodate the different material property needs for this design.

In the case of load-bearing PLA-CF components (e.g., battery holder, motor mount, and

motor arm attachment), the mechanical failure risk was mitigated by printing their layers

parallel to their prominent stress.

The airframe construction followed a straightforward carbon fiber sandwich-structured

composite technique, where two carbon fiber plates secure the four carbon fiber motor arms.
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Remote
Measurement

In-situ
Measurement

Figure 5.1: Isometric view of the 3-dimensional computer-aided design for this dissertation’s
WxUAS technology demonstration platform with the remote (left) and in-situ (right) mea-
surement solutions integrated as its topmost component.

To address the need to shield the flight components from water, the usually hollow space

between the two carbon fiber plates was replaced by a water-resistant custom LW-PLA

flight electronics bay. The stiffness and strength of this carbon-fiber and LW-PLA composite

sandwich structure allowed for the use of lighter and more workable 1mm carbon plates in

place of the traditional 2.5 to 3mm plates. This and other features of this layered composite

structure are illustrated by Fig. 5.2.

Another beneficial feature of designing a WxUAS aircraft in which all flight components

(except for the flight controller) are below the top plate of the composite sandwich structure

is that it naturally accommodates a variety of sensor payloads, making it inherently multi-

purpose. This feature is highlighted in Fig. 5.2, which shows the sensor integration bay as

a replaceable module above the flight electronics bay and the top plate of the airframe’s

composite sandwich structure.
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Figure 5.2: Exploded orthographic front view of the main components in the 3-dimensional
computer-aided design for this dissertation’s WxUAS technology demonstration platform.

Besides promoting modularity, flexibility, and scalability, the simplified and low-cost

construction techniques adopted also enable the widespread adoption of this aircraft de-

sign within the WxUAS research community. Using this dissertation’s Stereolithography

Computer-Aided Design (STL) files, researchers in the community can replicate and uti-

lize this aircraft design in their research with this dissertation’s atmospheric measurement

solutions or their own. Given the potential for aircraft interference in airborne measure-

ments, the broader adoption of this aircraft design as a base platform for WxUAS capability

development and demonstration could lead to its further characterization and increased com-

parability between systems, as well as overall WxUAS data.

Therefore, aside from serving as a practical demonstration of the combined potential of

this dissertation’s atmospheric measurement design concepts and the novel data generated

through their implementation, this chapter’s aircraft design hopes to also serve as a general-

ized WxUAS technology demonstration platform. The critical design features that support
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these statements are further detailed in the following three sub-sections, which detail how

its design features enable enhanced measurement quality, safety, and operational flexibility.

5.3.1 Measurement Quality Features

As previously discussed, to accurately characterize the low-level wintry precipitation envi-

ronment, this dissertation’s remote and in-situ measurement solutions require an unimpeded

path to the incoming air and precipitation that will be sampled. While in a vertical ascent

to perform an atmospheric profile, this unimpeded path is defined as a straight line between

the air above and in front1 of the aircraft and the WxUAS’s sensor integration bay.

For the mmWave radar, an unimpeded path is necessary to eliminate beam blockage, as

well as Doppler noise and clutter effects in the range gates nearest to the radar. Because

the remote measurement design uses digital beamforming to mitigate wind-induced pitch

changes while maintaining the radar beam perpendicular to the surface, its unimpeded path

assumes an elliptical shape above the aircraft along its pitch axis. For the temperature,

relative humidity, and particle size measurements, the unimpeded path is a smaller line

leading to the in-situ sensor outer shield, in which moisture and cloud-sized particles can

travel unaffected to be sampled. Fig. 5.3 illustrates this dissertation’s in-situ and remote

measurement designs with the critical obstruction zones for each measurement properly

highlighted.

While the design choice to position the sensor integration bay at the top of the aircraft

helps provide an unimpeded path from above, it does not fully eliminate the potential for

aircraft-induced measurement errors. As noted in the literature, proximity to the motors or

propeller tips can introduce up to a 1 ◦C bias in temperature measurements [46]. Further-

more, research on optimal placement of sonic anemometers on WxUAS demonstrates that

airflow in this region is accelerated [76], potentially biasing hydrometeor fall velocities near

the radar. Therefore, the propeller distance from the sensor integration bay in the horizontal

1This frontal path assumes the aircraft is capable of detecting the predominant horizontal wind direction
and orienting its nose toward it (i.e., wind vaning, as detailed in Chapter 4)
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Figure 5.3: 3-Dimensional computer-aided design for this dissertation’s in-situ and remote
measurement solutions with the critical obstruction zones for each measurement. (A) Ortho-
graphic top view, with elliptical shading over the radar’s field of view and arrow indicating
the predominant direction for the incoming wind for in-situ samples. (B) Orthographic front
view with the same obstruction regions.

and vertical planes is critical for accurate measurements.

Although previously published research for WxUAS measurements in convective weather

has shown that accurate temperature and relative humidity samples can be obtained directly

below the propellers—at one-third of the distance between the propeller tip and the motor

shaft[46]—or through an unimpeded path behind the propellers with a gap smaller than

half the propeller’s diameter [59], the high sensitivity of precipitation phase to temperature

changes in the near freezing environment may require a more restrictive approach.

For this reason, the modular and flexible precepts in this aircraft design allow the cut-to-

length carbon-fiber motor arms to be replaced to accommodate each application’s prescribed

distance between the sensor integration bay and the propeller tips. To illustrate this con-

cept, Fig. 5.4 shows the aircraft’s orthographic top and front views with red shaded areas

representing the propeller discs and the blue shaded area representing the unimpeded path
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to the sensor integration bay.

A C

B

Figure 5.4: 3-Dimensional computer-aided design illustrating how the aircraft arm length
can be defined based on propeller size to allow an unimpeded path to the sensors. (A) The
aircraft’s orthographic top view with the red shaded areas representing the propeller discs
and the blue shaded area representing the 1.5-propeller diameter clearance from above. (B)
Orthographic front view with the same highlighted regions.

For this dissertation’s wintry precipitation application, the prescribed distances were

estimated by doubling the successful results presented by Greene et. al [46] and were em-

pirically verified via field experiments. For the unobstructed pathway towards the aircraft’s

top, the recommended clearance is at least a 1.5-propeller diameter distance between the

four propeller tips and the center of the sensor integration bay (Fig. 5.4–A). For the front

of the aircraft, at least a 1-propeller diameter clearance between the tips of the two frontal

propeller discs (Fig. 5.4–B).

Finally, in cases such as those encountered in this dissertation’s research, where the

aircraft may need to take off at varying pressure altitudes and temperatures (e.g., in Norman,

OK, or Boulder, CO) within a short span of time, it may be advantageous to accommodate
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different propeller sizes without altering the motor arm length. In such instances, the motor

arm length should based on the largest propeller size. Nonetheless, for increased safety and

transportation convenience, motor arm length minimization should always be attempted.

5.3.2 Safety and Operational Features

As discussed in Section 5.2, water ingress into the aircraft presents a considerable risk to its

electronic components, the airframe, and the flight controller’s PID algorithm. Consequently,

a small autonomous aircraft designed for operations in the wintry precipitation environment

must be water resistant. However, as a research craft, it cannot be permanently sealed,

and it must also allow easy access to its main components. To address these requirements,

the proposed aircraft leveraged LW-PLA compartments, temporarily sealed by overlapping

layers and the abovementioned composite-sandwich structure.

For instance, the LW-PLA flight electronics bay placed between the two carbon-fiber

plates (see Fig. 5.2) was manufactured in two parts: a base and a lid. The lid for the flight

electronics bay was manufactured with two overextending “lips” that superpose the base

outside and inside of it. The practical effect of these overextending “lips” is to create a

2mm recess on the lid to close the flight electronics bay. The seal in this system is given by

the screws in the composite-sandwich structure and its carbon-fiber plates which clamp the

flight electronics bay’s lid and base tower. The clamped overlapping layers from the flight

electronics bay’s lid and base create a water path in which the falling precipitation would

have to travel upwards and back down to enter it, rendering it effectively water-resistant

without sealants.

This same technique was applied to the sensor integration bay’s base, lid, radome, and

in-situ sensor outer shield. These overlapping layers and their sealing effect are illustrated

in Fig. 5.5, which presents a diagonal cross-section cut of the 3-dimensional computer-aided

design highlighting locations where layers and materials are joined.

In addition to this sealant-less water-resistance technique, a method to address the need
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Figure 5.5: Diagonal cross-section view of the aircraft’s 3-dimensional computer-aided design
illustrating the seal-less water resistance design techniques.

to connect the electronic speed controllers (inside the flight electronics bay) to the motors

(outside the airframe) was also implemented in this airframe design. In this method, the

motor wires enter the frame through the PLA-CF motor mount with an “C” shaped bend,

allowing the drip at the bottom bend of this shape. Before entering the carbon-fiber motor

arm, the wire passes a water escape port, which allows any non-dripped water to be caught

in the motor mount and exit it through this downward-facing port (see Fig. 5.5). In the

unlikely event that water droplets remain attached to the wires and enter the carbon-fiber

motor arm, a gap between the motor arm and the flight electronics bay with a secondary

water escape orifice offers another method to eliminate accumulated precipitation.

Figure 5.6 presents a horizontal cross-section of the aircraft’s orthographic top view

highlighting the two water escaping points within the motor arm. It also presents the

LiPo battery connector entrances cut through the bottom of the flight electronics bay and

the bottom carbon-fiber plate in the composite-sandwich structure. Having the batteries’
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male XT-60 connectors enter the female XT-60 connectors on the aircraft from the bottom

eliminates the remaining point for potential water ingress.

Figure 5.6: Horizontal cross-section of the aircraft’s orthographic top view highlighting the
two water escaping points within the motor arm.

Besides water ingress, another considerable risk encountered in the low-altitude wintry

precipitation environment is the risk of aircraft icing. As discussed in Section 5.2, there are

only a few aircraft design strategies to mitigate this risk. Amongst these strategies, an in-

creased thrust-to-weight ratio, as well as redundant motors and electronic speed controllers,

can be applied with a smaller risk of interference with the measurement or a considerable

increase in design complexity. Given the desired scientific payload (defined in Section 5.2

as 2 kg), an increase in the thrust-to-weight ratio can only be attained by reducing airframe

weight or increasing thrust. Considering the airframe was already designed with weight re-

112



duction techniques (e.g., composite sandwich structure), the remaining strategy is an increase

in thrust.

To increase the aircraft’s thrust, either a more powerful propeller-motor combination must

be employed or the number of rotors must be increased. Employing a powerful propeller-

motor combination could require an adjustment of the aircraft’s motor arm length and overall

dimensions to maintain the measurement quality features detailed in Section 5.3.1. Nonethe-

less, adjusting these measurements could impact the aircraft’s operational characteristics.

Increasing the number of rotors implies changing the aircraft’s base concept from a quad-

copter to a hexa- or octacopter. However, the X-frame quadcopter concept selected in Sec-

tion 5.1 combined with the modularity of the 3D printed motor mounts, as well as the

integrated landing gear and battery holder feature in this design, enables the implemen-

tation of an X-Frame co-axial quadcopter concept without any changes to the airframe.

Figure 5.7 illustrates this concept with a partial build of one of this dissertation design’s

early prototypes. In this illustration, the color-coded tapes indicate the spinning direction

of each motor, which is used to confirm the wiring and configuration of the electronic speed

controllers.

Each of the four motor arms is equipped with two motors aligned on the same propeller

axis. Although this configuration does not double the total thrust due to inefficiencies from

the wake of the top motors, it significantly increases the aircraft’s thrust while maintaining

the same footprint as a traditional quadcopter. Consequently, this design avoids introducing

additional heating or mixing regions. In addition to improving the aircraft’s thrust-to-weight

ratio, this approach, when combined with independent electronic speed controllers, creates

an additional layer of safety through redundancy. For example, if the selected propeller-

motor combination in the quadcopter configuration achieves a 2:1 thrust-to-weight ratio, the

co-axial configuration—with its higher thrust-to-weight ratio—would allow the aircraft to

continue flying safely, even if one or two motors fail, enabling it to return to its takeoff point.
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Figure 5.7: X-Frame co-axial quadcopter implementation of a partial version of this design
for increased resiliency against icing.

