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Craig W. Powers

(Academic Abstract)

The majority of the Earths surface is covered with water, anthe air-water interface (AWI)
acts as the natural boundary between the atmosphere and theater. The AWI is an im-
portant ecological zone in natural aquatic habitats that geerns transport of material and
energy between bodies of water and the atmosphere. Littlekeaown about temperature pro-
les and biological transport across the boundary layers ahe air-water interface, and how
wind interactions at the AWI a ects them. New technologies sth as sensors and unmanned
surface vehicles (USV) need to be developed and used to addrbss knowledge gap. The
goal of the research is to study population densities of theabteria Pseudomonas syringae
below, at and above the AWI using USV equipped with specializesensors.

The rst speci ¢ objective was to map temperature pro les am resolve the boundary layer
at the AWI using high resolution distributed temperature sesing (HR-DTS) on board an
unmanned surface vehicle (USV).

Our second research objective was to sample microbes frore thiater with a USV at multiple
depths and locations.

Our third research objective was to sample microbes from tretmosphere with a USV at
the AWI.

Our fourth research objective was to track and localize hamdous agents (tracer dyes) using
a USV in aqueous environments.
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(General Audience Abstract)

The majority of the Earths surface is covered with water, anthe air-water interface (AWI)
acts as the natural boundary between the atmosphere and theater. The AWI is an im-
portant ecological zone in natural aquatic habitats. Litte is known about temperature
pro les and biological transport across the boundary layerat the air-water interface, and
new technologies need to be developed and used to address kimowledge gap. The specic
objectives of the proposed work are to: (1) map temperatureggles and resolve the bound-
ary layer at the AWI using high resolution distributed tempeature sensing (HR-DTS) on
board an unmanned surface vehicle (USV), (2) sample microbesrh the water with a USV
at multiple depths and locations, (3) sample microbes fromhe atmosphere with a USV at
the AWI, and (4) track and localize hazardous agents (tracery@és) using a USV in aqueous
environments.



Acknowledgments

The work presented here would not be possible without the oppunities made possible by
my co-advisors, Dr. Linsey Marr and Dr. David Schmale. It is wh profound gratitude that

| acknowledge their continued patients and guidance, that ihout, | assuredly would not
have been successful. | would like to thank my committee, DL.ittle and Dr. Ross for their

wise words, advice and encouragement. Thank you for helpinge to stay the course.

It has been a great pleasure to be a part of the Schmale Lab and #lied Interdisciplinary
Research in Air (AIR?) groups. | would like to thank all the group members for shanig
their time and passion for research. In particular, | wouldike to say thank you to all the
Schmale lab members that have contributed directly to my resrch success including Mr.
Christopher Anderson; Mr. Jamie Benson; Ms. Hope Gruszewski;sMRegina Hanlon; Ms.
Niki McMaster; Ms. Celia Sanchez; and Ms. Nina Wilson.

| would like to thank Ms. Terri Bourdon, Dr. Chung, Dr. Rogers Dr. Rossi, and Ms.
Jessica Schmale for their kindness and guidance during my etdance during my time at
the Mathematics Department .

Finally, I would like to thank my ancee, Kasia Swirydowicz, for her patience, love and
support, and for all the adventures we have had and will havegether.

This work was supported in part by seed grants to Dr. Schmaledm the Institute of Crit-
ical Technology and Applied Science (ICTAS) (Environmental &nsing of the Atmosphere
and Water with Fiber Optic Lines) and the College of Agricultue and Life Sciences at Vir-
ginia Tech, the National Science Foundation (NSF) (Research ohirborne Ice-Nucleating
Species (RAINS)), (Integrative Graduate Education and Reseeh Traineeship: MultiScale
Transport in Environmental and Physiological Systems (MWISTEPS)), and (NRI: Coor-
dinated Detection and Tracking of Hazardous Agents with Aeriahnd Aquatic Robots to
Inform Emergency Responders), (HAZARDS SEES: Uncovering the Hield Skeleton of En-
vironmental Flows: Advanced Lagrangian Methods for Hazard Pdéction, Mitigation, and
Response)



Contents

List of Figures iX
List of Tables Xiii
1 Introduction 1
1.1 Background and Motivation . . . . . .. .. ... .. .. ... ... 1
1.2 Objectives . . . . . . . e e 5
1.3 Attributions . . . . ... 6
2 Mobile distributed temperature sensing of the air-water interface of an
aguatic environment with an unmanned surface vehicle 8
2.1 Abstract . . . . . . . 8
2.2 Introduction . . . . . . .. 9
2.3 Materials and Methods . . . . . . . ... ... L L 12
231 USV . . e 12
2.3.2 Development and attachment of the FORESPASE . . . . . . . ... 14
2.3.3 Studysiteanddesign . . ... ... . ... 71
2.3.4 DTSsystem . . . . . . e 19
235 MISSIONS . . . . . . . 20
2.3.6 Statistical analyses . . . . ... .. ... .. e 21
24 Results . . . . . . e 21
2.4.1 Results of statistical analyses . . . . . .. ... ... ... ... .. 21
2.4.2 Observations of the boundary layer at the AWI . . . .. ... ... 24

\Y



2.4.3 Stability considerations . . . . . . ... Lo 25

2.5 DISCUSSION . . . . . . o e e ®
2.6 Acknowledgements . . . . . . . . ... e &
Remote collection of microorganisms at two depths in a freshwater | ake
using an unmanned surface vehicle (USV) 30
3.1 Abstract . . . . . . 30
3.2 Introduction . . . . . . . 31
3.3 Materialsand Methods . . . . . . .. ... ... . 33
3.3.1 Studysiteanddesign . . . .. ... . .. ... 3
3.3.2 Unmanned surface vehicle (USV) . .. ... ... ... ........ 35
3.3.3 Development of an automated water sampler onboard a USV. . . . 36
3.3.4 Processing of Samples for Culturable Bacteria . . . . .... ... .. 38
3.3.5 Ice-nucleationassays . . .. .. ... ... . ... 39
3.3.6 Statistical analyses . . . . . .. ... ... 39
3.4 Results . . . . . . 40
341 MISSIONS . . . . . . 40
3.4.2 Concentrations of bacteriaon KBCand TSA. . . . . ... .. ... 42
3.4.3 lIcenucleationassays . . .. ... .. .. .. 43
3.5 DISCUSSION . . . . . o o 3
3.6 Conclusions . . . . ... 6!
3.7 Acknowledgements . . . . . . . ... A
Coordinated sampling of biological aerosols over freshwater and s altwa-
ter environments using an unmanned surface vehicle (USV) and a small
unmanned aircraft system (SUAS) 49
4.1 Abstract . . . . . . . 49
4.2 Introduction . . . . . .. 50
4.3 Materialsand Methods . . . . . . .. .. ... 52
431 Studysite . . . .. 52

Vi



4.3.2 Unmanned surface vehicle . . ... ... ... ... ......

4.3.3 Small Unmanned Aircraft System (SUAS) ... ... .. ...

4.3.4 Development of an automated atmospheric sampler andnsor inte-

grationonaUSV . . ... ... ... ... ... .

4.3.5 Collection and culturing of microorganisms from sUAS ... .. ..

4.3.6 Statisticalanalyses . . . ... .. ... ... ... ... ...,
44 Results. . . . . . . ..
441 USV, Great Pond, Falmouth, MA . . . . .. . ... ... ....
4.4.2 USV, Claytor Lake, Dublin, VA . . . .. ... ... .......
443 MiSSIONS . . . . . o
444 SUAS. . . . e
4.5 DISCUSSION . . . . . .
4.6 Acknowledgements . . . . . ... ...

5 Tracking of a uorescent dye in a freshwater lake with an unmanned surfa
vehicle and an unmanned aircraft system

5.1 Abstract . . . . . . . .
5.2 Introduction . . . . . . . L
5.3 Materials and Methods . . . . . ... ... ... ... L.
5.3.1 Study Siteand Design . . . ... ... ... .. ...
5.3.2 Unmanned Surface Vehicle . . . . ... ... ... .. .....
5.3.3 Unmanned Aircraft System . .. .. ... ... ........
5.3.4 Sensor Integration . . . . . ...
535 Plume Generation. . . . . . ... ... ... ...
5.3.6 Image Processing . . .. .. .. .. . .. .. ...,
5.4 Results and Discussion . . . . . . ... ..o
55 Conclusions . . . . ...

5.6 Acknowledgements . . . ... ... ...

6 Conclusions

Vil



6.1 Implications and Future Work

Bibliography

viii



List of Figures

2.1

2.2

2.3

2.4

2.5

Con guration of our DTS system. The design includes a saed cold-water
bath onboard the USV (right) as a reference point to aid in lodang the
beginning of the usable data collected along the helical §en. . . . . . . . .

The FORESPASE (A) installed on the front of the USV (B). The cded
ber optic cable extends about 1 m above and 1 m below the AWI winethe
USV is in water. After the pipe, the cable (C) was fed through a ader (D)
located to the rear of the USV before running (E) to the dock andhto the
FORESPASE computer. The cooler, which contained ice waterygduced an
inverted temperature spike in the data for calibration purpses. . . .. ...

Angles of incidence for di erent modes of light. The morecate angle, mode c,
correlates with the relatively short anti-Stokes backscé&tr wavelengths. The
longer wavelength mode, mode a, has an angle of incidencettabbows for it
to successfully pass through the bend in the cable, again pided the radius
of the bend is at least 10 cm. Diagram modi ed from Hilgersom &tl. (2016).

Map of the eld experiment site in Blacksburg, Va., USA. Figte 2.4 shows the
pond and the respective treatments (A, B, C, and D), each of wth consisted
of eight replicates. Treatment A was a hold north position, reatment B was
a forward transect, treatment C was a hold south position, ahtreatment D
was reverse transect. The USV and ber cable management we@ocdinated
on a small dock at the waters edge (E). For each treatment, thelR-DTS
system recorded data spanning the AWl at1 Hzfor 1 min. . . . . ... ..

A transect maneuver (treatment D) from the south hold to orth hold posi-
tion passing a small fountain (A). Higgins (B) managed the DTS ber optic
cable (C) leaving the USV (D) to the computer in the command vehle.
In future operations of the FORESPASE system onboard larger WS, the
DTS computer could be housed onboard the USV without any needrfcable
management. . . . . .. . e e e

15

18



2.6

2.7

2.8

3.1

3.2

3.3

Each of the four treatments, hold north (A), forword trangct (B), hold south
(C), and reverse transect (D) with all measured temperaturpoints from the
eight repetitions in grey. The averaged temperature pro Iéor each treatment
Is represented by a black line. No signi cant temperature vation was found
across the four treatments at the set vertical resolutiondfcm. . . . . . ..

The three zones, the top (zone 3) from about 83 cm above thater surface to
13 cm above the AWI, the middle (zone 2) from 13 cm above the watsurface
to the AWI, and the bottom (zone 1), from the AWI to about 85 cm bebw
the water surface showing the temperature variation over theight replicates.

The mean for the four treatments (A, B, C, and D) with an oveall mean and
standard error of the mean (error bars). The solid horizontdine represents
the AWI with temperature measurements below the AWI (zone 1) atwve to
the dotted line (zone 2), and above the dotted line (zone 3). ... . .. . ..

Unmanned surface vehicle (USV) navigation routes (Missidh red, Mission
2, green, Mission 3, cyan, and Mission 4, blue) and sampledtions L1, L2,
and L3 (orange ags) for the four missions conducted from Oagber 25th to
October 27th. The USV collected 500 mL of water from at two deps (5cm
and 50cm) for each location. Map data: Google, Commonwealt Virginia,

DigitalGlobe. . . . . . . . . .

The Clearpath Robotics King sher USV equipped with the atomated water
sampler on Claytor Lake, VA, USA. The water sampler onboard the 8V
collected samples of water at two di erent depths. Each sangwas collected
into sterile 1 L bottles. The operation of the vacuum pumps ah sampling
tubes were remote-controlled through a microcontroller ahsupporting elec-
tronics housed in a waterproof box. A collection bottle comining 500 mL of
sterile water was used as an unexposed control during eachssion. Image
courtesy of D. Schmale. . . . . . . ... .. ... . ... .. . . .

Engineering design of the automated water sampler onlydahe USV. The
sampler (A) consisted of a microcontroller and electronicd) powered by a
lithium iron phosphate battery (2) that actuated servos (3)to control siphon
positions (4) and pump water into 1 L containers (5) with vacum pumps (6).
During vehicle movement, the siphon arms (B) were in the st@ad con gura-
tion (7). Upon reaching the sampling location, the appropate arm rotated
175 degrees (8) to allow the sterile water in the tube to ow du The arm
then rotated back 90 degrees (9) into the water for collectio After a set
amount of collection time, the arm returned to the stowed coguration (7)

before proceeding to the next location. . . . ... .. ... .........

22

23

24

34



3.4

4.1

4.2

4.3

4.4

4.5

5.1

Concentrations of bacteria (CFU/mL) for TSA (A) and KBC (B) media at
two depths of 5 and 50 cm at the three locations L1, L2, and L3.... . . . .

Sampler deployed on USV in Boston MA. An Airmar 200WX sensor (A)
was used to capture meteorological data. A set of three imgjars and two
particle counters were used at 1.1 m (B) and 0.1 m (C) when degked. A
Turner turbidity sensor was also used. The sampler is seen ihe stowed
con guration (E) and is extended to a vertical position whersampling. . . .

Particle count concentrations from the Great Pond, Falwuth, MA. Three
of the four integrated particle sensors where operationadifthe six missions.
The top row represents the SDS021 sensor at 0.1 m for PM2.5 aR110.
The middle row represents the PM7003 sensor at 1.1 m for PM1MR.5 and
PM10. The bottom row represents the PM7003 sensor at 0.1 m f&M1,
PM2.5and PM10. . . . . . . . . . . e

Wind plots for the Great Pond MA and Claytor Lake VA. Colors epresent
the speed of wind with legth of bars representing the percexge of time at
the given windspeed. . . . . . . . ... e

Particle count concentrations from Claytor Lake, Dubh, VA. Three of the
four integrated particle sensors where operational for th&x missions. The
top row represents the SDS021 sensor at 0.1 m for PM2.5 and PM1The
middle row represents the PM7003 sensor at 1.1 m for PM1, PN6Zand PM10.
The bottom row represents the PM7003 sensor at 0.1 m for PM1M2.5 and
PM10. . . .

Plots of particle data from October 3 2017 on Claytor Lake. Two model of
optical particle counters PMS7003(A) and SDS021(B) where ed. Only the
PMS7003(A) sensor was able to resolve PM1 at 0.1m above the aasurface
(A) and PM1 at 1.1m (B). Both models reported PM2.5 at 0.1m (C)PM2.5
at 1.1m (D), PM10 at 0.1m (E) and PM10 at 1.1m (F). Graphs are in gneral
accordance both in shape and averages with some minor vaigats. . . . . .

Site for study was a small cove in Claytor Lake, VA, USA. A kaya(A)

was used to anchor a small oat (B) near the center of the coveA small
uorescein puck was placed in a mesh bag to create the plumeh&@ USV (C)
was equipped with an onboard uorometer and was used to conclua series
of slow transects through the dye plume. . . . . ... ... ... ......

Xi

42

55

58

71



5.2

5.3

5.4

5.5

5.6

Clearpath Robotics M200 King sher with the Turner C6 mulisensor in the
upright and stowed con guration (A,1) and deployed for takirg dye measure-
ments near the water surface (B,2). The C6 sensor array caneugp to Six
sensors to simultaneously take environmental measuremssuch as turbidity
and UOreSCENCE. . . . . . . i i e e e e e e e e e

RGB channel levels after adjustment of raw uorescein pine images taken
from the UAS to increase color contrast of plume structure (A), reating
an enhanced color rendering of the uorescein plume reveddi concentration
structures not seen intherawimages (B). . . . .. ... ... ... ....

Fluorescein concentration pro le as recorded by the Tuar C6 equipped USV.
Concentration is increasing from location 1 to 2 and then dezasing as the
USV traverses the dye plume for a single transect. . . . . .. .. .... ...

Heatmap of uorescein concentration pro le using color ntahing technique.
White represents areas of the highest concentrations (12 pprwith black
representing the lowest concentration (1 ppm). The path ofhe USV is rep-
resented by the white curved line (points 1 to 9) with the plura generation
oat seen as the black rectangular object in the plume. . . . ... ... ..

