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Keywords Abstract
Atmospheric Chemistry Since the completion of the first Sniffer UAS payload research artidiled; Using UAS with
Volcanology SnifferdD Payload to Document Volcanic Gas Emissions for Volcanic Surveillance: In t
Climate Change study the UAS system deployed carried the SnifferdD which tested for Temperatur
Volcanic Plume Humidity and 9 additional parameters - Sulfur Dioxide S@ (ug/ m3), Volatile Organic
SnifferdD Compounds VOCs (ppm), Carbon Monoxide CO (mgmCarbon Dioxide C® (ug/ m3),
Ozone O(ug/ m3), Nitrogen Dioxide NQ (ug/ m3), G+NQC: and Particulate Matter- PM 1.0,
Research Article 2.5 & 10 We have since expanded our gas detection abilities by specifically configuring tf
Received30.04.2023 Sniffer V (Volcanic), which has Sulfur Dioxide SQug/ m3), Carbon Monoxide CO (mg/#),
Revised24.05.2023 Flammable Gas CxHy (%), Hydrogen Sulfidex®l (ug/ m3), Carbon Dioxide C&(ug/ m3),
Accepted28.05.2023 Hydrogen chloride HCI(ug/ m3), Hydrogen Hz (%) and Hydrogen fluoride HF(ug/ ms3). A
Published01.06.2023 consistent volcanic monitoring program is crucial to the safety of the population and the

efficiency of the nation. Costa Rica’s National Commission for Risk Preventibe CNE helps
manage this responsibility. The National Observatory for Volcanoes OVSCQRIA and the

s {7 TRIT. Atmospheric Chemistry Laboratory LAQATUNA of Universidad Nacional Costa Rica throug

@ updates a joint cooperation both have a strategic interest in monitoring andraicking volcanic activity.
AN essential aspect of monitoring volcanoes is tracking the active emissions being releas
from the craters, subaerial and subaqueous fumaroles, and diffuse degassing through s
and cracks in the volcanic ediface. For this stly the Sniffer4dD gas detection payload was
deployed on an UAS and flown directly into the active West Crater of the Turrialba volcar
in September 2022 for readings of active emissions. The maitfjective was to characterize
the volcanic plume of Turrialbafor all of these parameters to establish a baseline that can b
built upon in the future through additional measurements to determine changes ir
outgassing regime of the volcano. This was the second time the Turrialba volcano has be
tested with SnifferdD electrochemical gas detectors for these parameters.

1. Introduction

The Turrialba Volcano in Costa Rica is one of the most active stratovolcanoes in all of Central Amerite
Turrialba Volcano is located at 3,340 meters above sea level in the Cartago Province of Costa Rica. There are three
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craters at the summit of the Turrialba Volcano which are the East Crater, the Central Crater and the actively
degassing West Crater. Thelegassing fumaroles seen at the summit of Turrialba corresportd a shallow
magmatic system actively emitting Sexich fluids [1].

The Turrialba Volcano is located just 15 miles from Cartago and only 20 miles from San Jose the capital city of
Costa Rica were the majority of the population live. Thereforg the geographical location of the Turrialba Volcano
makes the monitoring program implemented by the CNE extremely importantt | OOA 2EAA80 . AOEIT 1T A
on Risk Prevention and Emergency Response @NE is responsible for alerting the population of communities
living near the volcanoes of any potential risk associated with an eruption. Furthermorghe prevailing wind
direction will disperse the volcanic emissions towardghe central valley where themajority of the population in
Costa Rica live. Implementing a consistent and continuous gas monitoring program at Turrialba is a national
priority in Costa Rica[1].

The last major eruptive cycle seen coming from the Turrialba Volcano was from (186866). Afterwards the
Central Crater did exhibitsome fumarolic degassing and therefore bringing the Sniffer devices through the Central
Crater did yield some valuable results. From (2002007) new vents began releasing emissions from the active
West Crater andCentral Crater. These fluctuations in degassing at Turrialba were a result of changes in
geochemistry. There were three stages of activity classification for the eruptive and degassing seen coming from
the Turrialba Volcano which were;1. Hydrothermal (1998 - 2001)/ 2. Hydrothermal - Magmatic (2001- 2007)/

3. Magmatic (2007- 2008). According to the publication; C@-CHi-Hz gas system equilibrium shows the evolution
of the deep fluid reservoir increasing in temperature and having increasingly oxidative coittbns [1].

These types of ground basetemote sensing measurements of S@aken from methods such as Differential
Optical Absorption Spectroscopy or DOAS have been integrated to UAS as well. In April of 2007 the Department of
Geology for the University ofSherffieldin the United Kingdom traversed underneath the volcanic plume of the La
Fossa Crater for S©flux calculations. This was one of the first UAS studies in atmospheric analysis of a volcanic
plume that confirmed the potential for UAS in monitoringvolcanic emissions2] .