5.4 Performance Metrics

As presented in the previous sections, the proposed WxUAS aircraft design is modular and

enables many configurations. Within the scope of this dissertation, three iterations of this

WxUAS aircraft design were built, tested, and evaluated. Each iteration rendered impor-

tant lessons that led to all the features presented in this chapter. Figure E.3 in Appendix E

presents all three iterations, including the first, which utilized a rudimentary water shield

resembling a Storm Trooper’s helmet, hence unofficially naming the design from then on-

wards.

Nonetheless, to give the reader an estimate of the proposed WxUAS aircraft’s perfor-

mance, this section presents the performance metrics for the design in its configuration
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used for the MAI2S field campaign (detailed in Chapter 7). In this configuration (shown in

Figs. 5.1, 5.2, 5.4 to 5.6 and 5.8), the aircraft uses four 1250 KV motors on 10-inch pro-

pellers (25.4mm). It uses two 4-cell, 8500mAh LiPo batteries. It has wing span (i.e., a

propeller-tip-to-propeller-tip diagonal length) of 1m and all-up-weight of 5.1 kg. The 25mm

motor arm length produces a 27mm unobstructed path for incoming airflow in the front and

50mm unobstructed path for incoming airflow from above.

Figure 5.8: Two units of the StormTrooper winter precipitation WxUAS built for the MAI2S
field campaign. This configuration represents the baseline for this dissertation’s proposed
WxUAS aircraft design.

As shown in Fig. 5.9, which summarizes the aircraft’s estimated performance, the Storm-

Trooper has a 2.8:1 thrust-to-weight ratio in this baseline configuration. Although the re-

duction in thrust due to propeller ice accretion is not linear, this thrust-to-weight ratio

provides the aircraft with the ability to tolerate some ice buildup before experiencing a loss

of lift. This allows the pilot to perform an emergency landing and recover the system before

a critical failure occurs. Additionally, this configuration also produces a 32m s−1 (71 mph)

top speed, offering the autopilot a substantial throttle margin to handle the wind conditions

within the human pilot’s operational limitations (25m s−1 sustained winds). Finally, the

115



nearly 17 minutes flight endurance enables it to perform atmospheric profiles up to 1500m

(approximately 5000 ft) with a 3m s−1 ascent rate and still land with 40% of battery life

remaining.

Figure 5.9: Performance metrics for the StormTrooper winter precipitation WxUAS in its
baseline configuration.

Besides these flight performance metrics, it is worth noting that all the measurement

characterization and performance discussed in Chapters 3 and 4 are based on this configu-

ration. Furthermore, the field deployment results presented in the following chapter are also

derived from this same setup.
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Chapter 6

Data Processing and Fusion

“Coming together is a beginning; keeping together is progress; working together

is success.”

Edward Everett Hale

This dissertation endeavors to develop and validate an innovative unmanned aerial weather

measurement system for the low-altitude wintry precipitation environment to provide insight

into the atmospheric mechanisms that govern it. However, given the large number of at-

mospheric parameters that influence events in this environment, such an observation system

naturally requires a multi-sensor approach leveraging multiple sensing methods (i.e., a multi-

modal sensing approach). Additionally, the harshness of this environment and the sensitivity

of the governing atmospheric parameters also require a supporting platform that minimizes

the known atmospheric observation issues discussed in Chapter 2.

Considering the complexity of this challenge, this dissertation’s proposed solutions for the

in-situ (Chapter 3) and remote (Chapter 4) measurement, as well as the proposed aircraft

design (Chapter 5), have been presented as separate modules. Besides enabling the reader

to comprehend the intricate details of each module better, they were intentionally presented
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separately as a way to highlight this dissertation’s body of work as a low-cost wintry pre-

cipitation observation framework in which its modules can be modified, replaced, deployed

individually, or in conjunction.

Nonetheless, as mentioned above, relevant insight into the complex low-altitude wintry

precipitation environment requires a multi-modal sensing approach and a coherent fusion

of raw sensor data into relevant scientific information. To address this requirement, this

chapter presents the integration of these modules into a complete atmospheric observation

system. Particularly, this chapter focuses on the WxUAS data processing techniques that

leverage design, construction, and operation to create weather data products that support

human analysis and inferences, leading to a better understanding of low-altitude winter

weather phenomena. Additionally, this chapter presents a proof-of-concept for a WxUAS-

based automated present weather inference algorithm.

6.1 Measurement, Information, and Insight

As shown in Chapters 3 and 4, the proposed in-situ and remote solutions employ redundant

sensors with sampling rates as high as 15Hz. Therefore, each sensor produces thousands of

atmospheric observations per profile. Additionally, sensor data can have a 1-to-1 or 1-to-N

(i.e., one-to-many) relationship with atmospheric information. For example, a temperature

sensor only produces direct information about air temperature (i.e., a 1-to-1 relationship).

However, the mmWave radar has a 1-to-N relationship with precipitation. For one precipi-

tation sample (i.e., one radar data cube), it produces four information variables: reflectivity,

maximum detected range, mean Doppler velocity (interpreted as approximated hydrome-

teor fall velocity), and spectrum width (i.e., width of the fall velocities distributions). This

considerably increases the amount of radar-based information in a profile.

Although rich, this large dataset is not particularly useful, and it may even become

overwhelming [28]. Fortunately, sensor data fusion techniques provide a practical method
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for converting this dataset into insightful information [77, 78]. Sensor data fusion can be

adopted at many informational levels. At the raw-data level, samples from similar sensors can

be averaged for increased accuracy (as described in Chapter 3). Additionally, samples from

different sensing modalities can be combined to produce new data. For example, pressure,

temperature, and relative humidity data can be combined to produce wet bulb temperature

data.

At the information level, sensor data can be combined to produce new or contextual-

ized information. For instance, pressure and temperature, or even the newly calculated wet

bulb temperature, can be combined to create a vertical temperature distribution. In this

information-level multi-modal data fusion, quality-controlled data is compressed in space,

producing a single value for an atmospheric parameter for that point in space. This con-

siderably reduced data can easily be represented graphically and already enables humans to

analyze it and derive additional contextualized information that leads to inferences about

the broader atmospheric conditions. Atmospheric soundings are a good example of this

graphical representation of information-level multi-modal data fusion.

Within the scope of this dissertation’s unmanned aerial weather measurement system for

the low-altitude wintry precipitation environment, this graphical representation of spatially

compressed information results in the profiles illustrated in Fig. 6.1. In this illustration, pan-

els (A) through (D) show the complete profile summary from in-situ sensors, while panels (E)

through (G) illustrate one of the many summaries produced by the radar for a single profile.

Even though these graphical summaries help convey a large volume of information, which

can help researchers and forecasters investigate the atmospheric conditions at a particular

time, it can still be overwhelming to use a collection of these summaries to understand the

behavior of a winter event spanning several hours.

Additionally, it is underlined in these graphical summaries that not all data collected by

the proposed wintry precipitation WxUAS naturally conforms to this format. For instance,

the particle size distribution data requires a fusion step to compress its information into
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Figure 6.1: Illustration of the graphical summaries for a profile gathered by this dissertation’s
WxUAS. Variations with height for: (A) particle size distribution, (B) micro-range Water
content, (C) temperature, and (D) relative humidity. Along with one of the many similar
snapshots produced by the radar during a profile with (E) Doppler-range map, (F) Doppler
velocity distributions, and (G) mean velocity.

three altitude-varying variables (i.e., total particle count, distribution mode, and largest

size detected) and a secondary step to compress it into a single variable (i.e., the micron-

range water content). In the case of the mmWave radar data, a measurement taken at one

altitude provides data for several other relative altitudes. Consequently, each measurement

can generate a graphical summary, resulting in a collection of summaries for each profile.

Therefore, another form of summarizing a large volume of WxUAS data is needed.

6.1.1 Spatiotemporal Maps

As illustrated in Fig. 6.1, the mobility of WxUAS enables it to characterize the spatial

distribution of atmospheric parameters. Leveraging the short time it takes a WxUAS to

produce these high-resolution spatial profiles, an operational scheme can be set up to repeat
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them at regular intervals (e.g., 10 or 15 minutes). In this setup, a single WxUAS can collect

a spatiotemporal dataset, which can be graphically summarized to allow researchers to easily

track atmospheric changes caused by passing weather systems.

For instance, during the final deployment for the MAI2S field campaign (see Chapter 7 for

details), six temperature profiles were collected over 90 minutes, resulting in a profile nearly

every 15 minutes. Figure 6.2–A shows the last four spatial profiles in the format discussed

in the previous section. Although visualizing the profiles together enables researchers to

identify and track temporal changes in structural atmospheric features (e.g., altitude, depth,

and intensity of a temperature inversion) over a short period, performing this activity for

longer periods may prove challenging. Additionally, in naturally complex environments such

as low-altitude wintry precipitation, tracking such changes in multiple variables over long

periods becomes nearly impossible.

Leveraging the information contextualization and condensation capabilities of the previ-

ously discussed sensor data fusion techniques, the altitude-binned profile data can be con-

verted into color maps (Fig. 6.2–B). In this preliminary stage, it is already notable how gen-

eral warming and cooling patterns are easier to identify. Nonetheless, the transitions from

the atmospheric state in one profile to the next are not as easily distinguishable. Redistribut-

ing the altitude-binned color maps into evenly spaced time bins produces a time-height map

(Fig. 6.2–C).

Although the time-height map has gaps between profiles, the few minutes between them

allow for the reasonable assumption that changes in atmospheric conditions would be gradual.

This permits interpolating the data in time for measurements taken at the same altitude.

After this interpolation, the final time-height map makes the atmospheric evolution easily

identifiable (Fig. 6.2–D). Another example of this time-height map presentation, now for

relative humidity, is illustrated by Fig. 6.3. For cases where this simplifying assumption is

not valid, similar results can be achieved with a shorter interval between profiles or more

robust non-linear interpolation techniques.
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Figure 6.2: Illustration of the steps to produce the time-height maps that graphically sum-

marize the WxUAS spatiotemporal datasets.
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Figure 6.3: Relative humidity time-height map for the last WxUAS data collection in the
MAI2S field campaign.

Besides aiding researchers in identifying and tracking temporal changes in structural

atmospheric features, these maps also enable comparisons of how these passing weather sys-

tems affect each atmospheric parameter. These comparisons can reveal if the relationships

between these atmospheric parameters present any time dependency, among other observa-

tions. In this particular example from the MAI2S field campaign, it is interesting to note the

joint variation in temperature and relative humidity caused by a brief break in the precipi-

tation, which allowed the drier and warmer air from aloft to reach the surface. More details

on this and other deployment data will be discussed in Chapter 7.

6.1.2 Time Series

Although this map format also accommodates the radar data generated by the proposed

WxUAS well, the FAA-imposed flight ceiling limitations encountered in this dissertation’s

data collection deployments diminished vertical variability in the weather radar data. Con-

sequently, a time-height map of the weather radar data would produce only variations in
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time. For this reason, the WxUAS radar data presented in this dissertation is spatially

compressed and presented as four time-series. The four variables represented in each series

are approximate hydrometeor fall velocity, spectrum width, maximum detection range, and

reflectivity. As an example, Fig. 6.4 presents the time series for the radar-based approximate

hydrometeor fall velocity for the 16 profiles collected during the MAI2S field campaign’s first

field deployment.
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Figure 6.4: Temporal evolution of approximate hydrometeor fall velocity during a
rain/drizzle event.