Fluorescein concentration pro le from the Turner C6 sews (Blue) onboard
the USV, and an estimated concentration pro le from the heat ma for the
same plume transect. Points 1 to 9 represent the midpoint odeh concentra-
tion level from the heatmap as the USV performed the transect. . . . . . .

xii

75

77

78



List of Tables

2.1 ANCOVA results from analyzing the e ect of treatment on tenperature for

3.1

4.1

4.2

the three zones; Zone 3 (above the water), Zone 2 (at the air teainterface),
and Zone 1 (below thewater). . . . . .. . . . .. ... .. .. .. . 2

Mean concentrations of bacteria (CFU/mL) for KBC and TSA mdia. Data
are reported for four sampling missions, over three days, titree locations at
Claytor Lake, VA (L1, L2, and L3). Remote collections were pérmed with
a water sampler onboard an unmanned surface vehicle (USV), arsD0 mL

of water was collected for each depth (5 and 50 cm) and locatio . . . . . . 41
USV biological data for impinger sampling. Samples froml0and 1.1 m where

combined before plating for volumetric requirements. . . . ... .. .. .. 60
UAS biological data for plate deposition sampling . . . . . ... .. .. .. 61

Xiii



Chapter 1. Introduction

1.1 Background and Motivation

The air water interface (AWI) is possibly the most common ligid interface and impacts
atmospheric, aerosol and environmental chemistry (Stiopket al., 2011). Speci cally, the
marine atmospheric boundary layer (MABL), the boundary whez the atmosphere touches
the global ocean surface (Garratt, 1994), represents therdgst boundary of our planet's
surface area making this boundary of great importance to d¢lal dynamics. Many envi-
ronmental processes are in uenced by this boundary, and tnaport across this interface is
limited by viscous boundary layers on both sides of the AWI (GQae et al., 2014). Turbu-
lence, which occurs often in aquatic environments due to watmotion, wind interaction and
tides, can change the rate of transport across the AWI (Kinsnma 1965). Many AWI trans-
port models have been proposed but real world data is needaxvalidate these models and
to gain an improved understanding of these transport mechams (Law and Khoo, 2002).
Most often, due to the properties of water and air, transports dictated by dynamics of the
water below the AWI (Xu et al., 2006). Compared to other substates, water has a high heat
capacity and in the form of oceans, it has the highest capagiin the global climate system
(Willis et al., 2004). Thermal energy energy from the sun thais not re ected by clouds or

other particulate matter is absorbed and radiated at the AWI Faizal and Ra uddin Ahmed,
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2011). Abiotic (non-living) and biotic (living) particles cross the AWI through deposition

and aerosolization processes. Transport across the AWI ingiaglobal scale dynamics such as
cloud formation, weather, spread of disease, ocean acidition and climate (Samset, 2016).
understanding transport across the AWI is crucial to undersinding the mechanisms behind

these Earth processes.

Thermal energy from the sun that is not re ected by the atmospere is transported to
oceans and lakes through the AWI. At this boundary, this enesgis re ected, or converted
into sensible heat and di erent forms of energy where it is sted by oceans and lakes (Faizal
and Ra uddin Ahmed, 2011). This energy can be radiated and tresported long distances,
impacting the Earth's global energy budget and contributig to ocean phenomena such as
currents, atmospheric weather and climate (Trenberth et al 2009). This stored energy
in uences the temperature of oceans and can have a large ingpan the concentration of
gases that have be transported across the AWI (Garbe et al., 2. Anthropogenic increases
in atmospheric gases such as G@nd free elements such as sulfur and nitrogen (Schwede
and Lear, 2014) are increasingly absorbed and held in sotuti by oceans decreasing pH
and subsequently increasing acidi cation. This can have dastating impact on sea life
throughout the oceans (Sabine et al., 2004). Using current meling techniques, a drastic
increase in acidity in the global ocean from past volcanic @stions 252 million years ago,
has recently been linked to one of our planet's largest masstiactions underscoring the
importance of this phenomena (Clarkson et al., 2015). Detaining heat ux across the
AWI is dicult for many reasons such as sea state condition, vaable wind speeds and
remote distances (Valdivieso et al., 2017). Satellite searface temperature measurements
can and have been used, but can be prone to errors in samplinglacloud identi cation (Liu
and Minnett, 2016; Viswambharan et al., 1986). Accurate in sitmeasurements at the AWI

interface are important and needed to understand long ternlimate and weather e ects.
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The AWI serves as a physical boundary between microorganisrigt live in aquatic envi-
ronments and microorganisms that can aerosolize and sur@iwransportation through the
atmosphere e.g., the bacteriunPseudomonas syringagMorris et al., 2008). Pseudomonas
syringaeand other microorganisms are ubiquitous in the atmospheread have been found in
abundance in oceans and lakes (Bauer et al., 2002; Pietschakf 2017). Some microorgan-
isms are pathogens of crops, domestic animals, and humansl{ffnenakou, 2012). Bacteria
in marine environments can reach the AWI where they may beconagrosolized into the at-
mosphere from the sea-surface micro-layer (SML) inside siindroplets by interactions with
breaking waves at the coasts, and in whitecaps on wind drivemaves in the open ocean
(Wu, 1981; Li et al.,, 2017). The primary means of microbial aesolization from aquatic
surfaces is usually attributed to bubble bursting (Blanchal, 1989). If these aerosols have
enough momentum and the proper trajectory they can escapetonthe atmosphere and be
transported kilometers through the atmosphere (Schmalelland Ross, 2015; Mishchuk and
Goncharuk, 2011). These aerosols can then travel back to restrial or aquatic environ-
ments through dry and wet deposition (Weerasundara et al.027). The concentrations and
size distributions of airborne microorganisms around thelape are understudied (Burrows
et al.,, 2009). Understanding the aquatic sources and abundanof these microorganisms
that may become aerosols is important to understanding hehland disease in humans crops

and livestock that may be impacted by this transport.

Some bacteria, such aB. syringaeand Xanthomonas campestrismay have a direct impact

on the water cycle and global precipitation (Morris et al., Q08). Some strains of these
bacteria are known to exhibit ice nucleation active (INA) préeins which can organize water
molecules and allow water to freeze at much warmer temperaés than would be possible
for pure water (Hill et al., 2014) . This enables these partidar bacteria to serve as biogenic

ice nuclei of water droplets and ice crystals initiating prapitation events such as rain and
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snow (Blanchard, 1989; Christner et al., 2008b; Peschl et.a2010). Microbial ice nucleators
are amongst the most e cient ice nucleation particulates inthe atmosphere allowing for
ice formation at temperatures as high as °€ (Christner et al., 2008a). Ice nucleation is
responsible for most of the precipitation over land and immas the lifetime and structure
of clouds (Polen et al., 2016)P. syringaeis found in abundance in terrestrial and aquatic
environments (Morris et al., 2008; Faizal and Ra uddin Ahmed2011; Pietsch et al., 2017)
and has been associated with nearly all components of the watycle (Morris et al., 2013).
Studying this transportation cycle of microorganisms suchs P. syringaeis a crucial part
of understanding the current and future state of the globalrad local environments that rely

on precipitation to allow plant and animal life to thrive.

New technology with unmanned vehicles (UVs) operating in the aiwater and land, are

increasingly being used in elds of study including climateweather and water, ecosystem
monitoring and management, and coastal mapping (Pereira ell., 2009). Use of primi-

tive unmanned vehicles date back to the civil war where balbms carrying explosives were
used in a combat role (Demir et al.,, 2015). Historically, muclof the eld research has
been accomplished with the use of humans collecting sampiesll aspects of the research.
Autonomous vehicles, such as unmanned air vehicles (UAVs), uarmed surface vehicles
(USVs), autonomous underwater vehicles (AUVs), and unmannedaurnd vehicles (UGVS)

can help accomplish much of this research saving cost and jeg researchers out of harm's
way all while reducing the environmental impact caused by ld-based studies (JONES IV
et al., 2006; Ari anto and Farhood, 2015). Using UVs can allow foextremely precise mea-
surements in environments that are dangerous or inhospitebto humans (Weilin et al.,

2003). These robots have the potential to stay on station faxtremely long periods of time
without the need of refueling or replenishment (Sarda et al2016). Likewise, they can cover

extremely long distances without the need to rest and recav@Narren et al., 2016). In this
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research, USVs and UAVs are used in situations where precisioepeatability and safety
are needed which could be to di cult or practically impossilbe for manned operation. In the
case of the UAVs used in part of this research, there were no ptiaal manned alternatives
to accomplish the required data collection (i.e. manned airaft could not have safely and
legally collected samples at the location and altitudes ofample collection). These UVs
can accomplish tasks, that in the past may have considered tmpractical for people to

accomplish, opening new doors for research.

1.2 Objectives

The objective of this research is to identify and quantify tke distribution and possible trans-
port of microorganisms such as BBB below, near and above th&VA as well as map the
ow of thermal energy at this interface. To achieve these obftives the following goals were
identi ed: (1) develop the necessary autonomous platformand integrate or design any nec-
essary sensors to achieve the research objectives; (2) usesé tools to study the thermal

and biological transport at the AWI.

Objective 1: Map temperature pro les and resolve the boundg layer at the air/water
interface (AWI) using high resolution distributed temperature sensing (HR-DTS) onboard

an unmanned surface vehicle (USV)

Hypothesis 1: HR-DTS can be used onboard a USV to map temperatye les of the AWI
and to identify the boundary layer at the AWI.

Objective 2: Sample microbes from the water with a USV at mulple depths and locations

Hypothesis 2: The spatial distribution of microbes can be chacterized in aqueous environ-

ments by sampling the water with a USV at multiple depths and loations.
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Objective 3: Sample microbes from the atmosphere with a USV #ie AWI

Hypothesis 3: The transport of microbes at the AWI can be charserized by monitoring

particle sizes and collecting and culturing microbes from WSsampling missions.

Objective 4: Track and localize hazardous agents (tracer @g) using a USV in aqueous

environments.

Hypothesis 4: Agents can be tracked in water using a USV equippeith underwater sensors.

1.3 Attributions

Dr. David G. Schmale, llI served as a co-advisor for this work. Dr. Schmale provided
guidance on experimental design, planning, and writing fall the work presented here. He
participated in all eld research and was instrumental in tle development of the FORES-

PASE sensor in chapter 2. He is listed as the corresponding aathor Chapters 2, 3, 4, and 5.

Dr. Linsey C. Marr  served as a co-advisor for this work. Dr. Marr provided guichee on

experimental design, writing, and editing for Chapter 4.

Dr. Shane D. Ross served as a committee member and provided guidance througihthe

completion of this dissertation.

Dr. John Little served as a committee member and provided guidance througidhe

completion of this dissertation.
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Regina Hanlon contributed to experimental design, planning, writing andwas a eld op-
erator for work presented in Chapters 3, 4, and 5. She desigrend performed the biological

plating and ice-nucleation assays for work presented in Qbizr 3 and 4.

Dr. Chad Higgins was instrumental in the design and development of the FORE&SE
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2.1 Abstract

Aquatic habitats have a boundary layer near the air-water irgrface (AWI) that governs
mass transport. Little is known about temperature proles ad boundary layers at the
AWI. We used a high-resolution distributed temperature seisg (HR-DTS) system onboard
an unmanned surface vehicle (USV) to resolve temperature ptes from about 1 m above
and 1 m below the surface of the water. Our USVHR-DTS system reget a temperature
di erential of about 5.5°C at the AWI, spanning a distance of approximately 13 cm. DTS
pro les were similar for stationary holds and forward and reerse transects in the water.

There was a signi cant change in temperature as a function dfeight, with an exponential
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decrease in temperature starting around 13 cm down to the AWP(=2 10 ). This is
the rst application of a HR-DTS onboard a USV to examine tempeature pro les across the
AWI. To our knowledge, these are the rst high resolution temprature pro les of the AWI
captured from a mobile platform. Because our USV-HR-DTS skem is mobile, it could be
used to pro le temperatures at the AWI at multiple locations n a large body of water. This
technology could also nd unique applications in the measament of meteorological drivers

of hazardous agent dispersal for source localization e art

2.2 Introduction

Unmanned surface vehicles (USVs) have been used for a varietylofi, dirty, and dangerous
missions, including monitoring of water temperature arowhnuclear power plants (Yuh et al.,
2011) and measuring underwater volcanic activity (Dunbahi and Marques, 2012). USVs
can be used to understand ow measurements in aquatic systery tracking the movement
of tracer dyes (Steimle and Hall, 2006). Understanding the eimnenment and natural en-
vironmental processes is becoming increasingly importabecause of natural disasters and

other environmental changes.

The majority of the Earths surface is covered with water, anthe airwater interface (AWI)
acts as the boundary between the atmosphere and the water. @RAWI governs transport
of material and energy between bodies of water and the atmdsye (Rashidi et al., 1991).
The AWI has structural components that a ect this transport, such as the cool-skin thermal
boundary that exists in the atmosphere and is normally 1 mm thick (Handler et al., 2001).
Particles of all types (including microbes) can become aiobne if they can cross the AWI
(Alpert et al., 2015). Some microbes that live and reproduce water, such as Pseudomonas

syringae, are known plant pathogens and may serve as drivesk precipitation processes
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(Morris et al., 2008). Consequently, research is needed toderstand the role of the AWI in

heat transfer and aerosolization of abiotic and biotic paitles.

Fiber optic cables that are used for telephones, internet, anthble television may also be
used for environmental sensing in a technological applican known as distributed temper-
ature sensing (DTS) (Selker et al., 2006). DTS was origingldeveloped for the oil and gas
industry in the early 1980s (Kersey, 2000; Ukil et al., 2012More recently, environmental
scientists, hydrologists, and other natural scientists & appropriated this high-resolution
technology for a range of applications in surface water, grmodwater, and atmospheric sci-
ence monitoring. The high spatial (1 cm) and temporal (1 Hz) solution of DTS-derived
temperature data can provide higher data resolution than cwentional point-source mea-
surements. This improved data density has helped to uncovlyporheic zone exchanges in
streams, groundwater source ows, stream temperature prtes, and atmospheric boundary
layer pro les (Briggs et al., 2012; Read et al., 2013; Bakkest al., 2015; Bond et al., 2015;
Zeeman et al., 2015). DTS is possible because of the measleatattering of light along a
ber optic cable at distances up to 30 km with a spatial resoliion of 1 m and a temperature
resolution of 0.02C (Selker et al., 2006). DTS systems rely on Raman inelastic diascat-
tering of incident light sent through a ber optic cable. Two modes of backscattered light
occur at any point along the ber optic cable: (i) light scattered with resultant wavelengths
shorter than the excitation light is called anti-Stokes sdgering, P as(z); and (ii) light scat-
tered with resultant wavelengths longer than the excitatio light is called Stokes scattering,
Ps(z). Temperature is a known function of the ratio of Stokes t@nti-Stokes backscatter

intensity through the equation (Tyler et al., 2009; Selker teal., 2006):
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PD) L.
Pas(2)

T(z)= In (2.1)

where gamma (), C, and alpha ( ) are tting parameters derived from a series of known,
independently measured temperature values along the cablBs(z) and P,s(z) refer to the
Stokes and anti-Stokes values, respectively. Figure 2.1 ssothe physical calibration con g-

uration used for our experiment (Hausner et al., 2011).

Warm Cold Slack cable USV and
water bath  water bath between DTS FORESPACE
(ambient) (0°C) and USV with cold water
(~100m) bath (0°C)

Distributed

Temperature %/%

SensingUnit| | _ ) o~ U N
T 1

Thermometers
recording T for
calibration

Figure 2.1: Con guration of our DTS system. The design inclues a second cold-water bath
onboard the USV (right) as a reference point to aid in locatinghe beginning of the usable
data collected along the helical section.

Because the DTS system measures temperature wherever theerboptic cable is placed,
cable arrangements can be made to increase the spatial reoh. These arrangements
are sometimes referred to as high-resolution distribute@mperature sensing (HR-DTS) de-
signs in which the ber optic cable is coiled around a tube (Hjersom et al. 2016). DTS
and HR-DTS systems have been used to pro le lake temperatur®drcauteren et al., 2011,
Van Emmerik et al., 2013; Arnon et al., 2014b,a) at xed (statbonary) locations, and in both

helical and regular cable con gurations.