The Laboratory of Atmospheric Chemistry LAQATNA has been monitoring the status of the Turrialba Volcano
for long term trends and this program consists of measuring volcanic emissions. The Sniffer 4D was first flown
into the active West Crater of the Turrialba volcano in April of 2022. The test in April using UAS was designed for
monitoring SG& and Particulate Matter PM using the SnifferdD capable of testing foi0OCs, @ SQ, CO, COHPM 1,
2.5 & 10, N@Q, @, NOQ + &. Advanements to the system after the April UAS analysis leaded to another research
trip to the Turrialba summit with the newly configured the SnifferV (Volcanic) which measures SOCO, CxHy, 39,
HCI, C@ Hz and HF. The second UAS Sniffer analysis of volcarimissions being released from the Turrialba
Volcano took place in September of 2022.

Figure 1.UAS Image of Central Crater & Active West Crater of the Turrialba Volcano September 2022
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Figure 2. Distance from Turrialba Volcano to Cartago and Salosé

There are two Sniffer4D V2 devices we have been deploying in the field for scientific research with the
Laboratory of Atmospheric Chemistry. We have successfullgsted for volcanic emissions at the, Irazu volcano,
Poas volcano, Arenal volcano, Teniar volcano and Turrialba volcano in Costa Rica.

The Autel EVO Liter drone was a consumer drone used at the Turrialba volcano which greatly assisted with
our observational research. We launched this drone first to make observations of the cloud coveragefdre
launching the AkiO1 (Matrice-600 Pro) with the Sniffer4D payload. These consumer drones can be deployed in
volcanic field work for many different reasons.

2. Material and Method

The SnifferdD was attached to the Mavic 3 and Matrice 6@@ro with an integration kit created with a 3D
printer. The Sniffer4D is placed upside down and the 3D printed mounting bracket is placed on top of the bottom
of the device. The mounting bracket is then attached with 4 M2.5*6 screws in each corner. The SnifferdD and
attached mounting bracket are then placed onto the Mavic 3 drone and the assembly is permanently connected
via 2 additional M2.5*6 screws at the bottom. The Sniffer4D is powered by the same battery as the UAS itself, via
a power cable. The power cable aligns to the two oetmost power connectors of the Mavic 3 battery.

The power cable is secured with three small pieces adouble-sided tape and is then attached to the
Sniffer4dD.The system has a total flight time of around 20 minutes depending on environmental conditions.€ra
are two SnifferdD Systems one designed for HAZMAT response the S4D and the other to log volcanic emissions
S4V which can measure; S4DNG;, SQ, @h 6 / #:6CDhPM#LI0, PM 2.5, PM 1@, BQ+0s and S4V- SQ,CQ,
H2S, HF, HCI, CO, CxHy/GLEEL, Ha.

The Sniffer4dD software program is named Mapper which can showcase the air quality and pollution
dispersement as a grid, isoline or 3D plot. The drone was launched from the main lookout point of the Turrialba
volcano on the southern edge of the Centr&rater. The Sniffer4D can be used to showcase air quality data in real
time via a SIM chip and associated data plan placed in the device which is connected to the local cellular network,
allowing for real time pollution tracking. Monitoring the SQ/COz gasratio is dangerous work, especially during
times of increased activity. The device also records temperature and humidity making it an extremely valuable
UAS payload for volcanology. Total payload weight was less than 500 grams and can be deployed witlsgagpling
module which can retrieve volcanic ash and particulate matter which can then be analyzed in the lab.

The objective of this project was to visit the Turrialba Volcano National Park in Costa Rica with the LAQAT
UNA UAS fleet. The Turrialba volcanbas periodic eruptions and had a period of increased activity from 2017
2021. In the national park system of Costa Rica special SINAC permitting is required to use drones on this land.
"Estudio de las emisions/olcanicasy su afectaciora la poblacion cerana." Permit # 112000166 for The
Laboratory of Atmospheric Chemistry, Universidad Nacional.
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Figure 3 & 4. Aki -01 (Matrice 600-Pro) at the Turrialba Volcano September 2022

The research conducted on September 27 2022 in collaboration with the Volcanic and Seismic Observatory
of Costa Rica OVSCGRNAand the Laboratory of Atmospheric Chemistry LAQAUNAwas scheduled and
implemented perfectly by Mr. Jose Pablo Sibaja Brenes. The logistics of just arriving at saenmit were extremely
complex. The day before our visit was a full day of preparing and planning, gathering equipment, charging
batteries, confirming our flight plans with the SINAC National Park administration and organizing transportation.

To accomplis these researchobjectives,we all woke up at 3:00am and met at the university by 5:00am, then
had a3-hour drive to the Turrialba Volcano National Park. Once warrived, we met with the two park rangers
who helped us reach the volcano summit. We thenlgld two four wheelers with gas and began attaching all of the
scientific equipment to the two four wheelers. Each park ranger drove one of these-édirrain vehicles which were
required to reach the summit of the Turrialba VolcanoUpon arrival Dr. Geoffoy Avard of OVSCORUNAwas
already at the summit preparing the control station for our remote flights.