As a stand-alone variable, the time series for approximate hydrometeor fall velocity al-

ready enables researchers to identify periods with and without active precipitation, as well as

evaluate the length of the transition intervals. Coupled with the thresholds for the WxUAS-

based automated present weather inference algorithm (detailed in Section 6.2), it even en-

ables the evaluation of possible precipitation types.
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6.1.3 Considerations on Data Use

This dissertation’s primary goal is to design an unmanned aerial weather measurement sys-

tem that provides insight into the low-altitude wintry precipitation environment. To achieve

this goal, considerations regarding the system’s design, build, and operation are leveraged

in a multi-modal sensor data fusion approach to produce spatiotemporal weather informa-

tion for researchers and forecasters. This work is done in hopes that the new information

will enable atmospheric scientists to better understand the mechanisms that govern this

environment.

Considering that every observation system has limitations, the processed weather infor-

mation products from the proposed WxUAS focus on the detection, location, and tracking

of the freezing, melting, cloud transition, and cloud layers, as well as the presence of precip-

itation, its type, and intensity. This choice is based on the current observational challenges

that impact the detection and forecasting of hazardous winter weather (see Chapter 1 for

more details).

WxUAS are uniquely positioned to detect and characterize the low-altitude freezing and

melting layers because, unlike temporal precipitation phase changes, melting and freezing

layers induce phase changes while the hydrometeor falls through them. In other words,

the layer-induced phase change is interpreted as spatial. Therefore, low-altitude freezing

and melting layers can create ambiguity between in-situ surface observations and in-situ or

remote observations aloft. The spatiotemporal maps produced by the proposed WxUAS in

these regions allow researchers to understand these ambiguities with information about the

depth and intensity of these layers, as well as their temporal evolutions.

Similarly, low-altitude cloud layers present visibility and ceiling limitations, as well as

other hazards to low-flying aircraft. Low-altitude clouds can also conceal precipitation not

detectable by the WSR-88D network [6]. Additionally, the characteristics of the cloud tran-

sition layer can present indications of processes that can enhance or stifle precipitation (e.g.,

dry air mixing or moisture inflow). The WxUAS proposed in this dissertation can pro-
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vide meaningful information about these two layers (e.g., dissipation, intensification, and

lowering), more flexibly and at a much lower cost than a ceilometer.

This low cost and flexibility also make the system well-suited for deployment in areas with

limited weather data availability. Such is the case for the location of the MAI2S field cam-

paign, detailed in Chapter 7, which presents four use cases demonstrating how the proposed

WxUAS data provided valuable insights into mixed-phase precipitation events. Particularly

the case in Section 7.1.3, which presented dry snow on the surface with temperatures well

above freezing.

Besides being well-suited for deployment in areas with limited weather data availability,

the proposed WxUAS is also ideal for supporting the hyperlocal weather needs for sUAS and

AAM operations. Nonetheless, for this application, the weather condition inferences need to

be partially automated. This is the topic of this chapter’s next section.

6.2 Multi-modal Fusion and Algorithmic Weather In-

ference

While the primary motivation for developing the WxUAS in this dissertation is to support

researchers and forecasters, the multi-modal sensor data fusion technique used to generate

weather information products for human insight and interpretation also enables the de-

velopment of an automated present-weather inference algorithm. This section presents a

proof-of-concept for such an algorithm in hopes of seeding the future work that will even-

tually produce operational algorithms and models that enable WxUAS complex adaptive

sampling, WxUAS-based hyperlocal data for unmanned traffic management, and sUAS and

AAM weather detection, awareness, and avoidance.

Algorithms and models for classification and inference based on multi-modal data fusion

can vary in complexity. For instance, implementations may range from advanced models

incorporating multiple sensor types and their interrelationships (e.g., covariance) in their
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outputs, such as random forests and neural networks, to simpler algorithms that apply a

logical combination of data using predefined rules and thresholds. Nonetheless, even in

its simpler implementation method, it is implicit the assumption that weather sensors are

integrated into the flight controller (as described in Chapter 3) and that adequate onboard

computational resources are available.

Considering the current restriction on integration levels and computational resource avail-

ability, the algorithm proposed in this dissertation leverages the previously detailed spatial

distribution of WxUAS data to algorithmically define the target atmospheric features via

a smaller number of thresholds. Logical propositions using these thresholds generate states

which jointly define the resulting inference. In addition to its low computational effort and

implementation simplicity, this approach allows the algorithm to grow in complexity because

the thresholds can be determined based on atmospheric-science theory, empirical observa-

tions, or mined from large and well-characterized datasets.

For this initial implementation attempt, precipitation type and the freezing, melting,

cloud transition, and cloud layers are defined by the previously discussed information-level

variables and empirically defined thresholds as follows:

• Melting and freezing layers – The melting layer is defined as at least 30 contiguous

altitude levels where the wet bulb temperature exceeds 0.3 ◦C and is either preceded

or followed by sub-freezing temperatures. Freezing layers are analogously defined for

temperatures below negative 0.3 ◦C. This ±0.3 ◦C buffer around 0 ◦C accounts for

the WxUAS’s potential sensing errors, its time response, and the complex behavior of

water near freezing temperatures. It also creates a more realistic gradual transition

between layers, not binary transitions at 0 ◦C.

• Cloud transition and cloud layers – The start of a cloud transition layer is defined

as the barometric altitude at which the particle size distribution sensor begins to report

a particle size distribution with a mode equal to or larger than 7.5 µm in diameter, the

size of the largest detected particle as 10µm or greater, and total particles counted
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is equal to or greater than 150. The WxUAS is considered to be in a cloud at the

first reported distribution mode equal to or larger than 9 µm in diameter, the size

of the largest detected particles is 13 µm or greater, and total particles counted is

equal to or greater than 200. Note that the relative humidity measurements are not

included in this criteria because, in mixed-phased precipitation, where cloud layers

are lowering and rising, it is possible to be on the edge of a cloud in unsaturated air.

Therefore, empirically defining a relative humidity threshold is not possible within this

dissertation’s scope.

• Precipitation – Given the proposed WxUAS’s 1500m altitude range, precipitation

phase, and consequently type, can change along the profile. Therefore, precipitation-

type inferences depend on melting and freezing layer inferences, their depths, and the

distance from the layer transition. Analogously, due to ambiguous signals within the

source data, precipitation intensity inference is dependent on the precipitation type

inference. Considering the FAA-imposed flight ceiling limitation in this dissertation’s

field deployments, its dataset does not present vertical temperature layer transitions.

Consequently, for this proof of concept, algorithmic precipitation-type inference as-

sumes one type per profile. Its definition follows the criteria in Table 6.1 where all

conditions need to be met for classification within a type.

Variable Rain Drizzle Snow Ice Pellets

Approx. Fall Velocity [ms−1] ≥ 4 ≤ 3 < 3 > 3

Spectrum width [ms−1] ≥ 6 ≤ 5 < 4 > 5

Max. Detection Range [m] > 30 ≤ 30 – –

Reflectivity [dBZ] ≥ 15 < 15 – –

Wet Bulb Temperature [◦C] ≥ 0.3 ≥ 0.3 ≤ −0.3 ≤ −0.3

Table 6.1: Thresholds for precipitation type.
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As an initial implementation attempt, the above criteria for precipitation type do not

present categories for mixed-phased precipitation, as its classification remains one of the

biggest challenges in the field. Nonetheless, the implied mutual exclusivity between the

defined categories also does not present a definition for mixed rain-drizzle events. Since the

official FAA definition for rain and drizzle is based solely on drop size, mixed-sized events can

produce overlapping results that meet neither the rain nor the drizzle criteria. To account for

these cases, a new rule based solely on the fall velocity and its distribution was implemented

using terminal velocity as a proxy for particle diameter. The pseudo-code for the rule is

presented below.

if(fallVelocity < 4 AND fallVelocity > 3) OR

(spectrumWidth < 6 AND spectrumWidth > 5) then

pType == ‘‘RNDZ’’; %Rain-Drizzle mix;

end

Additionally, in cases where only rain or drizzle was detected, a basic precipitation inten-

sity algorithm using the maximum detection range was implemented and applied following

the type classification. Using data from a rain-drizzle event during the MAI2S field cam-

paign’s first deployment, a small simulation of the automated present weather report was

tested. In this event, illustrated in Fig. 6.4, sixteen WxUAS profiles were collected in either

rain, drizzle, or no precipitation. This case also presented low-altitude clouds to test the

cloud layer detection algorithm. However, due to the flight ceiling limitations, none of the

MAI2S cases presented freezing or melting layers.

To evaluate the cloud and cloud transition layers detection algorithm, two profiles were

selected from within the period in which the cloud layer was lowering, as reported by the

ceilometer. For the first profile, at 23:43, the algorithm reported only a cloud transition layer

starting at 107m AGL but never reported a cloud layer. At the same time, the ceilometer
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reports for the lowest cloud base varied between 130 and 150m AGL. This variation in the

ceilometer reports indicates the absence of a well-defined cloud base, which is expected as the

cloud was still descending at this moment. Careful inspection of the particle size distribution

profile yielded similar results.

The second profile selected was taken during the period when the ceilometer reported the

cloud base at 100m AGL without variation for several minutes. Applying the cloud layer

algorithm in this WxUAS particle size distribution profile yielded a cloud transition layer at

96m AGL and a cloud layer at 99m. Besides the agreement between the ceilometer and the

algorithm’s reported start for the cloud layer, the 3m difference between the reported cloud

transition and cloud layers also indicates the sharp transition into cloud, as reported by the

ceilometer. To illustrate these results, the outputs for the cloud layer detection algorithm

were overlayed on the graphical representation for the particle size distribution profiles (see

Fig. 6.5). An illustration for the boxplot for the ceilometer’s reported lowest cloud bases is

shown in Fig. 6.6.
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Figure 6.5: Overlay of the results for the automated cloud detection algorithm.
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Figure 6.6: Distribution of the reported lowest cloud bases by a colocated ceilometer.

To evaluate the results for the precipitation type and intensity algorithms, all sixteen

profiles were used. The results of the algorithms were compared to the field notes made by

the MAI2S team field atmospheric scientist (Brian Filipiak). In this initial implementation,

the algorithm agreed with the field notes 10 out of 16, that is 62% of the time. Results for

this test are available on Table 6.3, in the columns labeled Human and Exclusive Algorithm.

The noteworthy divergences were the two reports of unknown precipitation during moderate

drizzle events. These reports result from adopting an algorithm where precipitation types

are mutually exclusive, meaning one classification requires all criteria to meet its thresholds.

In the case of mix-sized precipitation events (i.e., rain-drizzle for liquid precipitation),

the wide variety of particle diameters creates partially ambiguous results for each evaluated

variable. These types of errors are very common in other multi-sensor automated weather

classification algorithms [7, 45]. To mitigate this issue, in recent years, aviation weather

products have migrated to reporting precipitation and its related hazards on a continuum

or via probabilities [14, 16].

To mimic this strategy in this dissertation’s algorithmic precipitation type and intensity

classification, the radar variable criteria can be redefined to express a continuum within each
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variable (see Table 6.2). Each criterion can be evaluated independently, generating an output

for the precipitation type met within it. After evaluating all criteria, the algorithm reports

the proportion associated with each precipitation type. For example, if all four criteria were

met for Rain, the algorithm reports Rain. However, if one criterion is met for Rain, one for

Drizzle, and two for RNDZ, the algorithm reports:

Rain: 0.25, RNDZ: 0.50, Drizzle: 0.25.

Columns Human and Proportional Algorithm in Table 6.3 present the results for this new

algorithm.

Variable Rain RNDZ Drizzle

Approx. Fall Velocity [ms−1] ≥ 4 < 4 AND > 3 ≤ 3
Spectrum width [ms−1] ≥ 6 < 6 AND > 5 ≤ 5

Max. Detection Range [m] ≥ 30 < 30 AND > 25 ≤ 25
Reflectivity [dBZ] ≥ 15 < 15 AND > 14 ≤ 14

Table 6.2: Thresholds continuum for precipitation type classification.

Again, the results produce a 62% match to the human-reported type and intensity. How-

ever, in this new algorithm, the unknown precipitation is eliminated, and the six divergences

reported indicate disagreement only in intensity. Upon careful inspection and comparison

with the reports from the colocated MRRs (see Fig. 7.6), the six divergent cases seem to be

correct. In the first two cases, at 23:12 and 23:32, the divergence in intensity is underlined

by a general trend match. The human report indicates a transition from no precipitation

to light drizzle to moderate drizzle. The algorithm reported a transition from no precipita-

tion to RNDZ–0.25 and Drizzle–0.75 to RNDZ–0.50 and Drizzle–0.50. This increase in the

matches for the RNDZ criterion can be interpreted as an increase in the presence of larger

drops, which can lead to the perceived intensity increase.