In this manuscript, we describe the development and eld téimg of a remotely operated HR-
DTS system on board a USV: the ber optic remote environmentalensing pipe for aqueous
environments (FORESPASE). We hypothesized that DTS could besed to (i) map tem-

perature pro les of the AWI while moving in an aqueous enviroment, and (ii) identify the
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boundary layer at the AWI. To test these hypotheses, we devgled a HR-DTS and deployed
it on a USV to monitor temperature pro les in an aquatic system(a pond), and conducted
eld experiments to monitor temperature pro les under di erent sampling regimes (station-
ary holds, and forward and reverse transects). Robust unmaed marine systems have been
developed for aquatic sensing and in particular, temperate measurement (Roberts and
Sutton, 2006). Many of these systems focus only on a singleimmomeasurement (Ghani
et al., 2014), some possibly varied spatially in a verticalrp le (Cruz and Matos, 2010).
Our work provides a high degree of spatial and temporal resitibn of temperature measure-
ments of the AWI and may be used to unleash a burgeoning eld okeo-aquatic-ecology.
This technology also has the potential to provide a mobile raas of monitoring temperature
gradients in the atmosphere, across land, and even throughet water (Selker et al., 2006).
Mobile HR-DTS could nd unique applications and provide ingghts into the measurement

of meteorological drivers of hazardous agents for sourceddization e orts.

2.3 Materials and Methods

231 USV

We used a Clearpath Robotics King sher M200 USV (Clearpath Rmotics, Kitchener, Ont.,
Canada). This electric USV weighs 28 kg, is 1.35 m 098 m 032m (L W H),
has a maximum payload of 10 kg, and can be operated via remotantrol or autonomously
via an onboard computer. The removable 29 Ah batteries prowd up to 3 h of continuous
runtime. The two electric impeller thrusters allowed for a raximum speed of 1.7 ms' and
provided steering via di erential thrust. This con gurati on allowed for extremely precise,

controlled movements and shallow operations with minimalisturbance to the surrounding
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aguatic environment. The main chassis of the USV was made otalinium, which has a

high thermal coe cient (Touloukian et al., 1970) allowing for heat generated by the onboard
computers to be distributed e ciently along the entire chasis. The chassis was thermally
isolated from the water by two pontoons made of berglass, vith also has a low thermal

coe cient (Touloukian et al., 1971) helping to prevent heattransfer to the water.

Q;L;Anum

B KINGFISHER Usy

Figure 2.2: The FORESPASE (A) installed on the front of the USV (B).The coiled ber

optic cable extends about 1 m above and 1 m below the AWI when théSV is in water. After

the pipe, the cable (C) was fed through a cooler (D) located tthe rear of the USV before
running (E) to the dock and into the FORESPASE computer. The coler, which contained
ice water, produced an inverted temperature spike in the datfor calibration purposes.
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2.3.2 Development and attachment of the FORESPASE
The FORESPASE system

The FORESPASE system consisted of a perforated PVC pipe of gth 166.85 cm with an
outside diameter of 10.76 cm, and wall thickness of 0.215 craid. 2.2). The pipe was
wrapped with a 900 m, white-jacketed, multimode, ber opticcable reinforced with aramid
bers (for tensile strength) by spinning the perforated PVCpipe on a rotating mount along
the longitudinal axis (cable was from www.AFLglobal.com; iter, SX001509U601-BIF). To
identify the exact location on the ber where the beginning busable measurements exists,
a small cooler (ice bath) was placed at the rear of the boat (Fi@.2), in which the ber was
looped before leaving the boat and extending up the dock to ehground vehicle containing
the DTS computer system. This computer captured the wavelgths of light from the ber
optic cable. The ice bath provided a reference temperaturéd a known location on the
cable from which the beginning of the ber-wrapped PVC pipe @uld be calculated. The
FORESPASE system was mounted to the USV via carbon ber tubingwell forward of the
USV pontoons and chassis, to ensure that the temperature measments would be free
from thermal pollution created by the USV itself (Fig. 2.2). Addtionally, the location of
the FORESPASE system provided undisturbed access to the AWI.
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— Light Modes
-« Angle of Acceptance

Figure 2.3: Angles of incidence for di erent modes of light. Té&amore acute angle, mode c,
correlates with the relatively short anti-Stokes backsc#tr wavelengths. The longer wave-
length mode, mode a, has an angle of incidence that allows fioto successfully pass through
the bend in the cable, again provided the radius of the bend & least 10 cm. Diagram

modi ed from Hilgersom et al. (2016).

Coil Diameter

While providing the possibility of unprecedented spatial reolution, helical con gurations
present a potential physical challenge that must be takentio account. If the radius of the coil
is too tight, a disproportionately high number of anti-Stoles (shorter wave lengths) modes of
light are lost (so-called di erential attenuation), most notably in the rst 100 m (Arnon et al.,
2014b,a). There are two approaches to mitigate the resultadi erential attenuation: post-
processing of the signal return data, or preemptive experantal design if the scenario allows
(for example, a helical con guration utilized in a small dianeter borehole would require
post-processing). Arnon et al. (2014b,a) developed a movimyerage method to correct
for the di erential attenuation that results from an undersized coiling diameter. Reliable
temperature data were needed to con rm results of the empaal approach. Hilgersom et al.
(2016) found that a minimum coil diameter of 10 cm is needed fohysically mitigate the
issue of di erential attenuation, though this was dependdnon the cables index type (Fig.

2.3). We constructed our HR-DTS pipe with a coil diameter of 186 cm, just beyond the
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minimum stated diameter of the coil su cient to avoid di ere ntial attenuation.

Solar Radiations E ect on Temperature Readouts

Direct solar radiation, also known as solar loading, can inagt the measured temperatures
provided by the DTS instrument. Solar loading is of particuir importance for atmospheric
applications because of the thermal properties of air. Poexperimental design can lead to
conditions where solar radiation forces the cables physidemperature to be higher than
the surrounding air (De Jong et al., 2015). There are four appaches to mitigate the im-
pact of solar loading: do not perform experiments in directuslight, use small-diameter
ber optic cable to reduce surface area, use a white-jacketeber optic cable (Selker et al.,
2006), or perform temperature corrections as outlined by D#ong et al. (2015). Note that
a second, larger (or smaller) diameter cable is required tegorm de Jongs correction. We
performed our measurements on a fully overcast day at sunséth a 900 m, white-jacketed,
bend-insensitive ber optic cable. These sensor componesitoices and experimental design
considerations contributed to the reduction in the total inuence of solar radiation on tem-
perature readings. Future analysis of the e ect of sunlighon the ber optic cable during

clear days is needed to validate the DTS system for use in aleather conditions.

Spatial and Temporal Resolution Considerations

There is a di erence in the reportable, true spatial resolubn of a DTS instrument and the
manufacturers designed resolution. The manufacturer of ¢hDTS system we used speci ed
a spatial resolution of 12.5 cm, which is an accurate re ectn of our devices ability to
read temperature, but it does not imply that the device can amunt completely for a steep

change in temperature between two adjacent locations alonige cable (Tyler et al., 2009).
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The distance along the cable needed to resolve 90% of the aparnn two independently
known temperatures increases beyond the manufacturers tetd, readable, spatial resolution
(Tyler et al., 2009). For our experiment, this resolution cosideration is mitigated by the

sequential data points along the cable (28 per 1 cm of verticaesolution).

2.3.3 Study site and design

The study site was a small pond located on the campus of VirganTechs Corporate Research
Center in Blacksburg, Va., USA. The triangular-shaped pond tsaan approximate surface
area of 3000 ri. A small dock (Fig. 2.4; N3711%56.0° W8°0;24;33.2) was used as a base
of operations for launch and recovery of the USV. The pilot in eomand (PIC, Powers)
controlled the USV from the area immediately behind the dockThe ber optic cable was
fed to the USV from an individual (Higgins) standing on the dockand ran up the hill
west of the sampling location to a ground vehicle containinthe DTS computer system.
Because of the tethered nature of the system, remote-corteal operation was used for
all missions (i.e., autonomous control of the vehicle wouldot have been feasible with the
tethered con guration, because the individual managing tla cable was in constant contact
with the PIC during each mission). The use of onboard compaaomponents, in place
of the remote DTS computer system, would allow for full autommous operation of the
FORESPASE system in the future. Such a system could be used tmmtor temperature in
highly radioactive environments (Yuh et al., 2011), wherehe use of manned boats would be

considered risky or dangerous.
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Figure 2.4: Map of the eld experiment site in Blacksburg, Va.USA. Figure 2.4 shows
the pond and the respective treatments (A, B, C, and D), each afhich consisted of eight
replicates. Treatment A was a hold north position, treatmenB was a forward transect,
treatment C was a hold south position, and treatment D was rerse transect. The USV
and ber cable management were coordinated on a small dock #ite waters edge (E). For
each treatment, the HR-DTS system recorded data spanning th@NI at 1 Hz for 1 min.
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Four treatments were used to capture the vertical temperate gradient across the air water
boundary (hold north position, forward transect, hold sout position, and reverse transect)
(Fig. 2.4). A continuous cycle of holding and transecting beteen holding positions was
orchestrated for a total of eight repetitions for each treahent. For each treatment, the
temperature measurements were recorded for approximatelymin giving a total of 32 mea-
surements. During the study, because of the lack of wind andiyawater-based cur rents, the
USV did not require any thrust corrections to hold position fo the two stationary points

(Fig. 2.4). For the two transect movements, the throttle setihg was held at a constant 0.34
m s 1. Visual landmarks were used to guide and hold the USV repetitly over the course
of all measurements. The distance from the PIC to the USV (Fig. .2, E) was around 10
m for all measurements, minimizing potential deviation frm planned path transects. The
objective of this study was to test the reliability of the FORESPASE system at making
temperature measurements of the AWI during both stationary dlds and during moving

transects.

2.3.4 DTS system

The DTS system used was the Silixa Ultima S (Silixa Ltd, Hertfatshire, UK). Maximum
mechanical spatial and temporal resolutions obtained witkhis device were 12.5 cm and 1
Hz, respectively. Raman backscattered information was imglly converted to temperature
utilizing a software package developed by Center for Trarsinmative Environmental Moni-
toring Programs (CTEMPS), an environmental research suppbcenter from Oregon State
University and the University of Nevada-Reno (www.ctemps.ojgbased on the procedures

outlined in (Hausner et al., 2011).
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2.3.5 Missions

We conducted 32 sampling missions with the FORESPASE systeright of these missions
were a north stationary hold, eight were a south stationarydid, eight were forward transects,

and eight were reverse transects. During these sampling sims, the USV was

Figure 2.5: A transect maneuver (treatment D) from the south bald to north hold position
passing a small fountain (A). Higgins (B) managed the DTS ber ptic cable (C) leaving the
USV (D) to the computer in the command vehicle. In future opergons of the FORESPASE
system onboard larger USVs, the DTS computer could be housedoard the USV without
any need for cable management.

operated by the PIC (Powers) using remote control, while theable was manually fed to the
USV by another individual (Higgins) on the dock (Fig. 2.5). The mnual handling of the ber
optic cable from the DTS system was needed to prevent damagethe cable and potential
entanglement in the USV. The pond was small enough that visuahdmarks (e.g., a fountain
shown in Fig. 2.5) su ced to keep the USV on the pre-planned migsn path. Winds were
not a factor in the manual control and position holding of theUSV. A constant, light rain

event was occurring during the entire study, which providedn additional mitigation factor
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for the solar loading issue inherent with cable deploymenis the atmosphere, as discussed

previously.

2.3.6 Statistical analyses

Statistical analyses were conducted using the R language. Analysis of covariance (AN-
COVA) was performed after verifying the residuals of the datavere approximately normally

distributed for data below, at, and above the AWI.

2.4 Results

2.4.1 Results of statistical analyses

There was no signi cant di erence in temperature between #gatments for zones 1 (below the
water) and 2 (at the AWI), but there was a signi cant di erence for zone 3 (above the water)
(Fig. 2.6; Table 2.1). This can be seen in the shift in the tempature range across the four
treatments (Fig. 2.6). This correlation was found across elaindividual treatment including

stationary treatments and was likely due to the change in atospheric temperature during
the study. There was a signi cant di erence in temperature ér change in depth for all three
zones (Table 2.1). Zone 2 had a change of temperature of ab&u °C for a change of about

13 cm in height (Fig. 2.7), including the cool-skin rangeR( =2 10 1),
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Figure 2.6: Each of the four treatments, hold north (A), forwod transect (B), hold south

(©), and reverse transect (D) with all measured temperaturpoints from the eight repetitions

in grey. The averaged temperature pro le for each treatmernis represented by a black line.
No signi cant temperature variation was found across the faureatments at the set vertical

resolution of 1 cm.
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Table 2.1: ANCOVA results from analyzing the e ect of treatmeih on temperature for the
three zones; Zone 3 (above the water), Zone 2 (at the air wateterface), and Zone 1 (below
the water).

Response: Temperature P - value

Zone 3

Depth < 2.2e-16
Treatment < 2.2e-16
Zone 2

Depth < 2.2e-16
Treatment 0.2973
Zone 1

Depth < 2.2e-16
Treatment 0.1511

80

60

40

Depth (cm)

Temperature (C°)

Figure 2.7: The three zones, the top (zone 3) from about 83 cmale the water surface to
13 cm above the AWI, the middle (zone 2) from 13 cm above the watsurface to the AWI,
and the bottom (zone 1), from the AWI to about 85 cm below the wadr surface showing
the temperature variation over the eight replicates.
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2.4.2 Observations of the boundary layer at the AWI

The initial plots of temperature pro les gathered show a wélmixed surface layer of air at the
AWI (Fig. 2.6). The initiation of a temperature increase with reight at approximately the
rst 510 cm above the water surface signi es this phenomendfrig. 2.7). To our knowledge,
these are the rst high-resolution temperature pro les of he AWI captured from a mobile

platform that display this temperature phenomenon.
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Figure 2.8: The mean for the four treatments (A, B, C, and D) withan overall mean and
standard error of the mean (error bars). The solid horizontdine represents the AWI with
temperature measurements below the AWI (zone 1) above to thetted line (zone 2), and
above the dotted line (zone 3).
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2.4.3 Stability considerations

Zones 1 and 3 were statically stable. Relatively warm matatiwas above colder regions with
vertical gradients on the order of -3.6C m ! in the air and 1.9°C m 1! in the water. Zone
2 was statically unstable. That is, the water surface was warer than the air immediately
above. The thermal gradient (resolved by more than 10 pointsee Fig. 2.8) in this parcel

is extreme, on the order of 100C m 1.

2.5 Discussion

We developed and implemented a unique HR-DTS system onboard BISV to provide an
unprecedented resolution of temperature pro les from appkimately 1 m below the surface
of the water to approximately 1 m above the surface. To our kmdedge, this is the rst
application of a mobile HR-DTS system (and the rst using a USV) 6 examine tempera-
ture pro les across the AWI. HR-DTS can be used to gather tempature pro les in many
di erent environments. As a static application, HR-DTS has ben used to pro le engineered
shallow thermohaline lakes (Swarez et al., 2011), and calube used to monitor the thermo-
haline circulation that e ects the warming of Europe (Latif et al., 2006). Likewise, seasonal
changes in lake thermoclines could be monitored, and in tleesases, spatial and temperature
resolution requirements would be met by using HR-DTS. A mol@lHR-DTS system, such as
FORESPASE, could provide extraordinary detail while solvig some de ciencies with other
instruments, such as the expendable bathythermographs (XBJ, where temperature mea-
surements from the top 34 m, the location of the AWI, can be unliable due to the use
of a thermistor (Fiedler, 2010). When conditions permit the us of a DTS compared to a
traditional XBT, spatial resolution can be upwards of ve times more accurate, and orders

of magnitude more resolved (Narayanan and Lilly, 1993).
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Our FORESPASE system resolved a temperature di erential oft@out 5.5 °C at the AWI,

spanning a distance of approximately 13 cm with a vertical selution of 1 cm (28 cable
sub-samples were aggregated to achieve a vertical resaatiof 1 cm). Many transport
structures, such as the temperature inversion we observet the AWI, are smaller than

existing measurement technology, such as XBTs can resolve (Bganan and Lilly, 1993).
To study these ne-scale structures, a tool like the HR-DTS isecessary. Unstably strati ed
air, namely, the air in zone 2, contains potential energy andan rise, unrestricted, to the
zone immediately above. Thus, this zone is not expected to rgest from an analysis of
the buoyant strati cation. Further study is needed to detemine the mechanism by which
this layer persists. These detailed measurements can be dise modify and verify existing

models that exclude these important, but understudied, nescale structures.