The Turrialba volcano is located 40 km or 25 miles East of San José the Capital city of Costa Rica where the
majority of the population live. Between 205-2017 an eruption column emerged 4,000 meters or 13,123 feet
above the summit crater of the Turrialba volcano and dispersed ash in the capital resulting in airport closures.
Thus, monitoring the Turrialba volcano is of great importance to the country.
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Figure 5. Eruption that dispersed ash all the way to the Juan Santamaria International Airport March 12, 2015

Remote sensing of SOemissions at Turrialba have been a successful undertaking in the past with several
research articles resulting from this method of measurement. In the article tittedSpace and grounebased
measurements of sulphur dioxide emissions from Turrialba Volcanagsearchers found: There were aerosols and
acidic gas emissions being released from Turrialba which were contributing to the total environmental
acidification of the Direct Impact Zone of the Turrialba Volcano located within a-gile radius around the acive
West Crater. By implementing UAS technology and the Sniffer4D and SnifferV gas detection payloads at the
Turrialba summit, the Laboratory of Atmospheric Chemistry LAQATINA has successfully measured S0

emissions coming from the active West Cratertw® Ei AO ET ¢m¢¢8 O3/ F EO 11T A 1T &£ OE-Z
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and arguably the easiest to measure by remote sensing. It is characteristically from high temperature gases and is .
thus a good indicator of the presence of magma at shallow depth. ThereforeA OO OAT AT OO T £ 3/ F Al
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These Sniffer devices also log longitude and latitudeemperature and humidity and calculate the area tested
per each measurement. The Sniffer Mapper software can showcase the Turrialba volcano flight path in 3D or a grid
concentration with boxes to click which individually represent different GPS locations here the Sniffer4D tested
for volcanic emissions.The SnifferV allowed us to collect additional volcanic emission data and the gas emissions
being released from the active West Crater. This information was used to generate an AERMOD Plot of the
emissions o September 27, 2022 to show the direction of thed T 1 1 Odisdern@énO
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Figure 7. AERMODplot of Turrialba Volcano Emissions of S£5eptember 27, 2022

Screenshots from the AkiO1 (Matrice 600-Pro) flight with the SnifferV remote pilot in comand José Pablo
overflew the central crater and went right up to the rim of the Active West Crater for a complete aerial survey of
the Central Crater. During the flight the rim of the West Crater was surveyed for cracks, two were identified and
documented. The camera used for the documenting of the active western crater rim was a Zenmuse Z30.

When flying drones for plume quantification traverse is bettertha8 AAT T ET ¢ $/ ! 3 AAAAOOA EC
the plume and much easier to get a flux of total volc&memission SQ@output per day. In 2013 remote pilots and
researchers operated a UAS at the Turrialba Volcano attempting to document thal8y average of S@degassing
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flux. The article outlined the fact that volcanic degassing is connected with the magritahydrothermal system of
the volcano. Therefore, monitoring the interactions between the magmatibhydrothermal system of the volcano
and associated degassing is a priority for the Turrialba volcanic observational program and gas detection
equipment are acrucial part for proper risk management associated with the Turrialba Volcangt].

Figure 8 & 9. Remotepilot operating the Aki-01 at the Turrialba Volcano

The findings from this field work were that UAS took accurate readings of $@nd from the data accumulated
from the remote flight | E O O Eelsdaréh@&rs were able to calculate total emission flux from the degassing of the
Turrialba Volcano from March 1313, 2013. The conclusions of the research were in tune and in agreement with
measurements of S@that were taken from other methods such as ground based Differential Optical Absorbtion
Spectroscopy or DOAS!].

The research in 2013 began an era of using UAS as an instrument for detecting volcanic gas emissions and
keeping teams of OAE AT OEOOO8 OAEAA AT A 1060 T &£# OEA EIi PAAO UITA 1
increasing in popularity for volcanic and geological application especially for monitoring volcanic degassing,
measuring gases in the plume itself, and even collest samples of gases from within the eruption columi¥] .

There were several serious lessons learned from the previous remote pilots who flew gas detection missions
with UAS. In the research publication titled; Using Drones and Miniaturized Instrumentation to Study Degassing
at Turrialba and Masaya Volcanoes, Caal America; Journal of Geophysical Research for an article with Solid
Earth (2018) the recent advancements in the drone industry are made clear. For example, in 2017 there wdba
minute flight time with field conditions >30% battery remaining. The AkiO1 (DJFMatrice 600 - Pro) has a30-
minute flight time with >30% battery upon returning to the home point. This illustratesthe rapid advancements
in the UASsector over the past five yearss] .

There was also a payload weight reduction by deploying the 8ferdD V2 as a payload. The previou,500-
gram multi-GASsystem has now been reduced to >500 grams. An additional main point from the research paper
was that two drones were lost flying through the gas plume. Volcanic emissions corrode electrical equipme
News reporters have had video cameras damaged rapidly at the Turrialba volcano; cameras, drones and gas
AAOAAOGET 1T EAOAxAOA AOA A1l OOOCAAPOEAI A EOII OEEO O11AA
leastwater-resistant electrical equipment so it has some kind of resistance to the volcanic emissiofig .

Recentdevelopments in the manufacturing of both UAS and associated payload packages have resulted in more
high endurance systems and more economical price points. These advancementsvénaoffered new
opportunities for remotely monitoring dangerous areas of active volcanoes. UAS offer volcanologists the
opportunity to survey these danger zones without any risks. Furthermore, UAS deployed by skilled remote pilots
increase the likelihoodof completing the flights through the emissions for volcanic plume analysi$] .

Plume traverse flights at consistenaltitude are recommendedbecause there is significant equilibrium time on
either side of the plume. This method was used to monitanultiple gas species at Manam in Papua New Guinfea
the characterization of volcanic emission flux study using UAS. These scientists used both fixed wing and multi
rotor drone systems for this study|6].