The most noteworthy mixed-sized precipitation cases are the last three (starting at 01:07),

which capture the transition from drizzle to rain. In these cases, moderate drizzle transitions
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to a mix of RNDZ and drizzle that gradually meets fewer criteria for drizzle and more criteria

for RNDZ and rain until it is reported as moderate rain (at 01:58). For the same period, the

human reports presented a direct transition from moderate drizzle to moderate rain in one

time-step.

Time Human Exclusive Algorithm Proportional Algorithm

21:35:59 Moderate Rain Moderate Rain Moderate Rain
21:56:51 Moderate Rain Moderate Rain Moderate Rain
22:15:55 Moderate Rain Moderate Rain Moderate Rain
22:36:16 No precipitation No precipitation No precipitation
22:54:22 No precipitation No precipitation No precipitation
23:12:57 Light Drizzle Moderate Drizzle RNDZ: 0.25 Drizzle: 0.75
23:32:17 Moderate Drizzle RNDZ RNDZ: 0.50 Drizzle: 0.50
23:43:13 No precipitation No precipitation No precipitation
23:55:39 No precipitation No precipitation No precipitation
00:30:51 Moderate Drizzle Unknown Rain: 0.25 Drizzle: 0.75
00:48:03 Moderate Drizzle Moderate Drizzle Moderate Drizzle
01:07:30 Heavy Drizzle Moderate Drizzle RNDZ: 0.25 Drizzle: 0.75
01:27:31 Moderate Drizzle RNDZ RNDZ: 0.50 Drizzle: 0.50
01:36:45 Moderate Drizzle Unknown Rain: 0.75 Drizzle: 0.25
01:58:28 Moderate Rain Moderate Rain Moderate Rain
02:08:13 Moderate Rain Moderate Rain Moderate Rain

Table 6.3: Precipitation type and intensity for the first MAI2S deployment. The first column
is observations from the atmospheric scientist on site, the second column presents the result
for the first inference algorithm, and the third column presents the results for the adjusted
algorithm.

While acknowledging the limitations of the small simulated sample size, this algorithm

meets the precipitation-type reporting quality requirements set forth in the newly approved

ASTM standard for third-party weather data providers. Furthermore, examples such as this

nuanced transition event involving mixed-size precipitation types illustrate how the devel-

opment of a proof-of-concept WxUAS-based automated present-weather inference algorithm

can serve as a valuable tool to support human analysis of WxUAS weather products.
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Chapter 7

Field Deployment

“God thunders wondrously his voice; he does great things that we cannot com-

prehend. For to the snow he says, ’Fall on the earth’, likewise to the downpour,

his mighty downpour ...”

Job 37:5-6

As detailed in Chapter 2, the development of new atmospheric observation systems

should start with initial feasibility studies and field testing. These initial tests are com-

monly followed by exploratory research in small-scale investigative field campaigns alongside

well-established systems. Within this roadmap, the previous chapters served to justify and

validate the modules and technologies that compose this dissertation’s proposed WxUAS.

To do so, several laboratory and field experiments were conducted.

Amongst these experiments, the controlled chamber experiments at the OklahomaMesonet’s

calibration laboratory (Section 3.4 and Appendix A) and the Radar Innovations Laboratory

(Section 4.2), as well as the intercomparison experiments at the Oklahoma Mesonet’s Wash-

ington tower (Section 3.4.2 and Appendix B) and National Center for Atmospheric Research’s

Marshall field station (Section 3.4.3) are noteworthy.
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Nonetheless, as discussed in Chapter 2, new atmospheric observation technologies must

be matured as complete systems in their intended operational environment. Therefore, after

successful results in these initial validation studies, the complete system was deployed in

an investigative field campaign alongside well-established instruments for further validation.

This chapter presents the WxUAS measurements in contrast to some ground validation

instruments from NASA’s Global Precipitation Measurements mission. It also discusses

how the WxUAS data provided insight into particular low-altitude mix-phased precipitation

events.

7.1 Multi Atmospheric Instrument Intercomparison

Study

MAI2S was a wintry precipitation study organized by Oklahoma State University, the Uni-

versity of Connecticut, the University of Oklahoma, and the NASA GPM ground vali-

dation program. It leveraged the ground-based instruments and location from the 2021-

2023 Investigation of Microphysics and Precipitation for Atlantic Coast-Threatening Snow-

storms (IMPACTS) field campaign. In 2024, the instruments previously geographically dis-

tributed through three locations across Connecticut were collocated at the University of

Connecticut’s campus (red dot in Fig. 7.1) for evaluation of potential deviations found in

the previous years. In addition to this wide array of ground-based remote and in-situ sensors,

the MAI2S scientific dataset was augmented by the StormTrooper (the WxUAS proposed in

this dissertation). It performed 46 atmospheric profiles in drizzle, rain, and snow, produc-

ing valuable insight into low-altitude wintry precipitation events, some of which were not

detected by the weather service’s current observation systems.

The selected location for the study presents a high potential for mixed-phased precipita-

tion events. A common pattern of winter storms in the region is for low-pressure systems to

descend fromManitoba or Ontario (CA) toward the Atlantic Ocean through New York, Penn-
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Figure 7.1: MAI2S location at the University of Connecticut’s Campus (red dot) shown here
with an MRMS reflectivity overlay for the 500m level.

sylvania, and Connecticut. After reaching the coast, these storms return north to Canada

through Massachusetts and Maine in a quasi-circular pattern. These storms generally present

a predominant west-to-east pattern coupled with a north-to-south and back-north motion.

A larger scale version of this weather pattern is often referred to as an Alberta Clipper

[79, 80]. Either in its smaller or full-scale variation, these storms are characterized by their

fast progression and strong winds.

Due to its location in this pattern, Connecticut can be affected by these storms on

their way south or back north. Sometimes, the same storm will affect the state twice in

a few days. Besides encountering the temperature changes, expected due to its northwest-

south-northeast pattern, storms in this region also encounter transition zones due to terrain

elevation changes (high to low) as well as the transition from continental to oceanic. For

these reasons, precipitation events in the region can present a wide variety of phases and

hydrometeor size distribution within a few hours [81].
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Although Connecticut is a critical location for understanding the behavior of winter

weather storms in the northeastern portion of the United States, it has little weather data

coverage, particularly at low altitudes. The state is located between the KOKX (New York),

KOBX (Boston), and KENX (Albany) WSR-88D radars. However, due to regional topo-

graphic characteristics, the state has partial coverage below 750m and no coverage in the

Hartford-Mansfield region at the 500m level, as illustrated by Fig. 7.1. Additionally, Con-

necticut does not have a weather service office or a station for the Rawinsond network.

Besides these characteristics, which make this location ideal for evaluating the impact

of enhanced weather observations, the actual field used for sensor deployment within the

University of Connecticut campus offers the necessary logistical conditions to support setting

up the ground-base sensors for several months and protect the WxUAS crew in case the storm

conditions become severe. Figure 7.2 presents an illustration of the sensor distribution and

the WxUAS landing pad.

StormTrooper
WxUAS

Pluvios
Disdrometers

MRR1

MRR2

Ceilometer

PIP2

AIOs

PIP1

Figure 7.2: MAI2S instruments.
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The ground-based sensors for MAI2S were two MRRs, two Pluvio weighing bucket gauges,

two PARSIVEL disdrometers, two Precipitation Imaging Packages (PIPs), two all-in-one

weather stations (AIO), and one ceilometer, amongst other instruments supported by the

NASA GPM Atmospheric Instrumentation Laboratory (GAIL). In this chapter, the ground-

based sensor data will only be presented in support of the WxUAS findings. For a complete

description of the ground-based instrument portion of MAI2S, the reader should refer to the

following references [82, 83].

7.1.1 WxUAS Data and Sampling Strategy

Although the ground-based sensors were deployed from December 2023 until April 2024

at the study site, the StormTrooper was only deployed in March 2024 due to logistical

constraints. In these deployments, the WxUAS sampled two storms targeting mixed-phased

precipitation often seen in the temperature and pressure gradients caused by the leading

and trailing edges of these storms. To capture the vertical structure of the low-altitude

atmosphere, the targeted altitude for the StormTrooper profiles was 900m (approximately

3000 ft.).

Given the FAA’s 120m flight ceiling for commercial UAV flights, an altitude restriction

waiver request was submitted. Even though the study site is in uncontrolled airspace with

low traffic, particularly when hazardous winter storms are present, and the surrounding

surface near the campus is sparsely populated, the FAA rejected the request without much

justification. Nonetheless, leveraging nearby terrain elevation change and structures, the

FAA Part 107 rules allowed the aircraft to reach up to 200m (650 ft.) AGL.

To increase the chances of capturing the low-altitude phase transition periods while ac-

commodating the limited flight crew size and the FAA crew resource management practices,

the WxUAS deployment plan was based on an 8-hour window. The intention was to start

sampling one to two hours before the target storm effects were forecasted to occur and end

it another one to two hours after. For the approaching storm cases, the targeted deployment
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would characterize the local conditions before the storm front’s arrival, its arrival, and its

transition to active storm conditions. For departing storms, this same strategy would char-

acterize the local conditions during the storm, its departure, and the conditions behind its

trailing edge.

Considering the timescale in which precipitation phase changes had been reported by the

surface observations in the past three winters and the time necessary to perform the pre and

post-flight safety procedures, the 8-hour WxUAS data collection window was broken down

into flights every 15 minutes. For these profiles, the WxUAS maintained a 3 m/s ascent

rate while countering the winds to hold latitude and longitude over its take-off spot near the

surface instruments.

As discussed in Chapter 6, the StormTrooper collects thousands of samples per variable,

per profile. These samples produce high-resolution snapshots of the atmosphere, allowing

researchers to tease out minor details in each variable for each flight. Nonetheless, presenting

each variable through individual profiles may become overwhelming, making understanding

a passing weather system’s temporal evolution and general patterns more challenging. For

this reason, the data presented in this chapter will follow the spatiotemporal map format

presented in Chapter 6 with occasional profiles presented when a specific time requires de-

tailed analysis. Additionally, all the data presented in the following subsections is shown in

UTC in the 24-hour format.

7.1.2 Deployment 1

The first WxUAS deployment for the MAI2S field campaign took place on March 9, 2024.

For this event, the team aimed to sample a variety of conditions in front of an approaching

cold front from the low-pressure system coming from Ontario (CA) over the Great Lakes

(for an evolutionary pictogram of MRMS reflectivity, see Fig. F.1). Although rain was the

forecasted precipitation type, the team anticipated observing some phase-change variations

during the system’s onset due to temperature gradients commonly associated with these
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boundaries. The WxUAS profiles started at around 21:00 and continued until 02:00 on

March 10, 2024, in an approximate 15-minute cadence. This cadence produced 17 profiles,

enabling the characterization of the system’s impact in the lowest atmospheric layers.

For these 17 profiles, the temperature spatiotemporal map (shown in Fig. 7.3) revealed

considerable temperature oscillations between 4 and 7 ◦C varying in time and height. This in-

tense variation indicated considerable mixing occurring during the sampled period. This mix-

ing of above-freezing temperatures in the atmosphere’s lowest altitudes resulted in only liquid

precipitation being observed within 250m AGL. Through these profiles, the StormTrooper’s

radar indicated rain, drizzle, and rain-drizzle mixes, with some precipitation breaks in be-

tween.
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Figure 7.3: Spatiotemporal temperature map for the WxUAS profiles on March 9, 2024.