The impact of potential external thermal sources, such as lso radiation and onboard com-
puters and propulsion systems on the USV, should be considefed future mobile HR-DTS
missions. Though our experiments were conducted during owast conditions, operations
during sunny days could be in uenced by increased solar radion. De Jong et al. (2015)
used a system of two di erent-diameter ber optic cables to gimate the temperature of a
zero-diameter cable. The use of a zero diameter cable coutfprove the accuracy of temper-
ature measurements under solar loading conditions. Additial methods to understand solar
loading could consist of separate, independent sensors teasure temperature and solar ra-
diation at di erent heights above the water surface. Thougtthe placement of our HR-DTS
system on the front of the USV was expected to minimize potealiinteractions with thermal
sources onboard the USV (e.g., the onboard computers and th@pulsion system in the back
of each of the pontoons), these sources could potentiallyuence DTS measurements under
extreme operating conditions (e.g., full throttle operatin and high daily temperatures with

increased solar radiation). Consequently, in the future,ontrolled experiments to quantify
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the thermal contribution of the USV used to deploy HR-DTS systas are warranted.

DTS pro les were similar for stationary holds and moving trasects in the water; there was
no signi cant change in temperature across all four treatrmés (P = 0.82). These results
indicate that transect measurements were not signi cantha ected by the speeds utilized by
the USV in our study. Thus, the FORESPASE con guration could beemployed in much
larger bodies of water over larger temporal scales. By plagi the FORESPASE software
and hardware onboard the USV, it would be possible to overcomied tethered nature of the
USV. There are some obstacles to overcome in such a scenarichsas decreased endurance
of the USV. In such a case, where endurance is needed for muclyéarscales of operation, a
large USV with payloads in the tens to hundreds of kilograms (@, a full-scale watercratft)
could allow complete autonomous operation. Coupled with leér emerging technological
advances in sensor technology and multiple coordinated ratls, this con guration could
produce detailed maps of the Earths surface waters and redalt structures. There was a
signi cant change in temperature as a function of height wit a decrease in temperature,
starting around 13 cm down to the AWI (P =2 10 16). The cool skin, which is normally
<1 mm (Handler et al., 2001), may have been displaced and strie¢cl because of the light
rainfall that occurred during our study. Temperature accuacy was less precise at depth in
the water. This was likely due to the normal attenuation of te DTS signal with respect to
distance from the device. Total cable length was approximelty 750 m, which cor- relates
with an expected accuracy loss over that distance with thexgn ber type. Further studies
could inform what role the rain played on the AWI and zone 2. Forxample, studies
conducted at di erent times of the day, di erent seasons, ath di erent weather events (such
as snowfall) will clarify in detail the daily to yearly thermodynamic processes happening in
the pond. Based on the data, it should be possible to model theat capacity and ux

of the pond and of the precipitation entering the pond. Utilimg this information would
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make it possible to better understand the heat ux across théAWIl, and more accurate
models could be developed to predict the changing thermalqgperties of the AWI in other
systems. This could lead to a better understanding of manyleér aquatic and meteorological
systems involved with AWI transport, such as the thermohalia circulation, which a ects

the warming of northern Europe (Manabe et al., 1991).

Oceans and lakes represent the majority of the surface areadaabout half of the primary
biomass production of the planet (Alpert et al., 2015). The AWIis the boundary between
the world of aquatic and the ecological domain we live in. As el it governs the emission of
this biomass, some via aerosolization, into the atmospher8ome of the aerosolized biomass
may be microorganisms that threaten plant health (Morris efal., 2008), and an increased
understanding of the role of the AWI in this process is needed fplan for and mitigate the

spread of these pathogens.

Our work provides an acute resolution of temperature measments of the AWI and may be
used to unleash a burgeoning eld of aero-aquatic-ecologyith broader impacts on oceanog-
raphy and meteorology. One could imagine a small eet of auvomous USVs, utilizing HR-
DTS technology, and traversing the worlds oceans and lakesllecting and uploading this
data via satellite links. Such data would lead to a better unerstanding of our environment

in a changing climate.
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3.1 Abstract

Microorganisms are ubiquitous in freshwater aquatic endnments, but little is known about
their abundance, diversity, and transport. We designed andeployed a remote-operated
water-sampling system onboard an unmanned surface vehigldSV, a remote-controlled
boat) to collect and characterize microbes in a freshwateake in Virginia, USA. The USV
collected water samples simultaneously at 5 and 50 cm beldwetsurface of the water at three
separate locations over three days in October, 2016. Thesarples were plated on a non-
selective medium (TSA) and on a medium selective for the genéseudomonas (KBC) to

estimate concentrations of culturable bacteria in the lakeMean concentrations ranged from

30
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134 to 407 CFU/mL for microbes cultured on TSA, and from 2 to 8 CFU/mLfor microbes
cultured on KBC. There was a signi cant di erence in the conentration of microbes cultured
on KBC across three sampling locations in the lake (P = 0.027)suggesting an uneven
distribution of Pseudomonas across the locations sampledlhere was also a signi cant
di erence in concentrations of microbes cultured on TSA aoss the three sampling days (P
= 0.038), demonstrating daily uctuations in concentrations of culturable bacteria. There
was no signi cant di erence in concentrations of microbesuitured on TSA (P = 0.707)

and KBC (P = 0.641) across the two depths sampled, suggestimgcroorganisms were well-
mixed between 5 and 50 cm below the surface of the water. Aboutpkrcent (7/720) of

the colonies recovered across all four sampling missionsravece nucleation active (ice+)
at temperatures warmer than -16C. Our work extends traditional manned observations
of aquatic environments to unmanned systems, and highlighthe potential for USVs to

understand the distribution and diversity of microbes witln and above freshwater aquatic

environments.

3.2 Introduction

The ecology of freshwater ecosystems is linked to the tempbrand spatial dynamics of
aquatic microorganisms (Beisner et al., 2006). Microorgemms play an important role in
the food web as drivers and indicators of ecosystem health (M®n et al., 2011; Sha
et al.,, 2015). Biological ice nucleators such as Pseudomsrgyringae have been collected
throughout the water cycle, and have been implicated as devs of precipitation processes
(Ichinose et al., 2013; Morris et al., 2008). New research isated to understand and predict
the abundance, distribution, and diversity of microorgarsms in freshwater lakes (Morris

et al., 2008). Humayoun et al. (2003) observed di erences microbial diversity at di erent
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depths in Mono Lake, California, USA. Song et al. (2007) exaned distributions of toxins

from algal blooms along the water column in Lake Taihu, WuxiChina. Pietsch et al. (2017)
reported high concentrations of P. syringae in Claytor LakeVA, USA from the surface

down to almost 10 m. These authors also showed that concerntoms of P. syringae varied
dramatically from day to day and location to location (Pieteh et al., 2017). Though these
observations have provided important data on the distribubn of microorganisms in aquatic
environments, they have been limited by manned collectior(se., at least one human was
needed to collect the samples). In this study, we extend theesmanned observations to
unmanned systems, highlighting the potential for robots tacollect samples to study the
distribution and diversity of microbes within and above frehwater aquatic environments

allowing for precise and repeatable measurements.

Recent advances in unmanned systems have created new polses for sampling natural
and managed ecosystems (Pennington et al., 2016). Thougheie unmanned systems are
seeing increased use in a variety of scienti ¢ applicationsiany challenges must be overcome.
First, long-range control and communication of unmanned stems require high data rates,
often more than satellite-based communication can provid€€ommercial Wi-Fi systems are
one potential solution to Il this need (Takahata et al., 206). Such systems have been
used for surface communication in autonomous underwaterhieles with a range of 1 km
(Stokey et al., 2005), and in specialized point to point suained networks at ranges of
over 100 km (Flickenger et al., 2008). Second, object avoidanis an extremely important
aspect of unmanned operations and becomes an absolute resment when operating in
existing complex manned boat tra c. Adaptive evaluation schenes and algorithms have
been recently developed and tested to allow autonomous watkaft to meet international

regulations for preventing collisions at sea (Kuwata et gl2014; Shah et al., 2016).

In this manuscript, we describe the development and deploynt of a USV to sample water
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remotely at multiple depths and locations in a freshwater ke. This integrated system was
used to test the hypothesis that concentrations of microoagisms in Claytor Lake, VA vary
with depth, geographic location, and date of sampling. Thepgci ¢ objectives of this work
were to (1) develop an automated water sampler to remotely kbect samples of water with
a USV in a freshwater lake, (2) conduct a series of eld expergnts to remotely collect
samples of water with the USV at two depths at three di erent leations in the lake, and (3)
culture microorganisms from the water samples on a non-sgtige medium (TSA) and on a
medium selective for the genus Pseudomonas (KBC) to estineatoncentrations of culturable
bacteria in the lake. Our work represents a unique approaclo tcollect and characterize
the distribution of microorganisms in aquatic environmert, and could be extended to the
tracking the movement of hazardous agents during algal blows and in oodwaters generated

by hurricanes and other extreme weather events. .

3.3 Materials and Methods

3.3.1 Study site and design

Samples were collected over three consecutive days on 25,8261 27 October, 2016 in Clay-
tor Lake, VA, USA. This freshwater lake has an approximate surte area of 18.2 square
kilometers. Samples were collected in a cove located at R&34%°W80°37:79° The cove
was selected in part due to its isolation; no manned boats (wr than our pontoon boat
used as our base station) visited the cove before or duringraeampling operations. Water
samples were collected at two depths (5 and 50 cm) below theterasurface for three loca-
tions, L1 (N37°2:33%4°°W80°37:06%6"), L2 (N37°2:305°°W80°37:07°7%, and L3 (N37°2:359%

W80°37:12%4% (Figure 3.1). Depths of the lake at each of the sampling lodans were mea-
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sured with portable sonar sensor (Signstek FF-003). The senses placed 20 cm below the
surface of the water, and the depth reader output screen wanitored until the continuous
reading on the screen did not vary more than 0.5 m for 10 readjs. Depths for each of
the locations were measured at 11 m for L1, 10 m for L2, and 4 nr 3. Sampling dates,
times, and locations are provided in Table 1. Each locationag separated by the transition
time of the USV between each location. GPS coordinates werecoeded for all navigation
paths and each sample location (Figure 3.1). Though water tgrrature is an environmental
variable, it was assumed to be constant across the distancasd times within and among

sample collections in this study.

Figure 3.1: Unmanned surface vehicle (USV) navigation routes {8ion 1, red, Mission 2,
green, Mission 3, cyan, and Mission 4, blue) and sample loicats L1, L2, and L3 (orange
ags) for the four missions conducted from October 25th to Qober 27th. The USV collected
500 mL of water from at two depths (5cm and 50cm) for each logah. Map data: Google,
Commonwealth of Virginia, DigitalGlobe.
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3.3.2 Unmanned surface vehicle (USV)

A Clearpath Robotics King sher USV (Clearpath Robotics, Kitchener, Ontario, Canada)
(Figure 3.2) was used as our water-sampling platform. Thisesdtric USV weighed 28 kg,
was 1.35 m x 0.98 m x 0.32 m (LW H), had a maximum payload of 10 kg, and was
operated via remote control (the vehicle is equipped with annomous navigation through
a ground control station, but this was not used during our mson because of limitations
with obtaining consistent GPS signals within the cove of imrest). Each removable 29 Ah
battery provided up to 3 hours of continuous runtime. Di erantial thrust provided steering
via the two impeller thrusters and allowed for a maximum spekof 1.7 m/s. This platform
enabled extremely precise, controlled movements in shallevaters and also minimized water

disturbances to the surrounding aquatic environment that@uld be caused by the vehicle.

Figure 3.2: The Clearpath Robotics King sher USV equipped wit the automated water
sampler on Claytor Lake, VA, USA. The water sampler onboard the U&collected sam-
ples of water at two di erent depths. Each sample was colleetl into sterile 1 L bottles.
The operation of the vacuum pumps and sampling tubes were rete-controlled through a
microcontroller and supporting electronics housed in a watgroof box. A collection bottle
containing 500 mL of sterile water was used as an unexposeadhtcol during each mission.
Image courtesy of D. Schmale.
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3.3.3 Development of an automated water sampler onboard a USV

A water sampler was developed for deployment on a USV with theogl of sampling at two
distinct depths for three locations (Figure 3.3). A vacuum sstem and ow rate was used
to maximize the water collection rate while minimizing turtulent uid ow at the collection
nozzle. Seven 1 L bottles were used as the collection vesselsvo were used at each
sampling location, with each of the bottles holding a sampleom each of the two depths (5
and 50 cm). One bottle was used as a control (no sample). Eacbtte was attached via
Tygon B-44-4X PVC 1/4 ID, 3/8 OD tubing to an air pump (ZT370-01, Dongguan Zhentian
precision electronic co., LTD, Dongguan city, Guangdong pvince, China.) calibrated to
pull approximately 0.5 Lpm. Each bottle had a section of thisubing attached to a stainless
steel tube that served to siphon the water directly from thedke. Six changeable siphons
(one for each depth at each of three sampling locations) weattached to arms on the water
sampler platform via 3D printed bevel gears (Supplemental B 1) that where actuated
by waterproof servos (SX401WP, Hobbico Inc., Champaign, lllois, USA). Two lengths of
stainless steel tube were chosen to allow for simultaneouslections at depths of 5 and 50
cm for each location. The tubing ends were bent into slight cues so that a water trap
existed while the tubes were in the horizontal, stowed posn (Figure 3.2). Aliquots of
10 mL of sterilized water were placed into each of the six tullg water traps to act as an
environmental seal to prevent air ow movement and contamiation of the sampling tube
while the USV proceeded through the sampling cycle. At the staof the collection cycle
at each location, one sampler arm transitioned from a rear hpontal stowed position into
the water, then past the vertical position and to a forward hozontal position, 175 degrees
from the starting position, in order for the sterilized wate to ow out of the tubing. This
cleared the line of sterile water preparing the system for wex collection. The arm then

transitioned back into the water to a vertical position. Appioximately 500 mL of water was
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then siphoned simultaneously for both depths into a colleicin bottle for each depth. The arm
then transitioned back to the horizontal stowed position ware water in the tubing (leftover
from the collection process) would stay in the water trap athie end of the tubing. This water
served to prevent contamination from the air while the USV copieted the collection cycle.
The stainless steel tubing was disinfested with ethanol andshed with sterile water after

each sampling day, and on the last day sterile water was usem tish the tubing between the
two sampling periods for that day. A microcontroller (keyesidio MEGA 2560, Chang Yong
Rd., Longhua New District, Shenzhen, China) in conjunction ith servo and motor driver
circuits, were integrated into the water sampler and USV to adrol motion and timing of

the servos and pumps. The microcontroller was then contrel through the computer on

the USV via a wireless link to a portable computer running a Liax operating system.

Figure 3.3: Engineering design of the automated water samplenboard the USV. The
sampler (A) consisted of a microcontroller and electronicsl) powered by a lithium iron
phosphate battery (2) that actuated servos (3) to control ghon positions (4) and pump
water into 1 L containers (5) with vacuum pumps (6). During vlicle movement, the siphon
arms (B) were in the stowed con guration (7). Upon reaching tB sampling location, the
appropriate arm rotated 175 degrees (8) to allow the sterilwater in the tube to ow out.
The arm then rotated back 90 degrees (9) into the water for dettion. After a set amount
of collection time, the arm returned to the stowed con guraibn (7) before proceeding to the
next location.
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3.3.4 Processing of Samples for Culturable Bacteria

After the return of the USV from each collection cycle, the lakevater samples were removed
from the USV and capped with sterilized screw cap lids. After btollections for the day
were completed, samples were transported on ice in a coolertlhe lab for processing in the
same 1 L collection bottle (Nalgene #2187-0032). Subsamplet 250 mL from each col-
lection bottle were Itered through a 47 mm diameter, 0.22 mnGSWP nitrocellulose lter
(Millipore#9004-70-0) in a sterile holder and receiver uni(Thomas #300-4100). Filters were
transferred to sterile 100 mL bottles with 5 mL of the Itrate and a stir bar. Samples were
stirred for 10 min to resuspend microorganisms from the ltesurface (resulting in a 50X
concentration). A 0.5 dilution of this resuspension (25X ewentration) was used for plat-
ing. Kings B medium plus cycloheximide (KBC), a medium semietective for Pseudomonas
(Mohan et al., 1987), was used to plate 200L of both the 25X and 50X concentrations in
triplicate. This medium consisted of 15 g/L proteose peptan 1.5 g/L anhydrous K2HPOA4,
10 mL/L 100% glycerol, 6 mM MgSO4 with 24 mM H3BO3, cephalexinlQ) mg/L), and
cycloheximide (50 mg/L). Resuspended ltrates were also @led onto 10% tryptic soy agar
(TSA) plus cycloheximide (50 mg/L) at 25X, 5X, and 0.5X concentrtions to obtain counts
of culturable bacteria on TSA (Hanlon et al., 2017). Coloniesere considered culturable
if they showed visible growth on TSA after 4-6 days at 2€. Following incubation, colony
forming units (CFUs) were recorded from each plate (entire ples were counted for KBC,
and 1/2 of each plate was counted for TSA), and the plates wereld at 4°C for ice nucleation
assays (Pietsch et al., 2017). The mean colony count for KBGQapes at 25X concentration
was 23 CFUs per plate, providing more than the minimum 10 colas needed to screen 30
from each location from three plate replicates. This corrpsnded to 5 mL of lake sample,
and a mean of 4.6 CFU/mL. For TSA plates, the mean colony count &X concentration

was 290 CFUs per plate. This corresponded to 1 mL of lake samp#d a mean of 290
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CFU/mL.