The Sniffer4D was able to be integrated to multigl UASand is able to detect and monitor multiple gas emission
species and plot them with GPS coordinatemto an interactive map using the Sniffer Mapper software program.
The Sniffer4D sampling rate is one measurement per second making the system extreynfgst and accurate for
quickly entering areas of significant emissions and returning with required information. The Sniffer4D is able to
make UAS flights into and around volcanic gas plumes and return with information capable of generating the
CQ/SOz, HO/CO, and C@H 20 ratios.
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3. Discussion

From April to September the rainy season of Central America was the atmospheric condition and the ability to
use drones at the Turrialba Volcano was extremely limited. In September the roads leading to the summit were
still muddy and 4 wheelers were requied to transport the team and equipment to the Turrialba summit. Several
geological changes were obvious and immediately upon reaching the summit the SnifferV and Sniffer4D were
powered on for air quality analysis of the atmosphere in this volcanic environent. The Sniffer devices were
strategically configured to monitor the active emissions degassing from the west crater and dispersing around the
Turrialba Volcano National Park.

Several changes were identified with the Autel Lite- drone which was flown frst to do a safety check. First
noticeable difference was the presencef several crater lakes located within the summit caldera. Two lakes were
located in the Central Crater. Another two were located in the East crater. All together four crater lakes wer
present in September during the UAS flight missions.

In the article titled; Study of Turquoise and Bright Sky Blue Appearing Freshwater Bodies, of
Environmental Studies: The exotic light blue vibrant color of the crater lakes located at the summit of fFialba is
mainly due to the scattering of light in the blue and green wavelengths due to the presence of colloidal particles
deriving from the volcanic sediment and rocks the rainwater interacts with before collecting in the summit craters
of the Turrialba Volcano National Park in Costa Rica.

AEAOA DAOOCEAI AO AAAT T A OOOPAT AAA ET OEA AOAOAO 1 AEAO
in the blue and green wavelength particularly at the deepest part of the lake where more suspended peles can
accumulate. Other factors do play a role in the color seen by observers such as temperature, pH levels, EC or
electrical conductivity, total dissolved solids in the water body, density and the amount of total dissolved oxygen
or Oz. pH fluctuations have been shown to have direct color changing results as the changes in pH induces the
growth of these particles from 184nm to 566nm and therefore the light scattering occurs mostly in the blue region
of the visible spectrum[7]. o
water bodies are found in different parts of the world in different sets of environmental conditions. Glacidéed
lakes also appear turquoise, @ater lakes also bear turquoise color and calcium carbonate rich water bodies also
APDPAAO OODNOT EOAB8O

Figure 12. UASimage ofeast craterof the Turrialba Volcano September 2022
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Figure 14 & 15 . UASimage of east crateiof the Turrialba Volcano September 2022

Fiure 16 & 17 . UASimage of east crateof the Turrialba VVolcano September 2022
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Figure 20. UASimage of east crateiof the Turrialba Volcano Sptember 2022

Data Size: 14
Altitude: 14.14~14.69 m
Longitude: -83.7585
Latitude: 10.0226
Temperature: 17,0588 °C
Humidity: 35.9944 %
S02: 0 pg/m?
€0: 0.32991 mg/m?
CxHy: 0.203112 %
H2S: 0 pg/m?
HOL: 7.15186 mg/m?
€Oz : 1037.31 mg/m?
HF: 12.8529 mg/m?
Ha: 1.74391e-5 %

Area: 242428 mi

€02 0.0405097 mg/m?
Cxty: 0.198396 %
HaS: 0 pg/m?
HCL: 29,0655 mg/m>
€02 : 1034.44 mg/m?
HF: 53.1078 mg/m?
Ha: 9.2219¢5 %
Area: 2424.32 i

Figure 21 & 22 . SnifferV & SnifferdDambient air monitoring at the east craterof the Turrialba Volcano
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Data Size: 30
Altitude: -98,61~17.30 m
s Longitude: -83.7612
€0: 0331118 mg/m? § Latitude: 10.0213
Cxtly: 0.21446 % o) Temperature: 25.9542 °C
HaS: 0 pg/m? Humidity: 24.9935 %
HCL: 7.46771 mg/m? , 502: 0 pg/m?
€03 : 1038.81 mg/m? 1 C0: 0.0535348 mg/m?
HF: 12.7164 mg/m? Cxty: 0.191788 %
Ha: 3.39095¢-5 % A H2S: 0 pg/m?
Area: 2424.28 ' HCL: 22.5662 mg/m?
€Oz : 1028.86 mg/m?
HF: 43.0038 mg/m*
Ha: 9.05382e-5 %
Area: 24243 od

Data Size: 98
Atitude: -25.14~3.57 m Longitude: -83.7594
Longitude: 5 Latitude: 10.02
Latitude: 10.0191 g Temperature: 19.7906 °C
Temperature: 19.88 °C > / Hurmidity: 33.0303 %
Humidity: 33.5234 % VOCs: 0.730259 ppm
VOCs: 0.714016 ppm SO2: 38.7592 pg/m?
S03: 55.0308 pg/m* - CO: 0.648202 mg/m?
CO: 0.650312 mg/m?* NO:: 0.010685 1g/m?
0x+NO3: 1.15931 pg/m?
PM3.e: 24,0455 po/m?
PM2.s: 34.5 pg/md
PMic: 4.5 pa/m?
€Oz : 820,975 mg/m?
05: 114816 pa/m?
Area: 2424.32 mi