Figure 7.4 shows the time series for the radar-derived precipitation variables with the

above-freezing thresholds used for the automated present weather inference algorithm (de-

tailed in Chapter 6). Analyzing these variables in conjunction reveals the nuance and vari-

ability of this precipitation event, particularly between 23:00 and 01:30. During this sub-
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interval, the human observer classified the precipitation mostly as drizzle. However, the

evaluation of the radar-derived precipitation variables indicates distinctions in these types of

drizzle that would produce different levels of low-altitude hazards under freezing conditions.
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Figure 7.4: Radar-derived precipitation variables used for type and intensity classification.
The dynamic classification thresholds for liquid precipitation are shown as a reference.

For instance, a comparison of data collected at 23:12 and 00:30 shows that both cases

exhibited relatively narrow velocity distributions (below a 4m s−1 width), reflectivities under

15 dBZ, and maximum detection ranges below 30m, characteristics generally indicative of

drizzle (as detailed in Section 6.2). However, the 23:12 case presents approximate fall veloc-

ities around 3m s−1, consistent with drizzle, while the 00:30 case shows velocities exceeding

4m s−1, which suggests rain. Although both cases were classified as mixed rain-drizzle, the

00:30 data likely reflects larger-diameter hydrometeors, as inferred from the higher fall veloc-

ities. In freezing conditions, such larger hydrometeors would lead to more rapid icing upon

contact with aircraft or power lines.

It should be mentioned that the proportional classification algorithm captured this nuance

well (see Section 6.2), classifying the first case as 0.25 rain-drizzle mix and 0.75 drizzle, and
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the second case as 0.25 rain and 0.75 drizzle. The shift from the 0.25 contribution from

rain-drizzle to rain, while maintaining an overall classification of mixed-size precipitation,

indicates the potential presence of larger hydrometeors and, consequently, an increased risk.

In addition to the mixing indicated by the temperature map and the rain-drizzle precip-

itation classifications, the StormTrooper cloud-sized particle profiles revealed considerable

changes in the lowest cloud layers. Although a system error reduced the number of valid

cloud-sized particle profiles, the four valid profiles (shown in Fig. 7.5) still captured the

above-mentioned variations in the cloud base. The first two profiles indicated that a 125m

deep cloud transition layer, starting at 100m AGL, was compressed into a 3m deep transition

layer followed by a cloud layer starting at 99m AGL in nearly one hour. The last two profiles

indicated that within another hour, a few cloud-sized particles were still detectable in low

clouds, but in this case, with total counts too small to indicate a cloud or cloud-transition

layer. This pointed to the potential low-altitude cloud’s departure from the sampled region

(up to 250m AGL).

Evaluating the results from these four cloud-sized particle profiles together with the radar-

derived precipitation variables, it is possible to note that the compression of the low-altitude

cloud-transition layer into a low cloud base occurred during the precipitation break and

that the departure of this low cloud base occurred as precipitation resumed and intensified

from rain-drizzle into rain. The results from the colocated MRRs and ceilometer (shown in

Fig. 7.5-A and Fig. 7.6) corroborate these findings.

Comparing the abovementioned results with the distributions of the ceilometer’s cloud-

base-1 reports during the highlighted cloud-sized particle profiles further corroborates this

conclusion. This comparison also highlights the StormTrooper’s potential for capturing nu-

ance in this environment. During the first two profiles, the ceilometer’s reported cloud-base-1

distribution widths changed from 20m to zero, while during the last two profiles, they in-

creased to 40 and 60m (see Fig. 7.5-C).
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A

B

C

Figure 7.5: WxUAS cloud-sized particle distribution profiles compared to the colocated
ceilometer. (A) ceilometer reports for the lowest cloud base. (B) WxUAS cloud-sized particle
distribution profiles. (C) Box and whisker plot for the ceilometer lowest cloud base for the
interval of the four WxUAS profiles.
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Figure 7.6: Height-time map for precipitation reflectivity from the colocated MRRs.

Finally, the StormTrooper’s spatiotemporal map for relative humidity (Fig. 7.7) reveals

the sampling period began within a predominantly dry environment (below 72%RH) from

the surface to the flight ceiling, gradually transitioning to a more humid state. At the

conclusion of the sampling period, relative humidity had increased to approximately 86 %RH

at the surface and remained above 80 %RH up to 200m AGL. Although this map presents

a spatiotemporal evolution that generally agrees with remaining WxUAS weather products,

the reported values for the relative humidity appear low in contrast to the precipitation and

low-altitude cloud layers also detected by the WxUAS. To address this unexpected result,

Section 7.1.2.1 offers a deeper discussion of the system’s performance relative to the broader

atmospheric conditions.

144



21:30 22:00 22:30 23:00 23:30 00:00 00:30 01:00 01:30
0

50

100

150

200

250
A

lti
tu

de
 [m

]

72

74

76

78

80

82

84

86

R
el

. H
um

id
ity

 [%
]

Figure 7.7: Relative humidity map for the WxUAS profiles on March 9, 2024.

7.1.2.1 Discussion

Before this analysis starts, it is worth mentioning that the StormTrooper’s relative humid-

ity measurements were quality-controlled using the neighboring sensor analysis detailed in

Chapter 3, which did not indicate any bias or deterioration from the sensor’s laboratory cal-

ibration. Its measurements were also compared to the ground-based sensors from NASA’s

GAIL trailer, which showed consistency in the general trends in temporal changes. More

information regarding the limitations of this comparison will be presented later in this chap-

ter. Finally, it is also worth mentioning that after this field campaign, the StormTrooper

was compared to the Washington station in the Oklahoma Mesonet, producing acceptable

errors and indicating overall measurement health.

In the preceding discussion, the StormTrooper’s weather products highlighted precipi-

tation periods and the presence of low-altitude clouds that were expected to have yielded

saturated or at least near-saturated relative humidity profiles. However, the relative humid-

ity data presented in Fig. 7.7 revealed profiles well below saturation, following a decreasing
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relative humidity with height pattern. Leveraging the StormTrooper’s onboard camera and

external measurements from mesoscale observation networks, this discussion brings addi-

tional insight into this unexpected result.

The StormTrooper’s onboard camera has not been presented in this dissertation because

it is not a sensor yet. Nonetheless, even as a proof of concept, its images still serve for

disambiguation and validation. For this discussion, Fig. 7.8 presents four frames taken

during the 22:55 profile at 160, 185, 210, and 240m AGL. This profile was selected for this

analysis because it is the last profile in daylight, allowing direct observation of the cloud-

base features. Although earlier than the previously discussed cloud-sized particle profiles,

this 22:55 profile serves as an in-situ verification of the ceilometer’s cloud base height.

160

240

185

210

Figure 7.8: Frames from the WxUAS’s onboard camera at 160, 185, 210, and 240m indicating
the start of the cloud transition layer and base of the cloud layer during the profile at 22:55.

In these images, it is possible to note the first hints of the cloud-transition layer blurring

the horizon at 160m AGL, as well as some downward cloud protuberances in the 185m frame.

Although the field of view is almost dominated by the cloud at the 210 and 240m AGL
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frames, the surface is still visible at the bottom of both frames. This indicates the WxUAS

did not reach the cloud layer in this profile, which could explain the lack of saturation in the

corresponding relative humidity profile.

Comparing the ceilometer’s lowest cloud base with the images reveals a potential dis-

crepancy. During the 22:55 profile, the ceilometer reported its lowest cloud base at altitudes

varying between 190 to 210m AGL, while the images indicate the WxUAS did not reach the

cloud layer. Given the ceilometer’s 20m cloud base height variation within a few minutes,

followed by an even more intense variation from 150 to 190m in the subsequent two minutes,

it is reasonable to infer that the ceilometer is identifying as the cloud base the atmospheric

layer defined in this dissertation as the cloud transition layer. That is the atmospheric region

marked by cloud-sized particles in smaller quantities, which do not entirely hinder visibility.

For the formal definition, please revisit Chapter 6.

Interpreting cases where the ceilometer’s reported cloud base distributions present a 20m

or larger width as a cloud-transition layer yields the expected coherence between the different

observation technologies. For instance, the image-indicated cloud-transition layer from 160

to 210m in the 22:55 profile agrees with the ceilometer’s reported cloud-transition layer from

150 to 210m AGL. This interpretation also produces agreement with the 23:43 cloud-sized

particle profile, which indicated the presence of a cloud-transition layer starting at 100m and

intensifying at 150m AGL, while the ceilometer reported cloud-transition layer from 130 to

150m.

In both cases, the aircraft did not reach the cloud layer, which would explain the non-

saturated relative humidity profiles. However, the 00:48 profile presented ceilometer-reported

cloud bases at 100m, with zero report variation, while the cloud-sized particle profile indi-

cated a cloud layer starting at 99m AGL. Although the 00:48 relative humidity profile pre-

sented an overall higher humidity than the 22:55 and 23:43 profiles, it still did not present sat-

urated relative humidity measurements. On the contrary, the 00:48 profile followed the same
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rate of change in relative humidity1 seen in the 22:55 and 23:43 profiles, -0.028 %RHm−1.

Considering the lack of indication of any relative humidity measurement issues and the

coherence between the multiple indications of the atmospheric conditions, the presence of a

low-altitude dry-air mass deserves consideration. Upon preliminary examination, the pres-

ence of low-altitude warm and dry-air mass at our sampling location ahead of the incoming

low-pressure system coming from Ontario (CA) would help explain the intense mixing indi-

cated by the temperature spatiotemporal map, the varying altitude of the cloud’s downward

protuberances seen in the onboard camera and ceilometer data, the intermittence of the

precipitation event, and the strong winds experienced by the WxUAS.

Examining the Weather Prediction Center’s surface observation maps for the NE U.S.

(shown in Fig. F.2) indicates that six hours before the WxUAS’s deployment, a stationary

boundary extending from the Great Lakes to Virginia was overtaken by a fast-moving warm

front coming from the SE coast, with the potential to stifle the impact of the targeted cold

front. The following time steps in the referred pictogram indicate that warm and dry air

was being advected from the SE/ESE, reaching Connecticut before the cold front.

To complement the surface observations, the relative humidity sounding data from the

closest stations in the Rawingsonde network, Long Island (KOKX) and Albany (KALB),

are presented in Fig. 7.9 as an indication of conditions aloft. Although distant, the KOKX

and KALB are strategically positioned to understand the conditions approaching the Con-

necticut sampling location. KOKX is located south of the WxUAS site, near the coast,

while KALB is located northwest of the WxUAS in the direction of the mountains in NW

Connecticut. Examining the relative humidity profiles before, during, and after the WxUAS

period reveals an intensely dry air mass at both stations before the WxUAS sampling period.

As the precipitation advanced from the west, the surface became saturated, but KALB still

presented the same decreasing humidity-with-height trend observed by the WxUAS. The

same trend can be observed in both stations after the WxUAS sampling period.

1This rate of change is calculated using the measurement value at the surface and the top of the profile.
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Finally, data for the MRMS composite reflectivity is also shown in Fig. 7.9 in the same

time steps as the soundings. This data shows that even as the incoming low-pressure sys-

tem moved through Connecticut, the dry-air mass present in the region produced a no-

precipitation notch extending from the coast towards the KALB station at 0Z. A more

detailed view of the MRMS data is available in an evolutionary pictogram in Fig. F.1.
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Figure 7.9: Complementary weather data from mesoscale networks. The top two rows present

the relative humidity profiles from the KOKX and KALB sounding stations, and the bottom

row presents the MRMS composite reflectivity at the same time steps.

149



Together, the multiple WxUAS measurements, the collocated ground-based sensors, and

the data from the mesoscale networks produced a detailed description of this precipitation

event, confirmed the validity of the WxUAS measurements, and highlighted the potential

insights revealed by the WxUAS’s low-altitude wintry precipitation products.

7.1.3 Deployment 2

Less than 24 hours after concluding the first deployment, the MAI2S team returned to the

study site, targeting the potential snow bands on the backside of the departing low-pressure

system from the March 9th rain event. Models for this period indicated freezing temperatures

could be present at altitudes lower than the WxUAS’s flight ceiling. Based on this forecast,

the WxUAS profiles started around 01:30 under strong N and NW winds, no precipitation,

dry conditions, and temperatures near 4 ◦C.