3.3.5 Ice-nucleation assays

For ice nucleation assays, ten colonies were taken from threeplicates of KBC plates, for
a total of 30 colonies from each sampling location. A total of20 colonies was selected at
random (180 from each of the four missions). Each colony waisled with a sterile toothpick
and transferred to 140 L of water. Two droplets of 12 L of each sample were pipetted onto
oating boats made of Paralm M placed on top of a cooling bath(Lauda Alpha RA 12,
LAUDA-Brinkmann, LP, Delran, NJ, 08075) (Hanlon et al., 2017). Doplets of sterile water
were used as negative controls. Samples were loaded onto thegting boats at -5°C, and
the temperature of the bath was then lowered to -T2 in one degree increments. Freezing
temperatures were recorded for all of the frozen droplets. idflobes from droplets freezing
at temperatures warmer than -18C were considered to be ice nucleation active (designated
as ice+), and were identi ed using portions of 16S rDNA sequeps as described by Pietsch

et al. (2017).

3.3.6 Statistical analyses

Statistical analyses were conducted using R version 3.4.8. hierarchical model and linear
regression model were used to examine di erences among gtdble bacteria collected at 5
and 50 cm at three locations over three days. Four collectionissions where conducted with
one mission per day on days one and two, and two missions on dhyee. Statistical com-
parisons were made for missions one, two, and three (excegtem discussed otherwise). A
Shapiro-Wilk normality test was used to verify data were apmximately normally distributed

and graphically checked using density plots and histogram# 95% con dence interval was
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used for signi cant di erences (P< 0.05).

3.4 Results

3.4.1 Missions

We conducted a total of twelve sampling missions (Table 3.1yith an automated water
sampler onboard a USV system. All missions were conducted fraampontoon boat (the
mothership) anchored in place along the shore of the cove diet center of the sampling
operations. Three sampling missions were completed in onenttnuous cycle each day for
three days with an additional cycle being added on the third red last day (Table 3.1).
During each sampling mission, the USV was controlled by remetontrol (RC), by the pilot
in command (PIC, Schmale). The sampler was operated by a wiess link from a ground
control station by a sensor operator (SO, Powers). Weatheras clear with low to moderate
winds and an average temperature of 11°QC (Mission 1), 11.9C (Mission 2), 12.2C (Mission

3), and 17.9C (Mission 4) during time of operation for each sampling dayespectively.
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Table 3.1: Mean concentrations of bacteria (CFU/mL) for KBC ad TSA media. Data are
reported for four sampling missions, over three days, at tee locations at Claytor Lake,
VA (L1, L2, and L3). Remote collections were performed with svater sampler onboard an
unmanned surface vehicle (USV), and 500 mL of water was colledtfor each depth (5 and
50 cm) and location.

Sampling Sampling Sampling Sampling Sampling Mean CFU/mL Mean CFU/mL
Mission Date Time Location Depth KBC media TSA+C media
SD SD

1 10/25/16  11:00:00 AM L1 (37.0426, -80.6185) 5cm 6.3 0.55 196 53.7
1 10/25/16  11:00:00 AM L1 (37.0426, -80.6185) 50cm 5.3 121 324 22.6
2 10/25/16  11:05:00 AM L2 (37.0418, -80.6188) 5cm 4.6 0.35 336 36.8
2 10/25/16  11:05:00 AM L2 (37.0418, -80.6188) 50cm 4.8 0.4 407 86.3
3 10/25/16  11:10:00 AM L3 (37.0433, -80.6201) 5cm 3.7 0.35 291 24
3 10/25/16  11:10:00 AM L3 (37.0433, -80.6201) 50cm 2.0 0.4 251 80.6
4 10/26/16  11:00:00 AM L1 (37.0426, -80.6185) 5cm 2.8 0.23 198 19.8
4 10/26/16  11:00:00 AM L1 (37.0426, -80.6185) 50cm 2.6 0.12 134 5.66
5 10/26/16 11:05:00 AM L2 (37.0418, -80.6188) 5cm 35 0.55 196 17
5 10/26/16  11:05:00 AM L2 (37.0418, -80.6188) 50cm 2.7 0.29 252 79.2
6 10/26/16 11:10:00 AM L3 (37.0433, -80.6201) 5cm 4.1 0.52 148 311
6 10/26/16 11:10:00 AM L3 (37.0433, -80.6201) 50cm 3.7 0.68 245 141
7 10/27/16  11:00:00 AM L1 (37.0426, -80.6185) 5cm 45 0.64 390 73.5
7 10/27/16  11:00:00 AM L1 (37.0426, -80.6185) 50cm 8.1 0.84 373 325
8 10/27/16  11:05:00 AM L2 (37.0418, -80.6188) 5cm 5.0 0.2 342 5.66
8 10/27/16  11:05:00 AM L2 (37.0418, -80.6188) 50cm 5.0 0.64 321 157
9 10/27/16 11:10:00 AM L3 (37.0433, -80.6201) 5cm 3.8 0.53 363 46.7
9 10/27/16  11:10:00 AM L3 (37.0433, -80.6201) 50cm 3.9 0.64 340 19.8
10 10/27/16  01:00:00 PM L1 (37.0426, -80.6185) 5cm 7.3 1.01 311 123
10 10/27/16  01:00:00 PM L1 (37.0426, -80.6185) 50cm 5.8 1.45 256 127
11 10/27/16  01:05:00 PM L2 (37.0418, -80.6188) 5cm 6.4 0.35 384 33.9
11 10/27/16  01:05:00 PM L2 (37.0418, -80.6188) 50cm 7.2 0.4 321 35.4
12 10/27/16  01:10:00 PM L3 (37.0433, -80.6201) 5cm 2.6 1.14 227 24
12 10/27/16  01:10:00 PM L3 (37.0433, -80.6201) 50cm 5.4 0.9 358 19.8
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3.4.2 Concentrations of bacteria on KBC and TSA

Concentrations (CFU/mL) of bacteria in water sampled from Clgtor Lake were calculated
using colony counts from growth on KBC and TSA media (Table 1)Concentrations ranged
from 126 CFU/mL to 468 CFU/mL for microbes cultured on TSA, and fom 2 CFU/mL to
46 CFU/mL for microbes cultured on KBC (Table 3.1, Figure 3.4). here was a signi cant
di erence in concentrations on KBC across three sampling ¢ations in the lake (P = 0.027),
suggesting an uneven distribution of Pseudomonas acrosg tlocations sampled. There was
also a signi cant di erence in concentrations on TSA acrosthe three sampling days (P =
0.038), demonstrating daily uctuations in concentratiors of culturable bacteria. There was
no signi cant di erence in concentrations on TSA (P = 0.707)and KBC (P = 0.641) across
the two depths sampled, suggesting microorganisms were walxed between 5 and 50 cm

below the surface of the water.
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Figure 3.4. Concentrations of bacteria (CFU/mL) for TSA (A) and KBC (B) media at two
depths of 5 and 50 cm at the three locations L1, L2, and L3.
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3.4.3 Ice nucleation assays

720 colonies (180 colonies from each of the four missionsyeveested for ice nucleation
activity using a droplet freezing assay from ‘& to -12°C. Of these, seven of the colonies
were ice+ at temperatures> -10°C (three ice+ from mission 1, one ice+ from mission 2,
two ice+ from mission 3, and one ice+ from mission 4). Of the gen that were ice+, two
were identi ed as Pseudomonas and one as Xanthomonas; geniat have been previously

described as containing species of biological ice nucleatHanlon et al., 2017).

3.5 Discussion

New technologies are needed to collect and characterize thetdbution of microorganisms
in natural and managed aquatic environments. We developea@ implemented a remote-
operated water sampler onboard an unmanned surface vehi@éSV) to collect samples at
multiple depths and locations. Traditional water samplinghas used human-powered vehicles
such as kayaks (Pietsch et al., 2017) and motorized boats &8gl, 2001), but these missions
are limited by direct human operation and line-of-sight opeations. USVs have the potential
to sample in remote areas, operate beyond the line-of-sitand collect samples without
any human intervention. Such operations are needed in agu@tenvironments to increase
our understanding of changes in ecosystems and improve thecaracy of our long-term

predictions.

The concentration of bacteria on both media types did not varsigni cantly between 5 and
50 cm, when controlling for sampling location. Thus, the baeria appeared to be well-mixed
between these two sampling depths. Pietsch et al. (2017) spled water at the surface down

to about 10 m, and observed no signi cant change in bacterieoncentration with change
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in depth. Future work with the USV could probe deeper depths ithe lake, to get a more
accurate picture of the pro le of microbes along the water ¢domn. It is possible that the
di erence in sampling depth (45 cm) was too small to reveal gnreal changes in bacterial
concentrations. The maximum horizontal distance covereah ithis study was about 300 m
in a small cove which could also be a factor. Other environmiah factors, such as seasonal
temperature variation and pH, are additional factors that cald have an impact on bacterial
distributions (Lindstrem et al., 2005). Such seasonal andpatial changes are known to a ect
lake water chemistry, which in turn impacts microbial compsition in lakes (Parker et al.,
2016). We speculate that samples collected at di erent delps could indeed show di erences
in concentrations of bacteria during speci c times of the ya (i.e., during lake turnover)

(Wilhelm et al., 2014).

There was a signi cant di erence in concentrations on KBC amss three sampling locations in
the lake (P = 0.027), suggesting an uneven distribution of Rsidomonas across the locations
sampled. KBC media is selective for bacteria in the genus ReEmmonas. Bacteria in this
genus are rod shaped, Gram-negative, and agellated. The galla enable Pseudomonas
syringae to have mobility. This mobility has been shown to béene cial to the bacteria
(Lau enburger, 1991), and is e ected by temperature (Hocketet al., 2013). The di erence
in concentrations across locations may be related to this iidity, at least in part. The lack of
signi cant change of concentration with location for the T media, could also be connected
to this mobility (or lack thereof) for many bacteria. TSA is ageneral media type that is not
selective for any particular bacteria, but is selective agast fungal growth. Therefore, growth
on this media includes both motile and non-motile bacteriaThe di erence in concentrations
for the two locations (L1 and L2) may be related to geographyt.1 was in a bend in the
cove, o set slightly from the ow of the feeding creek from tle south, and L3 was near the

mouth of the cove opening up to the larger lake body (Figure 3.1L1 may be an area of
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high sedimentation caused by the redirection of water ow &m the cove into the lake due
to this bend. Claytor Lake is a reservoir and has been repoddo have a silt problem in
the past (Simmons, 2004). The cove has a narrow channelizeasin impacting the trophic
classi cation of the location towards eutrophic (Kimmel aml Groeger, 1984). Sediment,
which can be high in organic content, is a point source for beia including pathogenic
strains (Kim et al., 2010). For example, concentrations ofetal coliforms were orders of
magnitude higher in sediments from an agricultural streamoenpared to the overlying water
column (Davies-Colley et al., 2004). The disturbance and+sispension of this sediment can
lead to large releases of microorganisms (Cinotto, 2005yndashould be considered in the

design of future sampling campaigns.

There was no signi cant di erence in the concentration of mirobes across all days for KBC
media. However, there was a signi cant di erence in the conagration of microbes from day
one to day three (P = 0.038) for TSA media when data from the sead sampling mission
on day three ( nal day) are not included in the statistical aralysis. Previous studies have
reported highly variable bacteria concentrations from dayo day and location to location
in the same day for Claytor Lake (Pietsch et al., 2017). The ulsturbed nature of the
cove (limited human tra ¢ with power boats and decreased wid interaction with the water
surface due to tree cover) coupled with unique trophic chagteristics, may contribute to
the coves decreased day to day variation in concentrations lmacteria (Pietsch et al., 2017).
Additional experiments including additional coves, depthsand seasons are needed to monitor

any additional trends in microbial concentrations and potetial feedback cycles.

About 1 percent (7/720) of the colonies from KBC media recoved across all four sampling
missions were ice nucleation active (ice+) at temperaturagarmer than -10C. Similar ratios
of ice+ Pseudomonas and Xanthomonas were found in in simuldteain samples collected

from a bridge 55 m above ground level (Hanlon et al., 2017) antbin real rain events at
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multiple locations in Blacksburg, Virginia (Failor et al., 2017). Pietsch et al. (2017) found
6.9 % of ice+ strains in the main water body of Claytor Lake aass multiple seasons.
This greater percentage of ice+ bacteria as compared to outudy could be related to
the open waters having exposure to greater wind/surface mactions and could suggest
that larger open bodies of freshwater are preferential foose ice+ bacteria. There is an
important feedback cycle with microorganisms and weatheisahey transport from aquatic
environments into the atmosphere and back down to the groun@orris et al., 2013). These
microorganisms are not only passengers along for a ride inethvater cycle but may also
serve as instigators for precipitation, a vital componentfathe water cycle. Some of these
microorganisms pose health and economic risk while somevseimportant bene cial roles
e ecting the food web and climate such as Pseudomonas syraggwhich is both a plant
pathogen and an ice nucleator that contributes to precipitégon events across the globe
(Morris et al., 2014). Understanding this complex interactn with aquatic environments

and their inhabitants creates a rich eld of study well suitel to unmanned systems.

3.6 Conclusions

A remote-operated water-sampling system was used onboardJ&V to collect and charac-
terize microbes in a freshwater lake in Virginia, USA. There wasn uneven distribution of
Pseudomonas across the locations sampled. There was noisignt di erence in concentra-
tions of microbes across the two depths sampled, suggestmgroorganisms were well-mixed
between 5 and 50 cm below the surface of the water. About 1 panté//720) of the colonies
recovered across all four sampling missions were ice nutigaactive (ice+) at temperatures
warmer than -10C. Our work extends traditional manned observations of aqtia envi-

ronments to unmanned systems, and highlights the potentidbr USVs to understand the
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distribution and diversity of microbes within and above freshwater aquatic environments.

Tracking microorganisms such as Pseudomonas syringae tingbout the entire water cycle
could help to reveal a fundamental component of the water dgcand its role in both local
and global weather and other important environmental proases (Morris et al., 2008). Such
a study would require unmanned systems working together tample in and above the water.
Research conducted by autonomous coordinated systems (lka et al., 2016; Vardy, 2016)
could reveal a wealth of information on transport patterns omicroorganisms and associ-
ated environmental impacts. These studies could be comprds of surface, aerial and ground
vehicles working as a heterogeneous swarm (Szwaykowskalgt215) to sample and char-
acterize the environment with sophisticated meteorologat sensors (e.g., windspeed, air and
water temperature, solar radiation, etc.) and biologicalensors (e.g., impingers (Lin et al.,
1999) and optical particulate counters (Lee et al., 2006))Such studies could also include
laboratory measurements of CFU (Pietsch et al., 2017), and vo cytometry measurements
for to characterize cell sizes and concentrations (Buzatu al., 2014). Future work using
these highly adaptive autonomous systems over diurnal andnger seasonal cycles could
capture an unprecedented in depth and detailed picture of ¢hrole of these microorganisms

in a range of environmental systems.
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Chapter 4. Coordinated sampling of biological aerosols
over freshwater and saltwater environments using an
unmanned surface vehicle (USV) and a small

unmanned aircraft system (sUAS)

Craig W. Powers, Regina Hanlon, David G. Schmale IlI*

Status: Draft

4.1 Abstract

Biological aerosols are ubiquitous in terrestrial and aqtia environments and may in uence
cloud formation and precipitation processes. Little is knen about the aerosolization and
transport of biological aerosols from aquatic environmest We designed and deployed a
bioaerosol-sampling system onboard an unmanned surfachiete (USV, a remotely-operated
boat) to collect microbes and monitor particle sizes in thetmosphere above a salt pond
in Falmouth, Massachusetts, USA and a freshwater lake in Duhl Virginia, USA. The
bioaerosol-sampling system included a series of 3D-pridtenpingers, two di erent optical
particle counters, and a weather station. A small unmannecesial system (SUAS, a remotely-

operated airplane) was used in a coordinated e ort with the U to collect microorganisms

49
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on agar media 50 m above the surface of the water. Samples frima USV and UAS were
cultured on selective media to estimate concentrations ofikurable bacteria. Samples from
the sUAS ranged from 29 to 72 CFU (10 minute sampling) at heights 80 m per ight, and
samples from the USV ranged from 0 to over 4,000 CFU/mL (30 minatsampling at 1.8 and
2.2 Lpm respective of the two media types) near the water safe. Particle concentrations
recorded onboard the USV ranged from 0 to 288y/m?3 for PM1, 1 to 290 g/m? for PM2.5,
and from 1 to 290 g/m? for PM10. A general trend of increasing concentration withmicrease
in particle size was recorded by each sensor. Future work a@no understand the distribution
of biological aerosols above aquatic environments and theiotential association with cloud

formation and precipitation processes.