Figure 25 & 26.
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Figure 28&29. UASimage of central craterof the Turrialba Volcano

Figure 30 & 31 .UASimage of central craterof the Turrialba Volcano

Figuré 32 & 33. UASiinage of central craterof the Turriélba Volcano

Figure 34 & 35 . UASimage of central craterof the Turrialba Volcano

Figure 36 & 37 . UASimage of crater lakeof the Turrialba Volcano
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Figure 42 . UASimage of crater lakeof the Turrialba Volcano

Figure 43 . UASimage of crater lakeof the Turrialba Volcano
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Figure 44 & 45 . UASimage of crater lakeof the Turrialba Volcano

e

e N U i Ol '
Figure 47 . UASimage of water flow area leading to crater lak®f the Turrialba Volcano September 2022
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Figure 48. UASimage of approach to central mter of the Turrialba Volcano

New UAS now integrated with preexisting sensor technology are now able to generate real time[3 volcanic
emission maps showing gasoncentrations of the Turrialba Volcano in Costa Rid&] .

The Department of Earth Science for the University of Cambridge has taken particulaterest in the
advancements in the UASector. Researchers from Cambridge visited Chile where theyudied the outgassing of
the Villarrica Volcano using UAS. These scientists outlined research explaining that they studied the degassing of
volcanoes because they are one way to study both magmatic and hydrothermal systems below the volcano itself.
They showed how gas ratios such as G£30; helped contribute to timely forecasts in eruptive eventg9].

UAS are now taking remote measurement equipment and taking the instruments directly into degassing
fumaroles, around fumaroles in a circular fashion at varies altitudes, and underneath volcanic plumes for
specialized experiments in atmospheric chemistry. UAS were used for plume mapping and static hover directly
inside the plume for total gas flux per day calculations. Open vent degassing volcanoes represasthest natural
environment for the field work research and development required for the development of the ideal volcanic
surveillance UAS. This type of UAS and multi gas monitoring system will be specifically configured for volcanic
surveillance and will have high resolution thermal imaging capabilities. In the future these types of UAS will be
much less susceptibldéo corrosion.

Due to significant moisture and rainfall in Costa Rica during the month of September there was a gas plume
consisting mostly of water vapor stretching aound 100 meters above the active West Crater.

We used both the Autel Litet UAS the AkO1 UAS at the summit for atmospheric and volcanic analysis. The
Aki-01 was used with the SnifferV payload gas detection package, and Dr. Geoffory Avard carried the Sniffers
integrated to a backpack with batteries cables and electrical tape and walked the entire radius of the active west
crater. During the walk he stopped at the fumarole area on the ridge of the west crater which is the area showing
the most obvious sgns of degassing for the best and most accurate gas measurements with the Sniffer devices.

By using the SniffeMapper,we were able to easily review all accumulated data at each GPS location and run
an analysis of S@ CQ and HS where we tracked the miimum and most importantly the maximum
concentrations which are most relevant as they tell us the most about the quantity of volcanic emissions being
released from the degassing site, in this case the west crater of the Turrialba Volcano.

Figure 49 & 50. UASimage of central craterof the Turrialba Volcano
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There is a relevant Excel file attached to the paper to show how the software Sniffer Mapper can easily generate
full volcanic emission reports which can be easily shared with the entire teanBy using the Sniffer4D which
monitors particulate matter we were also able to generate PM Ratios of PM10/2.5, PM10/1 and PM2.5/1

UAS flights with gas detection equipment like the SnifferdD moving through environmentsith a volcanic
atmosphere have helped dentists in Japan determine whether volcanic degassing was associated with the
magmatic or hydrothermal systems of the Mt. Ontake Volcari8].

. N
Figure 51. UASimage of central craterof the Turrialba Volcano September 2022

Figure 52 . UASimage of central craterof the Turrialba Volcano September 2022
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Temperature: 17,9053 °C
Hurmidity: 38,1301 %
VOCs: 0.699014 pom
503: 86.7636 pa/m?
CO: 0.707568 mg/m>

NO:2: 0 pg/m?
03+NO2: 0 pg/m?
PM1.0: 164268 pg/m?

27,6524 pg/m?
M 6402 po/m?
€0z : 829.825 mg/m?
03: 0 pg/m?
Area: 2424.28

Latitude: 10.02
Temperature: 19.2894 °C
Humidity: 34,3378 %
VOCs: 0.714275 ppmn
$02: 142.619 po/m?
CO: 0.711512 mg/m>
NO2: 0 pg/m?
03+N02: 0 pg/m?
PMi.e: 30.8094 pg/md
PMa.5: 54.0418 pg/m?
PMao: 70.2794 pg/m?
€03 : 958.683 mg/m?
03: 0 pg/m?
Nes: 242432 mi

Data Size: 21
2 12.6A~7.27 m

#

:" Latitude: 10.0231

N Temperature: 17.7591 °C

Humidity: 38.5714 %
VOCs: 0.703088 ppm
S02: 90.4918 pg/m?
CO; 0.702288 mg/m?*
NO:: 0 pg/m?
03+NO2: 0 pa/m?