After six profiles in an approximate 15-minute cadence, the temperature profiles indicated

a cooling trend aloft, with temperatures below 1 ◦C, as shown in Fig. 7.10. However, the

lack of precipitation indicated the predicted snow bands would occur later than expected.

Considering the strong wind and its potential hazard to the WxUAS operations, the team

temporarily interrupted the sampling operation at 03:00 until the bands approached our

location. This sampling gap is notable in both spatiotemporal maps.

The WxUAS profiles resumed at 04:50 based on the radar indication of a precipitation

band approaching from the north. At this time, the winds were still strong and intensifying,

reaching approximately 16m s−1. By 05:01, the first snowflakes were observed at the study

site. As noted and photographed by the team’s meteorologist, the initial snowflakes were

small, with estimated diameters at 5mm and smaller, only increasing to nearly 30mm in

diameter around 05:51. As predicted, the snow bands were short. In this case, by 06:29,

the snow intensity had lessened, and the strong wind gusts experienced during the event,

particularly as the snow band approached, had subsided.
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Figure 7.10: Temperature and relative humidity maps for the WxUAS profiles on March
11th, 2024.
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The WxUAS measurements describe a similar timeline for this event. The temperature

and relative humidity spatiotemporal maps indicate the atmosphere’s first 200m was still well

above freezing and dry until 05:50, when a sharp drop in temperature and increase in relative

humidity occurred. By 06:30, the maps show the atmosphere’s first 200m returned to a

warmer and dryer condition. The WxUAS’s radar observations also agree with this timeline.

The time series for the radar-derived precipitation variables, shown in Fig. 7.11, indicate a

decrease in approximate hydrometeor fall velocity, as well as an increase in reflectivity and

maximum detection range at 05:50. In conjunction, these changes are indicative of larger

snowflakes and agree with the human observations. During the sampling period, the cloud-

sized particle profiles did not indicate the presence of a low-altitude cloud or cloud-transition

layer.
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Figure 7.11: Radar-derived precipitation variables used for type and intensity classification
for March 11th, 2024.

Besides the agreement with the human observations, the WxUAS measurements also

agree with the event timeline seen on the MRMS’s composite reflectivity product. As shown

in Fig. 7.12, at 05:30, the snow band had almost fully crossed the state’s northern border,

152



moving toward its southern coastline following the path of the Connecticut River valley.

At 06:00, the edge of the 30 to 35 dB shaded region reached the study site’s approximate

latitude, however, about 35 km west of the site’s longitude. At 06:30, the snow band had

passed the study site. Although brief, this event was full of nuances that produced minor

variations in the multiple collocated instruments. Section 7.1.3.1 presents a small discussion

on these nuances.

Figure 7.12: MRMS composite reflectivity for the snow band sampled on March 11th, 2024:
(left) 05:30, (center) 06:00, and (right) 06:30.

7.1.3.1 Discussion

As previously detailed, the period between 05:00 and 05:50 produced small-diameter snowflakes

with light intensity. In this same period, the WxUAS profiles revealed that the atmosphere’s

first 200m was still well above freezing. Initially, this result was surprising due to the dry-

ness of the snowflakes observed at the surface, which did not exhibit any sign of melting as

they fell. However, leveraging the WxUAS’s pressure, temperature, and relative humidity

measurements to produce a wet bulb temperature spatiotemporal map (shown in Fig. 7.13)

reveals the conditions were well suited for the observed dry snow.

Given that, at 05:30, the snow band was mostly north of the MAI2S study site, the dry and

small-diameter snow detected at the site was likely blown in by the strong northerly winds.

These marginal conditions yielded differing reports by the human observer and the colocated

instruments. For instance, at 05:00, the MRRs indicated precipitation at 1000m AGL. At
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Figure 7.13: Wet bulb Temperature spatiotemporal map from the WxUAS profiles for March
11th, 2024.

05:01, small and dry snowflakes were seen by the team and detected by the PIP at the

surface. At 05:07, the disdrometer detected the first precipitation particles. However, these

particles only met its snow classification criteria at 05:13. Finally, at 05:24, the WxUAS’s

radar detected its first snowflakes.

Besides being considerably late, the WxUAS-based radar detections for this event were

relatively weak. Compared to the snow event sampled during the experiment at Marshall

Field (shown in Fig. 3.14), the data in this event produced considerably smaller values for

reflectivity and maximum detection range (shown in Fig. 7.11). The detection challenges

experienced in this event are likely explained by the joint impact of the event’s light intensity,

small-diameter snowflakes, and the dryness of the snow, as reflectivity is directly proportional

to the total number of hydrometeors in the sampled volume, as well as their diameters and

backscatter cross-sections. The hydrometeor phase impacts its backscatter cross-section

through the complex refraction index, which is usually much higher for water than ice.

The results from this event are important in the StormTrooper’s maturing process as

they suggest a potential system limitation. This limitation is particularly evident when con-
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sidering the system’s automated present weather inference algorithm, which would not have

been able to solve the ambiguity in the weakly detected frozen precipitation. Nonetheless,

it is worth highlighting that some of this ambiguity is also present in the MRR data (shown

in Fig. 7.14) and that the confirmation of the precipitation condition is provided by the

WxUAS’s wet bulb temperature profiles.

Finally, it is noteworthy that this peculiar snow event also presented detection challenges

to the colocated ground-based instruments. As previously mentioned, the disdrometers also

took several minutes to detect the snow, and the ceilometer erroneously reported these very

dry snowflakes as cloud bases, as seen in Fig. 7.15. The indication the ceilometer reported

precipitation as a cloud base stems from the discussion presented in Section 7.1.2.1 and the

data from the WxUAS’s cloud-sized particle profile at 05:50, which did not indicate the

presence of a low-altitude cloud or cloud-transition layer when the ceilometer reported the

cloud base altitudes varying from 80 to 140m AGL.

Figure 7.14: Height-time map for precipitation reflectivity from the colocated MRRs.
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Figure 7.15: Height-time map for the Ceilometer’s cloud-based reports during the passage

of the snow band on the backside of the low-pressure system.

7.1.4 Deployments 3 and 4

The last two WxUAS deployments in the MAI2S field campaign followed a similar format to

the first two. Based on the forecast from the UCONN team, the Oklahoma WxUAS team

was deployed to target the onset and departure of a low-pressure system from the Great

Lakes. The forecast for deployment 3, on March 23th, 2024, was a mix of snow and rain with

the possibility for a transition to freezing rain or ice pellets. Sampling for the onset event

started at 03:45 with winds out of the south-southeast and no precipitation.

Although Meteorological Phenomena Identification Near the Ground (mPING) app re-

ported freezing rain during the WxUAS sampling period, these reports were limited to

locations north of the study site and at higher elevations. At the study site, the nine Wx-

UAS profiles within the 5-hour sampling interval did not detect temperatures below freezing

within the atmosphere’s first 200m. On the contrary, the temperature spatiotemporal map

156



shown in Fig. 7.16 reveals a low-altitude temperature inversion from 04:15 to 05:15.
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Figure 7.16: Temperature and relative humidity spatiotemporal maps for theWxUAS profiles

on March 23rd, 2024.

These warmer temperatures were likely caused by an approaching warm front that hin-
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dered the potential for freezing precipitation at the study site. Consequently, the forecast

did not materialize, and the sampling period was dominated by sporadic precipitation in the

form of light and moderate drizzle. This pattern showed some similarities to the events in

the first deployment, including the dry air and the spatiotemporal mixing indicated by the

temperature oscillations between 2 and 7 ◦C, which have been discussed in Sections 7.1.2

and 7.1.2.1.

During the sampling period, the WxUAS did not detect any cloud or cloud-transition

layers within the atmosphere’s first 200m, and the ceilometer indicated the lowest cloud base

reports at altitudes above 500m. After the second profile, the first one in active precipitation,

the auxiliary data conversion board on the WxUAS’s mmWave radar presented an error that

prevented the radar from saving its data. Unfortunately, this error could not be fixed in the

field, disabling the StormTrooper’s remote measurements for the remainder of the profiles in

deployment 3 and all profiles in deployment 4.

At 06:30, the team opted to pause the WxUAS profiles in hopes of sampling mixed-phased

precipitation later as the colder air from the low-pressure system descended the mountains

west and northwest of the study site. However, by 07:00, surface temperatures and humidity

started to increase, and the precipitation event was dominated by well-above-freezing rain.

A little after 08:00, a WxUAS profile was taken to confirm the surface observations. This

profile indicated even warmer temperatures aloft, concluding the deployment.

7.1.4.1 Deployment 4

As with the first two deployments, the MAI2S team also sampled the departing low-pressure

system initially targeted for its onset event. For this deployment, the model runs predicted

rain with vertical profiles near freezing temperatures aloft. The model also predicted the

system’s departure from the study site’s region between 03:00 and 04:00. Although the

forecasted surface temperatures were above freezing, the team hoped the predicted low clouds

would lower the freezing layer below the WxUAS’s FAA-imposed flight ceiling.
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Based on this forecast, the WxUAS profiling started at 23:30 on March 23rd under moder-

ate rain and winds from the southeast. Although the first two profiles indicated temperatures

as low as 0.98 ◦C above 150m AGL, by 00:00, the precipitation started to dwindle without

ever reaching freezing temperatures. By 00:45, the precipitation had stopped, and the WSR-

88D radar products indicated the system had left the study’s region entirely, which is much

earlier than the forecasted timeline. Given the system’s early departure, the sampling inter-

val concluded at 01:15, and this outing only produced six profiles following the previously

explained 15-minute cadence.

Figure 7.17: Height-time map for precipitation reflectivity from the colocated MRRs.
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Figure 7.18: Temperature and relative humidity spatiotemporal maps for theWxUAS profiles

on March 23rd, 2024.
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7.1.4.2 Discussion

Although brief, this deployment produced profiles that present interesting features, particu-

larly when contrasted with the previous three deployments. As can be noted on the WxUAS

spatiotemporal maps, shown in Fig. 7.18, temperatures were near freezing, and relative

humidity was approaching saturation with gradual spatial transitions instead of the large

oscillations seen on the previous deployments. Also different than the earlier deployments

was the pattern of moister air aloft. Combined, these results indicate that the previously

detected warm fronts that brought dry air from the south-southeast were absent.

Another interesting feature in the spatiotemporal maps is the transition from cold and

humid air to warm and dryer when the precipitation stopped, followed by a transition back

to cold and humid when the precipitation resumed. Comparing this transition’s timing with

the precipitation indication from the MRRs (see Fig. 7.17), it is possible to note how the

WxUAS’s high-resolution measurements captured the nuances of the precipitation intensity

changes. This high-resolution spatiotemporal view of this precipitation break also provides

insight into conditions above the FAA-imposed flight ceiling.

For instance, within 1-hour, the conditions above 150m AGL transitioned from 0.98 ◦C

and 93 %RH to nearly 7 ◦C and 78 %RH. Evaluating the atmospheric conditions above the

FAA-imposed flight ceiling through data from the closest sounding stations, KOKX and

KALB, reveals a temperature inversion in both cases (shown in Fig. F.4). Considering the

timing of this transition and its seeming top-to-bottom pattern, the strong low-altitude in-

version at 00:50 was likely caused by subsidence induced by the departing system. Evaluating

the MRMS composite reflectivity, shown in Fig. F.3, confirms the system was departing the

study region at this time. The fast return to cold and humid air, as captured by the WxUAS,

also corroborates this conclusion.

Finally, it is worth noting that the return to cold and humid air aloft, detected by the

WxUAS after 01:00, matches with the brief drizzle event detected by the colocated MRRs.

However, the MRMS composite reflectivity product for 01:00 (shown in Fig. 7.19) does
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not show this event. Considering the lack of low-altitude coverage in the region (shown in

Fig. 7.1) and the colocated ceilometer’s report of cloud transition layers as low as 250m AGL,

this final drizzle was likely produced by a cloud below the radar coverage. Such an event

demonstrates this dissertation’s motivation for a low-altitude winter weather precipitation

measurement system to complement the current observation systems.