4.2 Introduction

Aerosols are microscopic particulate matter (PM) that becom airborne at the planetary
surface, usually from turbulent air, and remain suspended ithe atmosphere (Millner, 2009;
Vincent, 2007). These aerosols can be from anthropogenic @tural sources, i.e. dust and
smoke, or secondary particulates (SOx, NOx, and VOCs) that arfformed in the atmosphere
from chemical reactions. (Colbeck et al., 2014). Transpoof some aerosols is known to occur
over long distances in the atmosphere; African dust has beebserved to be transported
westward over the Atlantic and to North America and to Europe oer the Mediterranean
(Kersey, 2000). Aerosols can have harmful health e ects on imans, and can serve as a
central component to environmental problems, for examplghotochemical smog, poor air
guality, and global warming (Colbeck et al., 2014). Aerosolsan also be biological in nature,

and are often referred to as biological aerosols (bioaerts3o

Bioaerosols are generally small, from 0.02m to 50 m (bacteria, fungal spores, pollen,
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and algae), and can be living or dead cells (Cox and Wathes,98). Microorganisms that
become bioaerosols can be harmless viruses, bacteria ogfuthat do not directly impact
human health, but some are highly infectious, produce hazisus byproducts or can trigger
an immunological response in humans (Cherrie et al., 2013ome of these bioaerosols, such
as Pseudomonas syringgeare known plant pathogens (Ichinose et al., 2013) and havedn
suggested as contributors to cloud ice nucleation and prpitation events (Hallar et al., 2012;
Morris et al., 2008). This is possible due to the expressiofi @an ice nucleation active (INA)
protein allowing P. syringaeto initiate the freezing of water at temperatures at approxnately
-2 deg C, which is much warmer than normally required for watehat is free from particulates
(Cohen et al., 2001; Maki et al., 1974; Morris et al., 2004P. syringaeis considered to be
one of the most e ective ice nucleators, biotic or abiotic, rad therefore, one of the largest
causes of surface frost damage in plants (Hirano, 1995; Makiat., 1974). Little is known
about the sources, aerosolization and transport &f. syringae and other biological aerosols
and their interactions with the environment (F@hlich-Nowoisky et al., 2016). New scienti ¢

tools are needed to study these bioaersols and their globalpact.

New and improved environmental sensors are enabling resdemns to study biological aerosols
in natural environments with an unprecedented level of soptication and detail. Many of

these sensors can be mounted on unmanned systems, such asammad aircraft systems
(UASs) and unmanned surface vehicles (USVs). These unmannedtegss can help gather
data in a safe and cost e ective manner that, in some cases, wid otherwise be impossible,
for human based endeavors. Smaller unmanned systems suchU&/s and UASSs, have
become useful remote sampling platforms and when used in mtinated sampling e orts,

can begin to accomplish sampling goals needed to study a@isson larger spatial scales

(Bamberger Jr et al., 2006; Duarte et al., 2016).

The ultimate goal of this research was to develop a method toanitor biological aerosols
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above saltwater and freshwater aquatic environments usirgnvironmental sensors onboard
a USV and sUAS. The speci c objectives were to (1) design an autated sampler to col-
lect microbes and monitor particle sizes and (2) use a USV antJAS in a coordinated
study to monitor the distribution of bioaerosols above a sabvater and a freshwater aquatic

environment.

4.3 Materials and Methods

4.3.1 Study site

Field experiments were conducted at a saltwater pond, the Gae Pond, Falmouth, MA,
USA(41.5580N 70.5841W), and a freshwater lake, Claytor LakeuBlin, VA, USA ( 37.0530N
80.6208W). The Great Pond is a large salt water pond that is caected to the ocean. Claytor

Lake is a fresh water reservoir fed by the New River.

4.3.2 Unmanned surface vehicle

An electric unmanned surface vehicle from Clearpath RobosKing sher USV (Clearpath
Robotics, Kitchener, Ontario, Canada) 4.3 served as the basampling platform for collect-
ing and measuring bioaerosols in both aquatic environmentsThis King sher USV has a
catamaran hull and was approximately 30 kg in weight with pagad, with dimensions 1.35
m 098m 12m(L W H) as equipped for use in this study. The King sher
was operated via remote control. Batteries provided about Bours of runtime and could
be exchanged when needed. The propulsion system was a dirgia thrust system driven
by two impellers inside each of the two hulls giving a maximurmspeed of 1.7 ms, allowing

for precise movements in shallow waters with little disturbnce to the surrounding aquatic
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environment that could a ect sampling. Six 30-minute USV smpling missions were con-
ducted at Great Pond, and six 30-minute USV sampling missiongere conducted at Claytor
Lake 4.1. For the Great Pond experiments, sampling missiomgere conducted from about
10:00 AM to 15:00 PM EST on August 20th 2017 (Table 4.1). For the |&ytor Lake ex-
periments, sampling missions occurred from about 11:30 AM ib:30 PM EST on October
3rd 2017 (Table 4.1). Each sampling mission consisted of diiag six impingers with fresh
sterile water. The UAV then transitioned to the sampling locéon using visual markers
such as buoys for guidance. Once in place the USV was holdingspion, using thrusters
only to stay pointed into the wind and on location. The samphg platform was extended to
the vertical position. Data collection from particle and me&sorological sensors was started.
Vacuum pumps for the appropriate impingers were turned on.a®pling was continued for
30 minutes. At the conclusion of the 30-minute sampling duti@n, the vacuum pumps were
turned o and recording of particle and meteorological datavas completed. The sampler
platform was returned to the stowed con guration and the USV tansitioned back to the
shore. Impingers were removed and the 50mL conical tubes wdye unscrewed from the
impinger body and capped with sterile lids. The impinged saptes were then placed on ice
and transported to the laboratory for processing after theanclusion of all sampling missions

for the day.

4.3.3 Small Unmanned Aircraft System (sUAS)

A small unmanned aircraft system (SUAS) was used collect miaganisms in the lower
atmosphere. Flights were coordinated within the USV samplingeriods such that both
vehicles were sampling simultaneously. The SUAS ew an orbltéircular) pattern with a

target altitude of 50 m AGL, with the USV at the approximate cener of the orbit. The SUAS

platform was an electric xed-wing pusher platform (the Clods Fly AXN) with a remote-
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controlled microbe-sampling device. The sUAS was equippedthvthe Hitec Sensor Station
(HTS-SS) including pitot airspeed (HTS-AS) and GPS (HTS-GPS) sesors. The microbe-
sampling device consisted of a single 60 mm vertically-mded petri plate containing agar
media. This is a modi cation of the design used by (Schmale al., 2008, 2012) and (Techy
et al., 2010). The sampling device was closed during takeond landing, and was opened
by remote control from the ground once the sUAS was at the targeampling altitude and
airspeed. The device remained open for the duration of the -binute sampling interval.
Immediately following sample collection, the exposed platcontaining the agar media was
removed from the sampling device and stored in a small plastontainer for transport to the
laboratory. Flights were conducted by a Federal Aviation Admirstration (FAA)-certi ed
pilot (Schmale) under Remote Pilot Certi cate Number 403896. Flights over Claytor Lake,
VA were conducted under State Parks Special Use Permit Numbei042-017 issued by Chris

Doss, Park Manager.

4.3.4 Development of an automated atmospheric sampler and sen-

sor integration on a USV

A bioaerosol-sampling system was integrated into the USV t@amsple at at di erent heights
above and below the water. Four optical particle countersdm two di erent manufactures,
the SDS021 (Nova Fitness Co., Ltd., Jinan,Shandong Provinceh@ the PMS7003 (Plan-
tower, shunyi District,Beijing), were used (Figure 2). One feach type of sensor was placed
at 0.1 m and 1.1 m above the water, so that at each height, themere two di erent types
of sensors (Figure 4.1). The SDS021 reported PM2.5 and PM1(hcentrations while the
PMS7003 reported PM1, PM2.5 and PM10 concentrations. Thesensors collected measure-
ments at a sampling rate of about 1Hz. In addition to the PM couters, a custom impinger

was designed and printed from high-density polyethylene pich allowed the impinger to be
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autoclaved). The impinger was designed to be screwed dirgobnto a 50 mL sterile conical

Figure 4.1: Sampler deployed on USV in Boston MA. An Airmar 200WX ssor (A) was
used to capture meteorological data. A set of three impingeand two particle counters were
used at 1.1 m (B) and 0.1 m (C) when deployed. A Turner turbidif sensor was also used.
The sampler is seen in the stowed con guration (E) and is exteled to a vertical position
when sampling.

centrifuge tube (Corning CLS430828 SIGMA). The impinger waalso designed around dis-
posable Pasteur pipettes (Corning CLS7095D5X SIGMA) as theodn tube that air would
travel through into the impinger liquid. A 1 cm diameter copger plumbing elbow served as
the air inlet to the impinger. The choice of copper and glass gaces minimized adhesion
of particles to the impinger before being deposited into theliid. The impinger design was
guided in part by impinger design testing made by Lin et al. (Q97) to ensure the highest

possible collection e ciency. Three impingers at each heng (0.1 m and 1.1 m) were used
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along side the paired PM counters so that particulates coulde collected in liquid media by
impingers while PM counters counted particle concentratiss for the same spatial location
above the water surface 4.3. Each impinger was connected t@amp modi ed to operate
as a vacuum pump (ZT370-01, Dongguan Zhentian precision &w®nic co., LTD, Dongguan
city, Guangdong province, China.) pulling from 1.6 to 2.4 Lm of air to the impinger nozzle
down the pipette tube where it then traveled through 35 ml ofitjuid media in the conical
tube. Three of these impingers where used in two groups thatdluded two PM counters
(one of each manufacturer) with one sensor group at 0.1 m aleothe water surface and the
second sensor group at 1.1 m above the water surface. Thesgsee groups were mounted
on a two vertical carbon ber tubes attached to a carbon ber tibing base attached to the
USV (Figure 4.1). The carbon ber base allowed the vertical ssor assembly to be rotated
about 45 degrees aft via a stepper motor screw assembly folestansport between sampling
missions. The sensors, vacuum pumps, and stepper motor wdeonnected to a 3teensy 3.6
ARM based microcontroller (PJRC.COM, LLC., Sherwood, OreggnUSA) that controlled
all sensor operations. An Airmar 200WX marine weather station & integrated into the
USV to capture environmental data including wind speed, windirection, and temperature.
All sensor data was transmitted to the USV computer via serialanmunications for record-
ing. Sensor actuation and data collection were controlledhtough the USV computer by a

command computer on shore over 2.4GHz wi hotspot link.

4.3.5 Collection and culturing of microorganisms from sUAS

Agar collection plates from the SUAS sampling missions contad R2A or OceanMod media.
R2A was fresh water bacteria selective media and OceanModsasaltwater selective media.
Plates were incubated for 3-4 days at room temperature, analony forming units (CFUs)

were counted and the plates were photographed. A subset o&tholonies on each plate were
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picked with sterile toothpicks and inoculated into 140 L of H,O for ice nucleation assays

and subsequent storage at -80 C in 20% glycerol.

4.3.6 Statistical analyses

Statistical analyses were conducted using R version 3.4Rlinear regression model was used
to examine di erences among culturable bacteria collecteduring twelve sampling missions
over two days with meteorological and PM concentration dataA circular linear regression
model was used to compare wind direction with PM concentrath data. A 95% con dence

interval was used for signi cant di erences (P< 0.05).

4.4 Results

441 USV, Great Pond, Falmouth, MA

Six USV missions were conducted on 20 August 2017. The concatibn of culturable
bacteria ranged from 0 to 2990 CFUs/mL on R2A and ranged from 0 t64 CFUs/mL on
OceanMod, respectively. Particulate matter concentratios ranged from 2 to 8 g/m? for
PM1, 3to 24.1 g/m? for PM2.5 and 3 to 25.4 for g/m? (Table 4.1). Figure 4.2 gives PM

concentrations for the six missions with outliers removed.
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Figure 4.2: Particle count concentrations from the Great Pah Falmouth, MA. Three of
the four integrated particle sensors where operational fahe six missions. The top row
represents the SDS021 sensor at 0.1 m for PM2.5 and PM10. Thé&ldbe row represents
the PM7003 sensor at 1.1 m for PM1, PM2.5 and PM10. The bottonow represents the
PM7003 sensor at 0.1 m for PM1, PM2.5 and PM10.

Figure 4.3: Wind plots for the Great Pond MA and Claytor Lake VA. lors represent the
speed of wind with legth of bars representing the percentagétime at the given windspeed.
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4.4.2 USV, Claytor Lake, Dublin, VA

Six USV missions were conducted on 3 October 2017. The concation of culturable
bacteria ranged from 322 to 4005 CFUs/mL on R2A and OceanMod jpés had no growth.
Particulate matter concentrations ranged from 0 to 288 g/m? for PM1, from 2.5 to 18

g/m?3 for PM2.5 and from 2.6 to 19 g/m?3 for PM10 (Table 4.1). Figure 4.4 gives PM

concentrations for the six missions with outliers removed.

Figure 4.4: Particle count concentrations from Claytor LakeDublin, VA. Three of the four
integrated particle sensors where operational for the sixissions. The top row represents
the SDS021 sensor at 0.1 m for PM2.5 and PM10. The middle rowpresents the PM7003
sensor at 1.1 m for PM1, PM2.5 and PM10. The bottom row represes the PM7003 sensor
at 0.1 m for PM1, PM2.5 and PM10.
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4.4.3 Missions

Table 4.1: USV biological data for impinger sampling. Sammefrom 0.1 and 1.1 m where
combined before plating for volumetric requirements.