Data Size: 58
Altitude: -125.53~-124.43 m
Longitude: -83.763
Latitude: 10.0209
Temperature; 19.0196 °C
Humidity: 35.5682 %
VOCs: 0.673564 ppm
SO2: 87.3036 pg/m?
C0: 0.716715 mg/m?
NOz: 0 pg/m?
03+N0z: 0 pg/m?
PMi.0: 10.2653 pg/m3

ber 2022
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Figure 58. UASIimage of central craterof the Turrialba Volcano September 2022

-

Figure 59 . UASimage of central craterof the Turrialba Volcano

Figure 60 & 61 . UASimage of central craterof the Turrialba Volcano
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Figure 64 . UASimage of central craterof the Turrialba Volcano

Figure 65.UASimage of LAQATUNAresearchers inside the central crateof the Turrialba Volcano
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Data Size: 356
Altitude: -114.27~-98.20 m
Longitude: -83.7639
Latitude: 10.02
Temperature: 25.4191 °C
Humidty: 27.1095 %
S02: 126.596 pg/m?
CO: 0.153396 mg/m?
CxHy: 0.194651 %
H2S: 201.983 pg/m?
HCL: 20.2821 mg/m?
€02 : 1210.32 mg/m?
HF: 32.0197 mg/m?
Ha: 9.47703¢-5 %
Arca: 2424.32 mi

Latitude: 10,0209
Temperature: 24.5818 °C
Humidity: 28.1857 %
S02: 62,6662 pg/m?
C0: 0.177873 mg/m?
OdHy: 0.185607 %
H1S: 17.0502 pg/m?
HOL: 18.5832 mg/m?
€0z : 1227.72 mg/m?
HF: 28.9352 mg/m?
Ha: 9.00103e-5 %
Area: 24243 mi

Figure 66 & 67 . SnifferV & Sniffer4dDemission trackiﬁg inside the central craterof the Turrialba Volcano

-———

Figure 68 & 69 . UASanalysis of central crater lakeview from Rim of West Crater by Dr. Geoffroy Avard

Figure 72 & 73 . UASimage of central craterof the Turrialba Volcano
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Figure 75.CQ emissions trackedin Sniffer Mappersoftware program
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Figure 76 . H2Semissions trackedin Sniffer Mappersoftware program

The complete survey of the Turrialba volcano summit was completed on September 1272022 with the
assistance of Universidad Nacional de Costa Rica. We deployed both the Sniffer4D and SnifferV for this complete
analysis of volcanic emissions.

1. The first part of the gas emission survey was an aerial measurement conducted by remot®pih command
José Pablo Sibaja Brenes of the Laboratory of Atmospheric Chemistry using the-8ki(DJl Matrice 600Pro). We
attached the SnifferV to the AkiD1 in less than 5 minutes and allowed the device to warm up for an additional 5
minutes. The actu&flight mission was conducted from 10:4311:08 am. The flight mission was set for 20 minutes
exactly and the AkiO1 was landedsuccessfullywith sufficient battery power.

2. The two Sniffer devices werghen walked around the active West Crater of the Twialba Volcano National
Park by Dr. Geoffroy Avard who passes very close to the fumarolic field where the most obvious degassing occurs.
The radius walk around the crater was from 11:10am-12:10pm. It tools one hour to successfullysurvey the
western ridge of the crater which was the most important area due to the trade winds blowing west and dispersing
the volcanic gases being released.

3. Central crater walk was from 12:10pml12:28 and lasted for a total of 18 minutes. The walk through the
Central Craterand up to the eastern rim of the West Crater proved to yield some valuable data relative to the state
of degassing seen coming from the Turrialba volcano. After the completed analysis we kept the two SnifferdD V2
units running during our rest period and during the return walk to our starting point at the main lookout point
located on the southern crater edge at the summit of the Turrialba volcano. The complete survey was finished at
1:22pm Costa Rica time just before the cloud coverage moved in.

4. Multi-GAS Comparison The data sets collected at the summit of the Turrialba volcano which were obtained
as seporate measurement sets can be combined using the Sniffer Mapper software which allowed us to combine
these individual measurements to review and evalug the total ambient air quality for the summit of the Turrialba
volcano as a whole.
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Figure 77.UASimage of active west crateof the Turrialba Volcano September 2022

Data Size: 307 Data Size: 36
Altitude: 30,76~35.98 m Atitude: 36.25~38.45 m
Longitude: -83.7652 -~ Longitude: -83.7657
Latitude: 10.0173 Latitude: 10.0178
Temperature: 20,6444 °C Temperature: 20.9804 °C
Humidity: 32,1083 % » . Humidity: 30.2614 %

S02: 277.726 pg/m3 S0z: 0 pg/m>
CO: 0.173865 mg/m? C0; 0.148036 mg/m?
CxHy: 0.207837 % - CxHy: 0.201984 %