Figure 7.19: MRMS composite reflectivity for March 24th, 2024 at 01:00.

7.2 Final MAI2S Considerations

While the StormTrooper’s measurement performance metrics were validated in the exper-

iments described in Chapters 3 and 4, the storms in the Storrs (CT) region present an
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exceptionally complex environment, providing a valuable opportunity to assess the proposed

WxUAS performance alongside well-established instruments for winter precipitation. De-

spite differences in measurement technology among the colocated systems, which preclude

direct comparison, and the FAA-imposed flight ceiling, which limited exposure to freezing

conditions, the cases presented in this chapter offer insights into the StormTrooper’s abil-

ity to detect and characterize complex features, such as cloud and cloud-transition layers,

precipitation type and intensity, and melting and freezing layers.

Through these 46 low-altitude profiles, the StormTrooper’s multi-modal sensing approach

complemented the colocated surface observations and the region’s mesoscale observations

networks, providing insight into the complex encounters between warm and cold fronts.

Besides the expected insights from the high-resolution hyper-local information in each profile,

the repetition of these profiles in regular intervals also enabled the capture of the extent and

timing of passing features. Finally, comparing the atmospheric conditions in each deployment

provides a broader insight into these storm setups and their expected impact.

For instance, leveraging the data from all four deployments indicates that the greater

strength of the warm front that stifled the onset of the first storm target still impacted the

expected features in its departures. In contrast, the weaker warm front associated with the

second storm had a reduced impact on these expected features during its departure. Analysis

such as this indicates the potential impact of this novel type of observation will only be fully

appreciated with its wider adoption and the development of an accompanying novel data

ingestion workflow. Chapter 8 offers additional commentary and points regarding the future

of this research.
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Chapter 8

Conclusion

“Most often, innovation is not the result of a sudden moment of realization,

anyway, but the incremental steps toward improvement. Even groundbreaking

paradigm shifts are most often the consequence of many small moves in the

right direction instead of one big idea.”

Sönke Ahrens

This dissertation endeavored to develop a novel atmospheric observation system to com-

plement the currently available observation systems (e.g., radiosondes, ground and space-

based radars, and automated surface observations) and provide insight into the mechanisms

that govern low-altitude wintry precipitation. In addition to this goal, this research aimed to

contribute to the emerging need for low-altitude weather observations to support the safe in-

troduction of sUAS and AAM aircraft into the NAS. Given the growing interest in leveraging

UAVs for atmospheric observations, this dissertation also expounded upon the generalized

critical concepts regarding designing novel unmanned aerial weather measurement systems

and the necessary considerations regarding platform selection, sensor integration, and system

characterization.
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To address such a broad and complex set of goals, the technological solutions developed

for this dissertation were naturally divided into modules. Besides enabling the reader to

better comprehend the intricate details of each module, they were intentionally presented

separately as a way to highlight this dissertation’s body of work as a low-cost atmospheric

observation framework in which its modules can be modified, replaced, deployed individually,

or in conjunction.

Test WxUAS

WxUAS
In-situ

Meas. PKG

Figure 8.1: This dissertation’s in-situ measurements solution deployed as a calibration ref-
erence for 36 WxUAS from various manufacturers and research groups.

Besides the cross-platform (i.e., between fixed- and rotary-wing WxUAS) technology use

examples shown in Chapter 3, the advantages of this modular design and its flexibility are

highlighted by its current and future unintended uses. As of the time of this writing, one

such example occurred when this dissertation’s in-situ measurement module was deployed

as the reference measurement for calibrating all 36 WxUAS deployed in the Small-UAS Co-

ordination for Atmospheric Low-Level Environmental Sampling (SCALES) field campaign,

organized by the International Society for Atmospheric Research using Remotely-piloted
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Aircraft (ISARRA), in September of 2024.

In this unintended use case, the in-situ measurement module was installed at a 20 m

tower to serve as a low-altitude, fast-response reference for WxUAS calibration (illustrated

in Fig. 8.1). This calibration process enabled their coordinated deployment targeting meso-

and micro-scale weather phenomena across Oklahoma in the subsequent days. While this

case demonstrates the technology’s application outside of a UAS and beyond the scope of

this dissertation’s research on winter precipitation, it also represents an endorsement from

the scientific community regarding the quality of measurements produced by this technology.

Although the extent to which this dissertation’s technologies will be employed in ad-

ditional applications is yet to be determined, each module has a well-defined contribution

to the broader WxUAS research field and this dissertation’s low-cost wintry precipitation

observation framework. These contributions are:

• A multi-rotor UAV design for reduced impact on weather measurements.

Leveraging a composite sandwich structure, the vehicle design isolated the primary

vehicle components, prioritized sensor integration capability, and minimized rotor-

induced bias on the sensors. Besides promoting modularity, flexibility, and scala-

bility, the simplified and low-cost construction techniques employed also enable the

widespread adoption of this aircraft design within the WxUAS research community.

For winter weather research, the design delivers a field-serviceable, weather-resistant

aircraft that can withstand the harsh storm environment.

• A new measurement technique for in-situ temperature, relative humidity,

and particle size sampling for airborne instruments in active precipitation

environments. This technique reduces bias from contact with supercooled liquid

water and other error sources (e.g., sunlight). This design efficacy is underscored by

temperature measurements exhibiting a mean absolute error of 0.051 ◦C and a max-

imum absolute error of 0.17 ◦C. These design attributes enable the accurate capture

of atmospheric gradients of 0.22 ◦Cm−1. These results hold particular importance
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in mixed-phase wintry precipitation environments, where even minor disturbances of

0.5 ◦C can have notable implications on hydrometeor phase.

• UAV-based mmWave radar precipitation measurements. As one of the initial

studies in this domain, this dissertation provides insights into the complexities associ-

ated with integrating a weather radar system into the SWaP constrained environment

of UAV platforms. Moreover, this dissertation presents novel algorithms and integra-

tion techniques to enable the detection of drizzle and other weak precipitation types

with a low-cost, commercial off-the-shelf mmWave radar.

• Multi-modal sensor data fusion method for autonomous present weather re-

porting. This dissertation demonstrates a method for combining temperature, relative

humidity, and micron-range particle size measurements with hydrometeor reflectivity

and Doppler velocity to develop an automated present-weather inference algorithm.

This algorithm focuses on the detection and location of freezing, melting, cloud tran-

sition, and cloud layers, as well as the presence of precipitation, its type, and inten-

sity. Although still in the early stages, the demonstrated algorithm produced results

that meet the acceptance criteria outlined in the new ASTM standard for third-party

weather data providers for aviation.

While these modules can be modified, replaced, or deployed individually, their devel-

opment was guided by and contributed to achieving this dissertation’s goals. Therefore,

it is in their integrated format that they can be evaluated as a new tool for atmospheric

observations. The StormTrooper WxUAS integrates these modules, demonstrating how this

framework can be applied to produce novel atmospheric observation systems. As such, it il-

lustrates the implementation of this dissertation’s considerations on the design of unmanned

aerial weather measurement systems for wintry precipitation observations.

To further illustrate this point, Fig. 8.2 presents a diagram showing how each tech-

nology composes each module, how each module composes the framework, and how the
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StormTrooper is this dissertations implementation of this framework that leads to novel

low-altitude wintry precipitation information.

Implementation

Novel 
Wintry 

Precipitation
Information

Figure 8.2: Diagram illustrating the framework, its modules, and how its implementation
leads to novel atmospheric information.

Besides the essential results from laboratory and field experiments conducted during

each module’s development, results from the integrated system’s deployment alongside well-

established measurement systems demonstrated its potential to characterize complex at-

mospheric environments and offer valuable insights to researchers. Over 46 low-altitude

profiles, the StormTrooper’s multi-modal sensing approach complemented colocated surface

observations and the regional mesoscale observation networks, shedding light on the intricate

interactions between warm and cold fronts.

In addition to the expected insights from the high-resolution hyper-local information in

each profile, the repetition of these profiles in regular intervals also enabled the capture of

the extent and timing of passing features. Finally, comparing the atmospheric conditions

in each deployment provides a broader insight into these storm setups and their expected
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impact.

Aside from these tangible contributions, the work necessary to produce these outcomes

also led to numerous intangible lessons regarding the design of atmospheric measurement sys-

tems, their validation, and field deployment. The following section presents small comments

on these intangible lessons as a way to document them and promote future discussion.

8.1 Discussion

The MAI2S field campaign was designed as a system performance evaluation study with

ground- and WxUAS-based measurements. Although this was its main scientific objective,

there was an additional operational objective for the ground-based sensors in MAI2S. The

MAI2S ground-based sensors were deployed as part of the IMPACTS field campaign in the

four previous years. During IMPACTS, these sensors were geographically distributed to sense

the spatiotemporal behavior of storms in the region. Initial post-processing and analysis for

the IMPACTS dataset revealed potential discrepancies between its sensors. To evaluate

if these discrepancies were caused by spatial differing atmospheric phenomena or measure-

ment errors, these sensors were colocated for direct intercomparison during the MAI2S field

campaign. The sensing challenges encountered during IMPACTS that partially motivated

MAI2S are not unique to this field campaign and reveal a few broader aspects of winter and

general weather observations worth highlighting.

The first aspect worth highlighting is the harshness of the targeted environment and its

impacts on sensing technologies. During the StormTrooper’s development, the deployments

at Marshall (CO) and Storrs (CT) were marked by partial systems failures, which hindered

the system’s ability to fully characterize the atmospheric conditions. Superficially, these fail-

ures could have been attributed to the low-cost and manual construction of the StormTrooper

prototypes. However, similar failures on well-established, commercially supported systems

during IMPACTS and MAI2S denote a bigger association with the environment than with
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a particular system’s build quality.

Systems operating in this environment must be expected to fail, and deployments that

require uninterrupted observations must employ contingency plans. To address this issue, two

units of the StormTrooper WxUAS were built and deployed in the MAI2S field campaign.

Having two units enables quick replacement, diminishing the need for field maintenance,

which is error-prone and presents an operational hazard. This redundancy is only possible

due to the low cost of these systems. However, for two units of a WxUAS to be “hot

swappable”, their characterization implies an additional system definition layer.

As discussed in Chapters 1 and 2, the WxUAS is a system composed of a vehicle, sensors,

and the integration techniques, and due to the interactions of these elements, it must have its

characterization performed as a complete system. Analogously, if two units of a WxUAS can

be swapped during a sampling period, seamless post-processing of this dataset implies the

two units have comparable errors and bias. Consequently, these units must be characterized

together under the same conditions, making the two units one system. Such was the case

for the two StormTrooper units used in this dissertation.

The second aspect worth highlighting is associated with this characterization need. As

discussed, systems should be characterized in their operation environment and conditions.

The limitations in the size and range of environmental chambers imply that part of this

characterization must be performed outdoors via intercomparison with other systems. This

implication presents a number of issues, particularly for novel observation systems.

The first set of these issues is created by differing measurement technology. This issue

was illustrated in Chapter 7 by comparing the ceilometer’s reported cloud-base height with

the WxUAS cloud-sized particle profiles and onboard camera. In this case, the differences

between the measurement technologies prevent a direct performance comparison. This issue

still arises even when two systems measure the same atmospheric parameters instead of

features.

For example, the StormTrooper WxUAS and NASA’s surface weather stations measure
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temperature and relative humidity. However, because the surface station’s sensors are slow-

response, deployed with micro-porous filters in an unaspirated shield, while the WxUAS

measurements are fast-response, unfiltered, and actively aspirated, the comparison between

their data is limited to general trends (e.g., increasing and decreasing temperatures).

In this case, to account for the slow time response on the surface observations, WxUAS

data were taken from the lowest altitudes in the spatiotemporal maps to create a time

series for the WxUAS surface-level observations during the deployment period. The WxUAS

surface level was then compared with the time series for the ground-based weather stations.

Besides delay issues created by the filter and aspiration use discussed in the literature review

(see Section 2.2.1, particularly [38]), this comparison method is also limited because the

WxUAS data is taken during its takeoff phase, a flight stage in which measurements may be

affected by ground effects and rotor wash recirculation. To account for these limitations, one

can evaluate both systems using general trends with the proper time delay compensations

(e.g., ∆RH/∆t and ∆T/∆t).