Sample Date Time Start Location Media CFUs PM1 gm 2 PM25 gm 3  Pmi0 gm 3
Number Sampling (EST) (GPS) per mL Min  Max Min - Max Min - Max
MA _1 8/20/17 10:15 AM 41.557817, -70.582646 MOB 0 2-8 3-241 3-2 5.4
MA _1 8/20/17 10:15 AM 41.557817, -70.582647 R2A 2
MA 2 8/20/17 11:09 AM 41.557817, -70.582648 MOB 0 3-5 49 -7 5.2 - 8
MA 2 8/20/17 11:09 AM 41.557817, -70.582649 R2A 0
MA 3 8/20/17 12:28 PM 41.557817, -70.582650 MOB 0 3-4 3-6 3-7
MA 3 8/20/17 12:28 PM 41.557817, -70.582651 R2A 0
MA 4 8/20/17 12:49 PM 41.557817, -70.582652 MOB 54 4-6 46 -7 49 -8
MA 4 8/20/17 12:49 PM 41.557817, -70.582653 R2A 2990
MA 5 8/20/17 01:38 PM 41.557817, -70.582654 MOB 5 2-5 3-7 3-10
MA 5 8/20/17 01:38 PM 41.557817, -70.582655 R2A 0
MA _6 8/20/17 02:25 PM 41.557817, -70.582656 MOB 0 3-5 4-9 4 -10
MA 6 8/20/17 02:25 PM 41.557817, -70.582657 R2A 14
CL -1 10/03/17 11:26 AM 37.052780, -80.619517 MOB 0 4-6 41 -7 4.9 -7
CL -1 10/03/17 11:26 AM 37.052780, -80.619518 R2A 4005
CL -2 10/03/17 12:12 PM 37.052780, -80.619519 MOB 0 5-67 4-6 6-7
CL 2 10/03/17 12:12 PM 37.052780, -80.619520 R2A 1257
CL .3 10/03/17 01:00 PM 37.052780, -80.619521 MOB 0 1-70 49 -6.3 54-7
CL .3 10/03/17 01:00 PM 37.052780, -80.619522 R2A 1615
CL 4 10/03/17 01:58 PM 37.052780, -80.619523 MOB 0 1-52 6 -18 6-1 9
CL 4 10/03/17 01:58 PM 37.052780, -80.619524 R2A 752
CL .5 10/03/17 02:52 PM 37.052780, -80.619525 MOB 0 0 - 288 3-4 3-4
CL 5 10/03/17 02:52 PM 37.052780, -80.619526 R2A 872
CL _6 10/03/17 03:35 PM 37.052780, -80.619527 MOB 0 0-29 25-4 2. 6-44
CL _6 10/03/17 03:35 PM 37.052780, -80.619528 R2A 322

4.4.4 sSUAS

Four sUAS missions were conducted on 20 August 2017 at the Greairfd, Falmouth, MA,
and four sSUAS missions were conducted on 3 October 2017 at Claytake, Dublin, VA.
For the SUAS missions in MA, CFUs ranged from 40 to 44 for R2A and fro29 to 35 for
OceanMod, respectively. For the sSUAS missions in VA, CFUs rangeain 55 to 59 for R2A

and from 60 to 72 for OceanMod, respectively (Table 4.2).
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Table 4.2: UAS biological data for plate deposition sampling

Flight Date Time Plate Location Media CFU Colonies Ice+ % lce +
Number Open (EST) (GPS) per plate  Screened

FSaltl  8/20/2017 11:16 AM 41.557817, -70.582646  OceanMod 29 12 0 0
FSalt2  8/20/2017 12:05 PM 41.557817, -70.582646 R2A 40 18 0 0
FSalt3  8/20/2017 12:52 PM 41.557817, -70.582646  OceanMod 35 18 0 0
FSalt4  8/20/2017 1:43 PM 41.557817, -70.582646 R2A 44 16 0 0
FFreshl  10/3/2017 11:44 AM 37.052780, -80.619517  OceanMod 60 13 0 0
FFresh2  10/3/2017 12:24 PM 37.052780, -80.619517 R2A 59 24 0 0
FFresh3  10/3/2017 2:06 PM 37.052780, -80.619517  OceanMod 72 24 1 4
FFresh4  10/3/2017 2:59 PM 37.052780, -80.619517 R2A 55 25 4 16

Results of statistical analyses

The SDS0021 sensor at 0.1 m showed a signi cant correlatiornithvwind speed reported by
the USV mounted meteorological sensor at Claytor Lake, VA foPM2.5 (P=1.07 10 ©),
PM2.5 and PM10 P=7.33 10 7). Correlations were also found at the Great Pond, MA for
wind speed with PM2.5 P=0.016) and PM10 (P=0.006) for the PMS7003 senor at 0.1 m
and PM2.5 P<2 10 %) and PM10 ( P=0.0316) for the SDS0021 sensor at 0.1 m. CFU/mL
ranged from 0 to 2990 CFU/mL for the Great Pond, MA and 0 to 4005 CFUML for Claytor
Lake.

PM sensors for Claytor Lake, VA reported similar concentrabns (P values ranged from
524 10 % to 3:86 10 %) except the SDS0021 sensor at 0.1 m with both PMS7003
senors at 0.1 m and 1.1 m for PM2.5 and PM 1(P(values ranged from 0.299 to 0.551).
Concentrations where on average higher at 1.1 m than 0.1 m fali sensors and all PM sizes.
PM sensors for the Great Pond, MA reported similar concentt@ns (P values ranged from
547 10 ?to < 2 10 ). Concentrations where on average lower at 1.1 m than 0.1 m

for all sensors and all PM sizes.

PM conentrations where highly correlated with wind directon for all sensors and PM sizes
at Claytor Lake, VA (P= < 2 10 1% and the Great Pond, MA (P values ranged from
<381 10%to< 2 10 %),
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Figure 4.5: Plots of particle data from October 8 2017 on Claytor Lake. Two model of
optical particle counters PMS7003(A) and SDS021(B) where @d. Only the PMS7003(A)
sensor was able to resolve PM1 at 0.1m above the water surf§d¢ and PM1 at 1.1m (B).
Both models reported PM2.5 at 0.1m (C), PM2.5 at 1.1m (D), PM@ at 0.1m (E) and PM10
at 1.1m (F). Graphs are in general accordance both in shape aaderages with some minor

variations.
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4.5 Discussion

The sources, distribution, and transport of biological a@sols are not well understood. New
information is needed regarding the impacts of biologicalesosols on climate (Fm®hlich-
Nowoisky et al., 2016). We developed and implemented a bioasol-sampling system on-
board a USV to collect and characterize biological aerosolsmaultiple heights above saltwater
and freshwater environments. Several sensors were intdgrhinto the system including a
series of 3D printed impingers, four optical particle sizer and a meteorological sensor. A
SUAS was used to collect microorganisms on agar media 50 m abthe surface of the wa-
ter. Use of coordinated unmanned systems with atmosphericnsplers and sensors, can be
used to characterize the distribution and transport of miawbes and aerosols above aquatic
environments. CFU/mL ranged from 0 to 2990 CFU/mL for the Great Pad, MA and O to
4005 CFU/mL for Claytor Lake, VA, for USV impinger samples 4.2. Tls is an extremely
wide range of CFU/mL and may point to the variability of bioaercsols, in the scope of min-
utes to hours, present in aquatic environments. Some micnganisms such a®seudomonas
syringaeare ubiquitous in aquatic environments (Morris et al., 203 and have been found
to be highly variable in spatial distribution in freshwaterlakes (Pietsch et al., 2017). This
variability could have an impact on the large range of CFU/ml otulturable bacteria. There
was no signi cant di erence in CFU/mL for colonies collected a the USV on both R2A
and MOB media for both missions P values ranged fromP=0.17 to P=0.92). The lack of
correlation from PM sensors is likely due to the small sampkaze. It is possible that the
aerosolization of culturable bacteria for the time frame athseason sampled is random. More

sampling is needed over longer time periods and seasons.

Wind speed varied from 1 to 9.5 knots at the Great Pond, MA and vé&d from 1.4 to
9.5 knots during sampling at Claytor Lake, VA (Figure 4.3). PMconcentrations from the

four PM sensors where in general agreement in average com@gions and concentration
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variations (Figure 4.5). Particle sensors at 0.1 m showed agi cant correlation with wind
speed reported by the USV mounted meteorological sensor atafior Lake, VA and at the
Great Pond, MA. The connection with higher particle concenttions with increased wind
suggests vertical mixing at the MABL where the characteristi timescale for mixing of gases
and aerosols is on the order of seconds (Jonsson et al., 20I#)is connection is what we
should expect to see and is partial validation of the sensoadility to operate e ectively
in this time scale at this altitude. Di erent levels of sendivity or accuracy between the
PMS7003 and SDS0021 sensors could explain the consistewlilgrent correlation of the
sensors. The lack of correlation at the 1 micron particle ®zcould indicate a continuous
background noise of sea salt particulates being reported tite MABL (Gong et al., 1997).
Sea salt aerosols are important as they play signi cant radein clear sky radiative forcing
and serve as a source of cloud condensation nuclei (Winter a@dlylek, 1997; Gras and
Keywood, 2017). Understanding what exactly are the compontsnof the aerosols reported
by the particle counters, sea salt or otherwise, remains aallenge and will require further

testing and validation of all sensors.
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Future work could probe deeper associations of connections culturable bacteria, wind
speed, and particle concentrations at the air-water inteate. Such work could contribute
to our understanding of the sources and transport of bioticrel abiotic aerosols and their

linkages to global health.
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5.1 Abstract

Recent catastrophic events in our oceans, including the 8mf toxic oil from the explosion of
the Deepwater Horizon drilling rig and the rapid dispersion foradioactive particulates from
the meltdown of the Fukushima Daiichi nuclear plant, undersore the need for new tools and
technologies to rapidly respond to hazardous agents. Our derstanding of the movement
and aerosolization of hazardous agents from natural aquatsystems can be expanded upon
and used in prevention and tracking. New technologies with oadinated unmanned robotic
systems could lead to faster identi cation and mitigation 6hazardous agents in lakes, rivers,

and oceans. In this study, we released a uorescent dye (uescein) into a freshwater
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lake from an anchored oating platform. A uorometer ( uorescence sensor) was mounted
underneath an unmanned surface vehicle (USV, unmanned boathcawas used to detect
and track the released dye in situ in real-time. An unmanned @raft system (UAS) was
used to visualize the dye and direct the USV to sample di erenaéreas of the dye plume.
Image processing tools were used to map concentration presl of the dye plume from aerial
images acquired from the UAS, and these were associated witlncentration measurements
collected from the sensors onboard the USV. The results of thpsoject have the potential to
transform monitoring strategies for hazardous agents, ebleng timely and accurate exposure
assessment and response in aected areas. Fast responsesgemial in reacting to the

introduction of hazardous agents, in order to quickly predt and contain their spread.

5.2 Introduction

The spread of hazardous agents such as radioactive partatgs, oil, and harmful algal
blooms have important economical (Fay, 2003), ecologicar{derson et al., 2005), and na-
tional security (Lien et al., 2007) consequences. There amamerous mathematical models
and methods for understanding and predicting how these agerare transported and dis-
persed, from ground water contamination to volcanic eruptns (Csanady, 1973; Gunatilaka
et al., 2012). Many of these methods are computationally dbsor may not be adaptive for
highly variable environments that exist in real world scen@s. Additionally, these compu-
tational approaches may not be applicable for rst respondescenarios for remote locations,
where there is limited information available to populate neessary model parameters. In
many cases, di usion and advection dominance is highly vatile and competition between
the two transport mechanisms can be complex. This occurs espally at the marine at-

mospheric boundary layer (MABL), where both aquatic and wincturrents interact, further
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complicating modeling techniques. In these situations, v a fast solution is required and
the exact solution may not be important, a simpler approachsineeded. Heuristic methods

represent such an approach (Cook, 1983).

Oil is one hazardous agent that can have immediate and lasgirimpacts in marine envi-
ronments for a considerable time after initial release, anith the case of salt marshes and
mangrove swamps, e ects can persist for decades (Kingst@902). Oil leakage from o shore
oil and natural gas exploration can be a ected by factors athte ocean bottom not encoun-
tered at the sea surface, complicating detection and trackg (Masutani and Adams, 2001).
Spills from large oil tankers, though dangerous occurrerg;eaccount for only 5% of world-
wide oil pollution, with 95% accounted for by illegal dischages (Galland et al., 2004). Other
hazardous agents include harmful algal blooms (HABS), microgpic algae or phytoplankton
that can be bene cial in nature, but also can be harmful to mane resources and human
health (Lewitus et al., 2012). In some cases, surface roug@ss at the marine atmospheric
boundary layer can make satellite measurements prone to ers (Klemas, 2011). Versatile

and adaptable tracking methods are needed.

A number of tracer dyes have been used to understand the trggmt of hazardous agents
in agquatic environments. These dyes are often uorophorekke rhodamine and uorescein
(Vasilijevic et al., 2015; Jackson and Lageman, 2013; Li et @2006), and sensors known as
uorometers have been developed to detect these dyes foliog their release (Barczewski
and Marschall, 1990; Funkhouser and Barks, 2004). These sers have been used to test
simulated uorophore plume identi cation and veri cation algorithms in near-shore oceanic
environments (Tian et al., 2013). In addition to specially dveloped sensors, e ective lower
cost methods have been used. Cameras have been used to meata motion of uorescent
particles in surface ow studies (Tauro et al., 2012). Fluocent dyes have been used in

underwater studies to test the e ectiveness of hydrocarbastetection (Vasilijevic et al., 2015).
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Direct measurements of uorescent organisms is another nhetd of plume detection and
tracking. Algae can absorb certain wavelengths of light andemit this gained energy at
another wavelength (Qian et al., 2010) similar to uorophoes. Consequently, uorometers
have been developed to detect algae in situ (Mason, 1999). &taphores for aquatic studies
are often used that absorb and emit light in wavelengths thataturally pass through water

una ected over the characteristics scale lengths from theessor emitter to sensor receiver.

Unmanned systems have become important tools to increase aunderstanding of vital en-
vironmental processes. Recent advances in unmanned systdrave created new possibilities
for environmental sensing (Pennington et al., 2016). Low sbunmanned surface vehicles
(USVs) have been developed allowing water quality testing bytizen science programs that
would not be possible otherwise due to budgetary constramiLaut et al., 2014a). Theses
systems are e ective outreach tools promoting environmeait science to the general public
(Laut et al., 2014b). Likewise, low-cost recreational unnmaed aircraft systems (UASs) with
gimbal mounted cameras have served as platforms for surfacev measurement mapping
using natural and arti cial tracers and large-scale surfaevelocity elds (Tauro et al., 2016;
Detert and Weitbrecht, 2015). UASs have applications in hydtogical studies to measure
lake and river water levels to increase our understanding bfdrologic processes and relia-

bility of hydrologic predictions (Bandini et al., 2017a,b)

There are signi cant knowledge gaps in the transport of hazdous agents in aquatic systems,
and unmanned systems help Il this gap by incorporating measements of uorescence to
mimic hazardous agent dispersal. The speci c objectives tfis work were to detect and
track a released dye in a freshwater lake with a UAS and a USV, and (2pmpare in
situ measurements of the dye from the USV to estimated conceations of dye from UAS
images. Here, we describe a series of eld studies where a escent dye (uorescein)

was released into a lake from an anchored oating platform. Auorometer (uorescence
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sensor) was mounted underneath a USV, and was used to detect tiedeased dye in situ.
A UAS was used to visualize the dye and direct the USV to sample eiient areas of the
plume. EXxisting image processing tools were used to map centration pro les of the dye
plume from stationary aerial images acquired from the UAS, anthese were compared to
concentration measurements collected from the sensors oabd the USV. The results of this
project have the potential to transform monitoring strateges for hazardous agents, enabling
timely cost e ective, and accurate exposure assessment aresponse initiatives in a ected
areas. Fast response and versatile methods are essentiataacting to the introduction of
hazardous agents, in order to quickly predict their spreadna contain the event (Zou et al.,

2016).

5.3 Materials and Methods

5.3.1 Study Site and Design

Field studies were conducted on 25 October, 2017 in a cove liechat 37.053846, -80.640771
on Claytor Lake VA, USA (Figure 5.1). Claytor Lake is a 34 km long ran-made reservoir
with an approximate surface area of 18.2 square kilometerSince the study was conducted in
a small cove o the main body of the lake, this provided a natwal isolated area to contain the
dye and minimize interference from the general public. Thgi no permits were required to
release the dye into Claytor Lake, local o cials from Appalabian Power, Claytor Lake State
Park, the Virginia Department of Game and Inland Fisheries, ah the Friends of Claytor

Lake were informed of our planned activities in advance of ¢hdye release.

Field studies were performed from 1400 to 1500 EST. Twelve trsects were performed by

the USV across the dye plume. Two UAS missions were conducteddthght time of the
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UAS was limited to about 20 minutes for each mission). GPS of thdAS, USV, and the
plume generator were recorded throughout the study. Metedlogical data and uorescein

data were recorded at 1 Hz by the USV.

Figure 5.1: Site for study was a small cove in Claytor Lake, VA, US A kayak (A) was used
to anchor a small oat (B) near the center of the cove. A small uorescein puck was placed
in a mesh bag to create the plume. The USV (C) was equipped witm@nboard uorometer
and was used to conduct a series of slow transects through tihge plume.

5.3.2 Unmanned Surface Vehicle

A Clearpath Robotics King sher M200 USV (Clearpath RoboticsKitchener, Ontario, Canada)
was used to detect and track the dye (Figure 5.2). The King shreUSV weighed 28 kg, was
1.35 m x 0.98 m x 0.32 m (L x W x H), had a maximum payload of 10 kg, dnvas op-
erated by remote control. The onboard computer as providedylthe manufacturer was a
Commell LE-376 (Commell IPC Division, Xizhi District, New Taipei City, Taiwan). The
USV was powered by a removable 29 Ah battery with about three hogiof continuous run-
time at normal operation speeds. The propulsion system caosted of twin electric impeller
thrusters, allowing a maximum speed of 1.7 m/s and steeringit di erential thrust. This

con guration allowed for extremely precise, controlled meéements and shallow operations
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with minimal disturbance to the plume of the released dye. Théve video feed from the

UAS was used to guide the USV along the plume transects.