HS: 802.446 yg/m? HaS: 0 pg/m?
HOL: 10,6055 mg/m? HCL: 11,3117 mg/m?
€02 : 1122.03 mg/m? - €02 : 103335 mg/m?
HF: 20.8094 mg/m? HF: 21.2761 mg/m?
Ha: 7.73898e-5 % Ha: 4.42942e-5 %
Acea: 2424.36 ni . Arca: 242435 mi

Data Size: 54
Data Size: 64 ! Altitude: 0.54~4.11 m
Altitude: 23.07~28.97 m Longitude: -83.7661
Longitude: -83.7666 Latitude: 10.0191
Latitude: 10.0182 - Temperature: 20,9604 °C
Temperature: 20.9804 °C Humidity: 30.9296 %
Humidty: 31.731 % S02: 15,6494 pg/m?
502: 60,3018 po/m? ) : €O: 0.151595 ma/m?
€O 0159233 mg/m? Cxtly: 0.209592 %
CxHy: 0.201601 % H2S: 28.3089 pa/m?
HaS: 135.581 pa/m? 2 HCL: 11.8753 mg/m*
HCL: 11.5471 mg/m? €Oz : 1033.28 mg/m?
€02 : 1034.59 mg/m? HF: 21,5714 mg/m?
HF: 21.2215 mg/m® = Ha: 2.17586e-5 %
Ha: 3.05185¢-5 % Area: 2424.33 i
Area: 242434

Figure 80 & 81. SnifferV & Sniffer4Demission tracking the active west crateiof the Turrialba Volcano
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Data Size: 201
Altitude: -2.75~6.45 m
Longitude: -83.7657

Latitude: 10,02
Temperature: 20.758 °C
Humidity: 31.9598 %
S02: 3.55071 pg/m?
CO: 0.154394 mg/m?
CxHy: 0.208357 %
HaS: 0 pg/m?
HCL: 11.9249 mg/m?
€0z : 1033.22 mg/m?
HE: 21,5461 mg/m?
Ha: 3.01769¢-5 %
Area: 2424.32 i

Data Size: 16
Altitude: 0.27~0.54 m
Longitude: -83,7652
Latitude: 10.0204
Temperature: 20,7843 °C
Humidity: 31,8873 %
$03: 0 pg/m?
€0z 0.135045 mg/m?
Cxtty: 0,198246 %
HaS: 0 pg/m?

HOQL: 12.3223 mg/m?
€Oz : 1032.62 mg/m?*
HF: 22.002 mg/m?
Ha: 2,9088¢-5 %
Area: 242431 i

active west crateof the Turrialba Volcano

Figure 84 & 85 . Active west crater rim cracking analysis

Figure 86 . UASimage of active west crateof the Turrialba Volcano September 2022
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Data Size: 307
Altitude: 30.89~35.98 m
Longitude: -83.7652
Latitude: 10.0173
Temperature: 16.6807 °C
Humidity: 38.7571 %
VOCs: 0.714603 ppm
SO2: 328.016 pg/m?
CO: 0.751977 mg/m?3
NO2: 0 pg/m3
O3+NOz2: 1.71693 pg/m3
PMi.0: 33.9283 pg/m3
PM2.s: 54.7101 pg/m3
PM1o: 65.2313 pg/m?3
CO2 : 928.921 mg/m3
O3: 1.71693 pg/m?3
Area: 2424.36 m

Figure 87 . Sniffer4AD measurements from the active west crateof the Turrialba Volcano

On September 27, 2022 there are a category 4 Hurricane lan in the Guld of Mexico approaching the west coast

of Florida. It was Hurricane lan that actually had aimpact on the atmosphericconditions in Costa Rica. During
our Septembersurvey of the Turrialba Volcano emissions the wind direction was actually to the north, something
not commonly observed in the Central American Country. The $@nd other gases were very low during the day
of our survey, still some emissions still have ammpact on the local farms and dary sites. The Laboratory of
Atmospheric Chemistry director José Pable Sibaja Brenen created the associated AERMODilRIstrating the
direction of the volcanic gagdiscernmert.

PLOT FILE OF HIGH 1ST HIGH 1.HR VALLES FOR SOURCE CROLP. ALL ugin 3

Max 445 [ugtn ] &t (19511439, 1111045,13)

SGuapiles (Guacimo

Qiménez

) M ” olcanoemissions of S@September 27, 2022
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Figure 89 & 90 . Active west crater Rim from Sniffer4D and SnifferV Walk

Data Size: 266
Altitude: 10.71~23.20 m
Longitude: -83,7639
Latitude: 10.0178
Temperature: 17.3758 °C
Humidity: 39.2997 %
VOCs: 0.532502 ppm
S0z: 57.1389 pg/m?
CO: 0.803867 mg/m?
NO2: 0 pg/m?
03+N02: 9.14941 pg/m?
PM1.0: 13.6955 pg/m3
PM2.3: 23.5865 pg/m?
PMio: 32,4135 pg/m?
€Oz : 878.059 mg/m?
03: 9.14941 pg/m?
Area: 242435 i

Data Size: 58

Altitude: 36.11~38.59 m
Longitude: -83.7657
Latitude: 10.0178
Temperature: 16.6667 °C
Humidity: 38.1237 %
VOCs: 0.639521 ppm
S02: 28.5291 pg/m?
CO: 0.729326 mg/m3
NOz: 0 pg/m?