These characterization limitations, coupled with the atmospheric unknowns, can lead to

a lack of trust in atmospheric observations. This lack of trust is the final aspect from MAI2S

highlighted in this discussion. Given resource limitations, atmospheric measurement systems

often have to be distributed to increase coverage. Although this distribution enables sensing

the spatiotemporal behavior of storms in the region, it creates single observation points that

can present unexpected or ambiguous results. In these cases, it is often hard to determine if

the unexpected or ambiguous results are caused by an unexpected atmospheric behavior or

sensor error.

WxUAS data is considerably more likely to encounter such issues. This occurs because a

WxUAS moves through the atmosphere while atmospheric features move through its profiling

path. For instance, consider the example illustrated in Fig. 8.3. In this case, a cloud protu-

berance encountered the WxUAS at T1 and departed at T2. Considering the fast response

of StormTrooper’s sensors, this type of encounter would likely produce a sharp change in

171



temperature, relative humidity, and cloud-sized particle counts. Because the StormTrooper

is designed with sensor redundancy and its multi-modal sensing approach provides the means

for partial self-validation, this high-resolution feature would likely be correctly interpreted.

T0 T1 T2
Wind

Figure 8.3: Illustration of weather passing through the WxUAS profile path and inducing
unexpected measurement values (e.g., sharp increase and decrease in relative humidity).

Nonetheless, in a WxUAS with just temperature and relative humidity, particularly those

with slower time response sensors for relative humidity, this result would likely be misinter-

preted due to research bias. If this event happened in only one of the many profiles taken

during a sampling interval, researcher bias would likely classify these accurate measurements

as a sensor error due to a lack of trust in observation systems and a biased expectation of

gradual behaviors. Without any other means of verification, this profile would likely be

quality-controlled, and the sharp changes would either be discarded or filtered out of the

profile.

This example underscores the need for a paradigm shift in interpreting WxUAS data.

The high-resolution nature of WxUAS data increases the likelihood of detecting subtle fluc-
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tuations associated with transient atmospheric conditions. As WxUAS research continues

to advance, so too must the methods for data interpretation and assimilation, which will, in

turn, guide future improvements in WxUAS technology. The insights gained in this disser-

tation have revealed areas for potential enhancement, which are discussed in the following

section.

8.2 Future Work

The StormTrooper demonstrated the feasibility and value of WxUAS atmospheric sampling

in the low-altitude wintry precipitation environment. Nonetheless, as a novel system, it

presents considerable room for improvement. Additionally, this nascent field of WxUAS-

based low-altitude wintry precipitation sampling should continue to grow based on the lessons

learned in this research. Below are three recommendations for continued work in this field.

• Dedicated WxUAS-based weather radar – In this research, a commercial off-the-

shelf mmWave radar, originally developed for collision avoidance applications in the

automotive industry, was converted into a WxUAS-based vertically pointing precipi-

tation radar. Although successful in providing a low-cost assessment of precipitation

type and intensity, this conversion also encountered several limitations. Given the value

of the information demonstrated in this dissertation, this research field would greatly

benefit from the development of a dedicated WxUAS-based weather radar. Particu-

larly one with the separation between the antenna and the radar’s backend, which will

increase flexibility in physical integration. Another desired feature is better software

integration options, which will reduce weight and system complexity.

• Hydrometeor trajectory-based sampling – Cases such as the one presented in

the second MAI2S deployment (see Section 7.1.3) illustrate how the precipitation ex-

perienced at the surface can travel considerable horizontal distances relative to its

generation layer. The winds that cause this travel also cause considerable drift on
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radiosondes. The WxUAS’s ability to counter the wind minimizes this drift. However,

the temperature gradients that induce phase change as the hydrometeors falls may be

underrepresented in both cases. Leveraging the flight controller and sensor integration

described in Chapter 3, a multi-modal sensor data fusion algorithm should be developed

to enable real-time hydrometeor-trajectory-based sampling via autonomous adaptive

behavior. Utilizing an autonomous adaptive sampling algorithm designed for the en-

vironmental characteristics of the mix-phased wintry precipitation environment, the

StormTrooper will compensate for atmospheric conditions and trace an atmospheric

profiling trajectory mirroring the hydrometeors’ path from the generation layer to the

surface.

• WxUAS image-based sensing – Considering the complexity of the low-altitude win-

try precipitation environment, the actual observation of the weather is still the norm

in the field for disambiguation and validation. For this reason, some researchers limit

their studies to use only human-augmented present weather reports, and a growing

amount of effort has been made toward image-based sensing. In this dissertation, the

WxUAS’s conceptual onboard camera played a pivotal role in disambiguating the dis-

crepancies between the ceilometer and WxUAS data. Therefore, WxUAS-base wintry

precipitation research field would greatly benefit from the development of a low SWaP

image-based sensing. Particularly one that could be automated to detect atmospheric

changes with height.

8.3 Final Considerations

The considerations on the design of unmanned aerial weather measurement systems for win-

try precipitation observations presented in this dissertation represent a practical contribution

to this research field exemplified by the StormTrooper WxUAS. Additionally, the abstrac-

tion of these concepts and considerations presents a broader impact on the general field of
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WxUAS research and atmospheric observations, particularly towards the emerging need for

high-resolution, low-altitude weather data. Consequently, this work hopes to inspire and

inform subsequent research that leads to more atmospheric insight, better forecasting, and

the safe introduction of the next generation of aircraft into the NAS.
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Appendix A

OK Mesonet Chamber Experiment

Initial calibrations of the Sensor Inner-Shield for the In-situ Measurement Design (see Chap-

ter 3 at the Oklahoma Mesonet’s Calibration Laboratory. This procedure used the Thun-

der Scientific 2500 benchtop humidity generator (left panel in Fig. 3.11). This chamber

produces controlled temperature and relative humidity conditions following NIST’s Two-

pressure method. Within this controlled environment, the design’s inner shield was taken

through three 3-hour ramps where temperatures varied from 5 to 15 ◦C and relative humidity

ranged from 65 through 95 %RH, jointly. As seen, dwell and step periods for each variable

were mismatched to produce several test conditions.
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Figure A.1: Time series for the temperature and relative humidity experiment at the Okla-
homa Mesonet’s Calibration Laboratory. The black series represents the chamber reference
values, and the colored series represents the calibrated individual sensors.
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Appendix B

OK Mesonet Flight Comparison

Experiment

To evaluate performance under operational conditions, the system was deployed near an Ok-

lahoma Mesonet tower for collocated measurements. Each Mesonet station has a collection

of instruments placed at heights that range from 60 cm below to 10m above the surface.

This experiment leveraged the temperature sensors at 1.5 and 9m and the relative humidity

sensor at 1.5m. Figure 3.12 offers an illustration of the tower’s sensor placements along with

a depiction of the experimental setup.

In this comparison experiment, two identical rotary-wing WxUAS, with the proposed

in-situ measurement design solution, were placed on the ground next to the tower (one on

each side). After a period of baseline measurements without any effects introduced by the

aircraft’s flight characteristics, both aircraft took off and hovered next to the tower at 9m

above the ground (height of the temperature sensor). This hover height was selected to

eliminate any potential recirculation produced by aircraft ground effects, which could bias

the experiment and interfere with the time series of this operational Mesonet station. For

similar reasons, each aircraft flanked the tower on opposing sides, facing the mild incoming

breeze.
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Figure B.1: Time series for the tower and two aircraft data highlighting the comparison
interval. Mean and maximum absolut errors are found in Table 3.4.
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Figure B.2: Temperature time series for the tower data (1.5 and 9m) with both aircraft
data, including data before and after take-off.
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Figure B.3: Relative humidity time series for the tower data (1.5m) with both aircraft data,
including data before and after take-off.
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Appendix C

Radar Configuration Parameters

Table C.1 presents the parameters used to configure the TI AWR2243 for all data collected

within this dissertation’s scope. Figure C.1 presents an illustration of the radar’s chirp and

how the variables on Table C.1 influence it.

Figure C.1: Chirp illustration from Texas Instrument’s user guide showing each chirp pa-
rameter. Source: TI mmwaveSDKUserGuide.
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Parameter Value

Active TX Antennas 3
Active RX Antennas 4
Starting Frequency 77GHz

Bandwidth 349.79MHz
Wavelength (Lambda) 3.9mm

Frequency Slope 9.994MHz µs−1

ADC Sample Rate 16 670 kbps
Number of Range Bins 512

Idle Time 2 µs
Ramp End Time 35 µs

Pulse Repetition Frequency 27.027 kHz
Loops per Frame 255
Chirps per Loop 1

Pulses 255
Number of Frames 4
Interframe Interval 40 µs

Range (Max) 250m
Range (Resolution) 0.4887m

Doppler Velocity (Max) 26.32m s−1

Doppler Velocity (Res) 0.2065m s−1

Table C.1: Radar configuration parameters.
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Appendix D

Pitch Angle Compensation

Experiment

Experiment to validate the TI AWR2243’s capability to collect data at different angles and

the post-processing algorithm’s capability to correct the detection angle used to compensate

aircraft pitch via beamforming in post-processing. In these experiments, a metal pole was

placed broadside to the radar (i.e., head-on) and at 60 degrees, both at approximately 10m

from the radar. Figure D.1 presents the experimental setup and Fig. D.2the power per angle

results for both experiments, broadside on the left and 60 degrees on the right.
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Figure D.1: Experiment setup, a metal pole at broadside and a 60-degree angle. Both at
approximately 10m.
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Figure D.2: Experiment results for the pitch angle compensation via beamforming in post-
processing. Metal pole at broadside on the left and 60 degrees on the right.
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Appendix E

Aircraft CAD

Illustration of the 3-dimensional computer-aided design for this dissertation’s WxUAS air-

craft designs, highlighting its symmetry, modularity, and flexibility. Figure E.1 shows the

orthographic top and front views, while Fig. E.2 shows a cut of its orthographic back view

revealing its internal modules. Figure E.3 shows the three iterations that express the mod-

ularity of the design. Finally, Fig. E.4 shows two units built for the MAI2S field campaign.
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CA B

Figure E.1: 3-dimensional computer-aided design for this dissertation’s WxUAS aircraft
designs. (A) Orthographic top view and (B) orthographic front view.
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Figure E.2: 3-dimensional computer-aided design for this dissertation’s WxUAS aircraft
designs in a vertical cross-section cut of the orthographic back view illustrating the internal
components and the overlapping layer technique for seal-less water-resistance.
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AircraftStormTrooper

Figure E.3: Evolutionary desing steps that led to the StormTrooper’s final design. The top
left corner shows the initial waterproofing test. The top right corner shows the initial test of
the landing gear integration for modular co-axial design. The bottom image shows the final
baseline configuration as used in the MAI2S field campaign.
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Figure E.4: Two units of this dissertation’s WxUAS aircraft design in the baseline configu-
ration. These two units were purpose-built for the MAI2S field campaign.

191



Appendix F

Field Campaign Supporting Weather

Data

This appendix presents weather data publicly available weather products by federal agencies,

which provide context to and temporal evolution of the general weather patterns seen during

the WxUAS deployments in the MAI2S field campaign.
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Figure F.1: MRMS composite reflectivity product for the northeastern United States from
March 9th, 06Z (top left) until the 11th at 06Z (bottom right).
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Figure F.2: Weather Prediction Center’s surface observation maps for the NE U.S. The time
stamps for the data are (top left) March 9th 15Z, (top right) 18Z, (bottom left) March 10th

0Z, and (bottom right) 3Z.
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Figure F.3: MRMS composite reflectivity product for the northeastern United States from
March 22th, 18Z (top left) until the 24th at 0130Z (bottom right). The initial two rows
advance in a 6-hour step, while the final row advances in a 30-minute step to highlight the
missed rain event at Storrs (CT).
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Figure F.4: Soundings from Albany (left), and Long Island (right) for March 24th 0Z.
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