5.3.3 Unmanned Aircraft System

A DJI Phantom 4 (DJI, Shenzhen, China) UAS was used to capture 4K deo and images of
the dye plume and to provide visual navigation of the plume fahe pilot of the USV. The
Phantom 4 UAS weighed 1.38 kg, and was equipped with a gimbaleig/im de nition camera.
The camera was a 1/2.3" CMOS with a lens having 94eld of view, 20 mm f/2.8 focus at
1 . The UAS was launched and recovered from a manned pontoon boathored about 100
meters from the center of the dye release. The pilot-in-conand (PIC, Schmale) was an
FAA-certi ed remote pilot, Certi cate Number 4038906. Raw da@a (e.g., GPS, timestamp,
gimbal setting, etc.) associated with the images captureditiv the UAS are provided as a

supplemental spreadsheet le to this manuscript.

A B

Figure 5.2: Clearpath Robotics M200 King sher with the Turne C6 multisensor in the
upright and stowed con guration (A,1) and deployed for taking dye measurements near the
water surface (B,2). The C6 sensor array can use up to six sersto simultaneously take
environmental measurements such as turbidity and uoresoee.
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5.3.4 Sensor Integration

A Turner Designs C6 multi-sensor platform (Turner DesignsSan Jose, CA, USA) was used
for uorescein concentration measurements. The C6 sensaray accepts up to six individual
uorescence and turbidity sensors. The sensor weighed 2 Kg and was 33.8 cm x 10.2 cm
(L x D). The C6 can be operated at depths down to 600 m and from -® 50 degrees
C (as per the manufacturer speci cations). In our studies,ite C6 was used to measure
depth (pressure), water temperature, turbidity (Model #2100-000-T), and uorescein (Model
#2100-000-F). A mounting system was developed for the C6 semdo allow the sensor to
operate 16cm below the water surface when deployed (Figur@). The sensor was located
in the middle and slightly aft of the pontoon mid-point. The nounting system allowed for
the sensor to be folded up and out of the water for transport @hlaunching (Figure 5.2).
The C6 unit was used to calibrate the turbidity sensor in a 2Laution of 50 NTU Turbidity
Standard (StablCal #26606-49, Cole Parmer, Vernon Hills, IL60061) The uorescein sensor
was calibrated with the C6 unit in 2 L of a 40 PPB solution (Fluoescein 400 PPB #10-
509, Turner Designs, San Jose, CA 95112). Calibrations werarreed out in the lab by
submerging the entire C6 unit and casing into a container wpgped in a black velvet cloth to
eliminate light during calibration. The installed sensordor Turbidity and Fluorescein were
calibrated with with the C6 sensor suite on October 24, 2017The Turbidity sensor had a
blank background RFU value of 17.64 in distilled water, and aevking RFU value of 1279.60
in a standard solution of 50 NTU. The Standard RFU for this expemental data was set to
1280.80 with background Blank RFU values for the calibratiomt 288.00, 41.20, and 17.36
for the predetermined gain values of x1, x10, x100, respe®tiy. The Fluorescein sensor had
a working RFU value of 3833.60 in a standard solution of 40 ppl@he Standard RFU for this
experimental data was set to 3834.00 with background BlankFR) values for the calibration

at 284.00, 33.20, and 8.64 for the predetermined gain valuafsx1, x10, x100, respectively.
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An Airmar 200WX meteorological sensor (Airmar Technology Corgation, Milford, NH,
USA) was used for environmental measurements such as wind shewind direction, air
temperature and atmospheric pressure (Figure 5.2). Both ssors were connected to the

onboard USV computer for data collection and recording.

5.3.5 Plume Generation

A uorescein puck (Bright Dyes yellow/green cake cat #10200, Kingscote Chemicals, Mi-
amisburg, OH 45342) weighing 56.14 g was used to generate diye plume. The uorescein
puck was suspended underwater from an Intex cooler oat (Iex Recreation Corp., Long
Beach, CA, USA) in a mesh bag at a depth of 67 cm. The oat was ancled in place
(37.0535180,-80.6427000) with a 4.5 kg Green eld Producasmichor. The 30 cm anchor
rested on the bottom of the lake and was attached to 10 m of 5/8rcutility line. The puck
was allowed to disperse uorescein by di usion only (i.e.,ite dye was not forcibly released,
and there were no currents in the lake). The movement of the ai by wind interaction aided

in dispersion of the tracer dye. Tracking of this motion wasat recorded.

5.3.6 Image Processing

Image processing was completed using ImageMagick versidh®9 and Gimp version 2.8.16
software. Images were used over video for ease of analysiarticular for lower computa-
tional cost needed for future live UAS image processing. Imageere 2400 1800 (W H)
in size. Images were captured from 25 m at approximately on@age for every 3 seconds.
Pixel sizes were 1.5 cm in length. Enhanced color referenceages were created using Gimp
by adjusting the red, green and blue (RGB) levels to the valgein (Figure 5.3), in order to

increase the dye plume contrast (shown in Figure 5.3) to aid wisual identi cation of plume
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concentration structures.

Red Channel

Green Channel

Blue Channel
A B

Figure 5.3: RGB channel levels after adjustment of raw uore®in plume images taken
from the UAS to increase color contrast of plume structure (A),reating an enhanced color
rendering of the uorescein plume revealing concentratiostructures not seen in the raw

images (B).

The convert function from ImageMagick (command line operain), was used on the raw im-
ages to create color maps known as heatmaps by assigning aseimocolor (heat) to represent
a change in concentration. Heatmaps were generated by corieg image pixels matching
(by percentage of maximum possible color intensity) the ueescein dye color represented
by the RGB value (100,200,60) to the chosen heatmap colorseréentages ranged from 13
% to 23 % in 2 % increments, representing red, yellow, greeryaa, blue, and black respec-
tively (Figure 5.5), and were assigned decreasing parts peillion (PPM) values based on
minimum and maximum concentrations from the USV uoresceinensor. The color white
represented 12 ppm where percentage of maximum possiblesimgity was from 0 % to 12.9
% and was matched to the maximum concentration recorded by ¢hUSV uorescein sensor.
A scale of 2 ppm per increase in heatmap concentration was dseith the exception of 1
ppm. Exchangeable image le format (EXIF) data from UAS imagery &s used to rename

the images by timestamp and to connect with USV data.
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5.4 Results and Discussion

A series of eld studies were conducted to track a uorescertye released into a lake from
an anchored oating platform. A UAS was used to visualize the dyand direct the USV to

sample di erent areas of the plume. Image processing tooler used to map concentration
pro les of the dye plume from aerial images acquired from th&JAS, and these were com-
pared to concentration measurements collected from the sems onboard the USV. In situ
uorescein concentration pro les measured with the USV wersimilar to the intensity of the

plume as seen by raw images from the UAS (Figure 5.4). Color enlcad images revealed
subtle di erences in concentrations not seen in the raw imag (such as Figure 5.3). For the
transect shown by the white line in (Figure 5.5), we assigned meentrations to color values
(heat) to the raw image based on the minimum and maximum valgaecorded by the Turner
C6 sensor on the USV. Plot points for time were chosen accorditgwhen the USVs path

was in the midpoint between the discretized concentrationdundaries represented by the
colors of the heatmap. This was then compared to the Turner Céncentrations recorded
for the transect shown in (Figure 5.6). The shape of both curgan Figure 5.6 were similar,
demonstrating that the processed images from the UAS could besad to accurately pre-
dict dye concentrations near the water surface (i.e., the USprovided the ground-truthing

needed to validate these image predictions).

Hazardous agent spills represent an important economic anedith cost to the global com-
munity. There are knowledge gaps in understanding the trapsrt of these agents in aquatic
environments such as the fate and transport of spilled oil @g et al., 2014). The coordi-
nated aspect of this study provides a base for future develment of completely autonomous
multifaceted hazardous plume concentration measurement§he technologies used and the
techniques developed in this study could eventually be usealprovide comprehensive spatial

and temporal maps of hazardous plume concentrations. Thoudypical measurements of



Craig W. Powers Chapter 5 77

Figure 5.4: Fluorescein concentration pro le as recorded byé¢ Turner C6 equipped USV.
Concentration is increasing from location 1 to 2 and then dezasing as the USV traverses
the dye plume for a single transect.
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agents such as HABs are made using satellite imagery, these sweaments can be prone to
errors when the water surface turbulence is large enough @fhas, 2011) and may need in
situ measurements (ground-truthing) to calibrate the meagements (Carvalho et al., 2011).
Moreover, some types (species) of HABs are not detectable byedlite imagery (Tang et al.,

2003). Coordinated systems of autonomous unmanned vehsct®uld be used to patrol coast

lines to help identify HABs before they become large and dangers.

Figure 5.5: Heatmap of uorescein concentration pro le usingolor matching technique.
White represents areas of the highest concentrations (12 ppnvith black representing the
lowest concentration (1 ppm). The path of the USV is represeeatl by the white curved line

(points 1 to 9) with the plume generation oat seen as the bldcrectangular object in the
plume.
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Figure 5.6: Fluorescein concentration pro le from the TurnelC6 sensor (Blue) onboard the
USV, and an estimated concentration pro le from the heat map fothe same plume transect.
Points 1 to 9 represent the midpoint of each concentration ‘el from the heatmap as the
USV performed the transect.

Though our coordination of unmanned systems provided a goadreement in concentrations
from aerial optical measurements with near surface uoresm concentration measurements
(Figure 5.6), some slight deviations could be observed. Firsgome of the error in the com-
parison of the in situ dye detection and the heat maps of congeations extracted from the
digital images could be partially eliminated by using Real ime Kinematic GPS systems in
the future. This GPS technology can map locations as small &cm and could account for
changes in the speed of the USV that was not accounted for in ostudy and would help
localize concentration measurements from the USV both tempadly and spatially. Second,
errors might also be explained by changes of speed of the USViekhcould skew a con-
centration pro le. It's also important to note that the visu al surface concentration will not
completely match the concentration measurements from theufner C6 sensor due to the 16
cm depth the sensor was operated. Using a ner scale conversaf color matching to create
heatmaps would lead to higher resolution concentration pies to aid in automated image
validation however, a ner scale is not needed for visual ipgction. Spectral and radiometric
calibrations of the UAS camera is also needed to increase botttaracy and precision of the

image processing. Moreover, accounting for more image peofy variables such as brightness
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and hue and using turbidity data could also lead to more accate heatmaps with a better

understanding of how much depth from the surface impacts thasual based concentration
pro les. Future studies are also needed to elucidate minimu concentrations that can be
mapped by a UAS and to monitor actual concentrations of dye ugincolor intensity (com-

pared to relative concentrations used in this study). Elinmating the manned component as
a next step could remove additional error by using precise monand and control algorithms

that manned control cannot duplicate. Direct UAS to USV commurdation coordination as

a type of heterogeneous swarm (Szwaykowska et al., 2015) Idoallow for highly e cient

search and mapping of dyes and hazardous agents in the future

5.5 Conclusions

A uorescent dye was released into a freshwater lake from am@hored oating platform. A

uorometer was mounted underneath a USV, and was used to dete@hd track the released
dye in situ in real-time. A UAS was used to visualize the dye andiréct the USV to sample

di erent areas of the dye plume. Image processing tools weuosed to map concentration
pro les of the dye plume from aerial images acquired from th&JAS, and these were as-
sociated with concentration measurements collected frorhé sensors onboard the USV. In
situ uorescein concentration pro les measured with the USMvere similar to the intensity

of the plume as seen by raw images from the UAS. Color-enhancethges revealed subtle
di erences in concentrations not seen in the raw images. Thlw®ncentration pro les revealed
from the USV and UAS were similar, demonstrating that the procegd images from the

UAS could be used to accurately predict dye concentrations nehe water surface.

This work establishes the concepts and techniques neededus® coordinate unmanned sys-

tems to safely and cost e ectively identify and map hazardaiagents. Additionally with
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further development, this work can be adapted to allow the UASat work individually to
locate and quantify hazardous agents when ocean conditioase prohibitive for USV op-
erations. Hazardous agents represent a hazard to marine nesees and human health and
e ect the economies of most coastal communities. Using thesgstems and techniques, or
variations of the systems and techniques developed in thiok, could provide a fast tool to

identify and localize hazardous agents in the future.
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Chapter 6. Conclusions

6.1 Implications and Future Work

Additional eld studies using the unmanned systems and sensodeveloped for this research
are recommended to develop the needed historical data to neabbservations on the transport
of microorganisms across di erent temporal and spatial stes. Understanding the spatial
distribution of these microorganisms in a large freshwatégke such as Claytor Lake, requires
a long term commitment (missions across several years) totdacollection. The mixing and

concentration of microorganisms are in uenced by many fagts such as temperature, lake
turnover (Yu et al., 2014) and ultimately seasons (Pietschtal., 2017). Stationary versions
of these sensors, placed in moored buoys in the water and owéns over land for example,
could be used to collect some of these data such as wind spead direction, humidity,

temperature and turbidity. The inclusion of particle couners would help to identify daily

particle count uctuations for both biotic and abiotic aerosols. Many locations around the
world have such sensors in place currently reporting air gl such as the air quality index

(AQI) in China (Jiang et al., 2015). Impingers and depositiordevices (e.g., Petri plates or
Burkard volumetric samplers) could assist in the identi cdon of microbes in the samples.
The recent appearance and rapid growth of tools such as 3D mers allow for small scale

manufacture of extremely a ordable and e ective alternatves to commercial sensors that

82
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allow these tools to be used en masse on large scales.

Further use of optical particle sensors in this eld of reseeh should be backed up by lab
experiments to help understand the usefulness of these sassn aquatic environments. It is
known that extremely humid air can increase the measured sipf particles up substantially
(Silva et al., 2015). In some cases, hygroscopic aerosols dauble in diameter(Schumann,
1990). Quantifying this e ect for the particular sensors usd and particular aerosols of
interest is essential to resolve and identify actual partie diameters. Characterizing the
measurement of abiotic particulates such as sea salt, othaprganic compounds and ultra-
ne water droplets by these sensors is another important aspt needed to use these sensors
in particular environments. In some locations, sea salt ale accounted for approximately
15% of the total aerosols for particulates less thanuin (Vogt et al., 2013). Lab based
studies could help develop models useful for removing thasevanted measured particles as

background noise making the particulate data more useful.

The simultaneous atmospheric sampling from a USV and UAV in thiresearch exhibit the
usefulness and need for heterogeneous teams of unmannedclesh to accomplish certain
research tasks that otherwise would be a challenge to contlwéth manned operations. Het-
erogeneous systems are currently being developed and tdgf@uan and Liu, 2010; Palacios
et al., 2017). These systems are complex in their nature, bate powerful scienti c tools use-
ful to elds outside of engineering. It is recommended thathte use of cooperative unmanned
systems be extended even further to collect the necessamgkascale data to help understand
and predict bacterial populations in and above aquatic ermonments. One could envision
swarms of USVs, UASs, and UGVs operationg simultaneosly acrossdaair, and water. The
development of low cost unmanned systems is becoming morenawon (Ho er et al., 2014)
and the autonomous nature of these systems can be exploiteith@ut costly investment both

in time and equipment. Heterogeneous swarm capabilities amet new (Chung et al., 2011),
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and have been demonstrated by Duan et al (Duan et al., 2011) duothers (Luo and Duan,
2013). A combination of UAVs, USVS, UGVs, and remotely operated uedwater vehicles
(ROVs) could be used to gather samples from water and the atnpd®ere in groups over large
areas in terrestrial, aquatic and atmospheric environmesit This data would give context
to and connect the many current small scale environmental search endeavors. Detailed
models could be developed from this data and used to help umstand current bacterial
populations and help predict their transport and e ect on inportant economic crops and

related weather.

Sensors that were developed and integrated into the unmartheystems for this research
could be expanded. A low cost direct to plate deposition symh was developed during
this research and could be used to augment the use of impingesn USVs (Appendix).
Additional sensors such as surface plasmon resonance (SPR)olv have been used on UAV
previously (Palframan et al., 2014) to detect and di erentate di erent species of bacteria
(Adducci et al., 2016), could be adapted to detect specic biogical agents and used to
direct the coordinated sampling of unmanned vehicles to idefy and localize sources. The
additional sensors would be used in this special case forivation and quanti cation of
these agents. The use of a turbidity sensor while trackingyhes could be used to quantify
the maximum depth of resolved concentrations in heatmaps w&oped from aerial images.
The development and integration of new low cost sensors to heed in large heterogeneous
swarms of UVs is an exciting and powerful new path for scienti @xploration that could

help to reveal large scale relationships and models for colew biological dynamics.
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