03 +NOz: 13.0681 pg/m?
PMi.0: 0.810345 pg/m?
PM2.s: 0.810345 pg/m*
PMio: 2,89655 po/m?
€Oz ; 822.021 mg/m*
03: 13,0681 pg/m?
Area: 242435 ml

Data Size: 83
Altitude: 35.01~35.98 m
Longitude: -83.7657
Latitude: 10.0173
Temperature: 16,6667 °C

S02: 92,6348 po/m?
€0 0,735472 mg/m?
MO

Data Size: 114
Altitude: 27,19~35.70 m

Longitude: -83.7661
Latitude: 10.0182
Temperature: 16.5824 °C
Humidity: 38.8579 %
VOCs: 0.690943 ppm
S02: 74.15 pg/m?
C0: 07225 mg/m?
NO:: 0 pg/m?
03+NOx: 1.57755 pg/m?
PMu.o: 13.5175 pg/m?
PMa.s: 25,0702 pg/m?
PMao: 35.6579 pa/m?
C0: : 821.676 ma/m?
On: 157755 pg/m?
Area: 2424.34 i

Figure 93 & 94 . SnifferdD measurements tracking from the active west crateof the Turrialba Volcano
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Q SnifferdDMapper V2.2.05.25
Param SO (ig/mi) v

Data Size: 22
Altitude: 23.75~27.05 m
Longitude: -83.7666

Latitude: 10.0182
Temperature: 16.6667 °C &
Humidity: 39.2692 %
VOCs: 0.697729 ppm
SO2: 109.515 pg/m3
CO: 0.71832 mg/m3
NO2: 0 pg/m3
03+NOz2: 0 ug/m3
PM1.0: 8.59091 pg/m3
PM2.s: 13.8636 pg/m3
PM1o: 23.5 pg/m3
CO2 : 820.907 mg/m3
Os: 0 pg/m3
Area: 2424.34 m

Figure 95. Sniffer4D measurements from the active west crateof the Turrialba Volcano

Figure 96 . UASimage ofactive west craterof the Turrialba Volcano September 2022
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TEMPERATURES

Spot 1
Spot 2
Spot 3

PARAMETERS

Emissivity

Distance

Reflected Temperature
Relative Humidity
Atmospheric Temperature
Atmospheric Transmission
External Optics Temperature
External Optics Transmission

0.93°C
-14.2 °C
-33.6 °C

0.3
Tm
22 °C
50 %
20 °C
0.99
25°C
1

Figure 97 & 98.FLIR One Prdhermal analysis of west craterTurrialba Volcano September 2022

Figure 101 & 102 . FLIR One Prahermal analysis of west craterTurriIba Volcano September 2022
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Figure 105 & 106 . FLIR One Prahermal analysis of west craterTurrialba Volcano September 2022

Figure 107 & 108 . UASimage of active west crateof the Turrialba Volcano

Figure 109 & 110 . UASimage of active west crateof the Turrialba Volcano
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4. Results

S0:2 Concentration Distribution

Mission Time: 2022/09/27 09:22:11 to 2022/09/27 12:25:07

Sniffer4D DevicelD: 7259841b Modual ID: 100

Method: Electrochemical

Number of Samples: 9927

Average Size of the Grid: 49.2373 Meter X 49.2373 Meter (2424.314 Square Meter)
The total detected area:  247280.000 (Square Meter)

Central Coordinates of the Area: -42.3833 W, 10.0202 N

SOz Average Concentration: 25.036 pg/m?

S0: Maximum Grid Concentration:  277.726 pg/m? (-83.7652 W, 10.0173 N)

SOz Minimum Grid Concentration: 0,000 pg/m? (-83.7643 W, 10.0173 N)

$02 Maxdmum Point Concentration:  995.992 pg/m? (-83.7650 W, 10.0172 N) 2022/09/27 10:41:15

S0z Minimum Point Concentration:  0.000 pg/m? (-83.7605 W, 10.0183 N) 2022/09/27 09:25:26

CO2 Concentration Distribution

Mission Time: 2022/09/27 09:22:11 to 2022/09/27 12:25:07

Sniffer4D DevicelD: 72598d1b Modual 1D: 100

Method: Blectrochemical

Number of Samples: 9927

Average Sze of the Grid: 49.2373 Meter X 49.2373 Meter (2424.314 Square Meter)
The total detected area:  247280.000 (Square Meter)

Central Coordinates of the Area: -42.3833 W, 10.0202 N

CO: Average Concentration: 1071.210 mg/m?

CO: Maximum Grid Concentration:  1228.731 mg/m? (-83.7634 W, 10.0204 N)
€Oz Minimum Grid Concentration:  1028.864 mg/m? (-83.7612 W, 10.0213 N)
CO: Maximum Point Concentration: 1572451 mg/m? (-83.7650 W, 10.0172 N) 2022/09/27 10:41:06

CO: Minimum Point Concentration:  1022.318 mg/m? (-83.7625 W, 10.0213 N) 2022/09/27 11:22:59

T T T T
Figure 111 & 112 . SQ CQ emissions trackedwith Aki-01 in Sniffer Mappersoftware program

Figure 113 & 114 . H.S& HFemissions trackedwith Aki-01 in Sniffer Mappersoftware program
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