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Abstract. A multi-rotor drone has been adapted for studies of volcanic gas plumes. This adaptation includes

improved capacity for high altitude and long range,-tiea¢ SQ concentration monitoring, long range manual
contrd, remotelyactivated bag sampling, and plume speed measurement capability. Theisdoapable of
acting as a stablplatform for various instrument céigurationsincluding MultiGAS instruments forn situ
measurements of SO H,S, and CO, concentrationsin the gas plume, MobileDOAS instruments for
spectroscopieneasurement of total S@mission rateremotelycontrolled gas samplinip bagsand sanpling
with gas denuder®r posterior analysien thegroundof isotopiccomposition and halogens

The platformwe presenthas been fieldestedduring three campaigns in Papua New Guinga 2016 at

Tavurvur, Bagana and Ulawun volcanoes, in 2018 at Tavurvur and Langila volcanoes and in 2019 at Tavurvur

and Manam volcanogaswell as in Mt. Etna in Italy in 2017

This paper describes the dropkatform andthe multiple payloadsthe various measurement strategias
algorithm to correct fodifferent timeresponses of MultiGAS sensoiSpecifically, we emphasigbe need for
an adaptive flight pathitpgether with live dat&ransmissiorof a plume tracefsuch as S®concentration}o the
ground stationto ensure optimal plume interceptisrhen operating beyond visual line of sigiife present
resultsfrom acomprehensive plume characterizatmstainedduring a field deploymentat Manam volcano in
May 2019.The Papua New Guinea regjand particularhManamvolcano,hasnot been extensively studied for

volcanic gaseslue to its remotéocation inaccessile summitregionand highlevel of volcanicactivity. We

demonstrate that the combination of a mrdtor with modular payloads is a versatile solution to obtain the flux

and composition of volcanic plumes, even for the case of a highly active volcarm hgthaltitude plume such

as Manam Dronebased measurements offer a valuable solution to volcano research and monitoring
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applications and provide an alternative and complementary methtmdgroundbased and direct samplirgf

volcanic gases.

1 Introduction

1.1 The use of drones for studies of volcanic plumes

The use of drones for volcanic plume studies was pioneerdthivyePierret et al.(1980, who employed a
fixed-wing droneequipped within situ sensordo measurghe composition of the volcanic plume of Mt. Etna,
and together witltorrelationspectrometry (COSPEC, Stoiber et al., 1988)ivedfluxes of HO, SQ, HCI and

HF. This was a unmanedresearchaircraft thatdemanded high expertise and compiiedd operations More
recently, McGonigle et al(2008 employed an unmanned helicopter equippdtgrnatively with a Multi-
component Gas Analysis SysteMU]tiGAS, Aiuppa et al, 20065hinohara, 2006) and a portable Differential
Optical Absorption SpectrometevobileDOAS, Galle et al., 2(8) system to measure the flux of gand SQ

from the crater rim ©Vulcano Island, ItalyThis was a proebf-concept study that demonstrated thiétytof a
commercial system to acquire proximal measurements, although the vehicle still required a level of piloting
expertise The first use of a muliotor platform capable of reaching a higlkevation plumewas reported by

Mori et al. (2016), who peformed measurements with a muibitor dronein the eruptive plume o®ntake
volcano and measured 5CCO,, H.S, HO, HCI concentrations employing a combination of MultiGAS and
MobileDOAS instruments.The authors reportedvarious problems such as the need to properly shield
electrochemical sensors used in MultiGAS units from electromagnetic interfedenieed fromthe drone
motors or radidelemetry Similar work was conducted HRidigeret al. 018, who measured the plumes of
Masaya Stromboliand Turrialba volcanoes and studied the aging of halogenic spesiigsdronemounted
denuder samplere Mooret al. 019) and Stix et al. 2019 used a multrotor to perform MuliGAS and
MobileDOAS measurementand to collectplume samples for posteriotarbonisotopic speciationanalyses

They alsomeasured plume speed by letting the drdriét fredy with the winds at plume level. Mandon ait

(2019, also used a muitiotor and a sampling unit to collect hitggmperaturdilter pack samples of volcanic
gases at White Island volcanwhich were characterized geochemicdthgusing onthe composition of trace
metal aerosolsAt Villarrica, comparison of the plume chemistry measured directly above the lava lake (using a
dronemounted gas analyser) and downwind on the crater rim (using a traditional dprased instrument)
simultaneouslyshowedhow volcanic plumes can dilute andmogenise over short distances of <150 m,
especially in turbulent crater environments (Liu et al., 20E@jthermore, Schellenberg et al. (2019) described
in-plume ash collection at loaginge using fixedving vehicles at Fuego volcano (Guatemaajl Syehbana et

al. (2019)launched a fixedving aircraft with sensors for 40, CQ and SQ that were essential for a successful
assessment of eruptive activity of Mt. Agung in 20THis short accounts intended to highlight representative
studies using droness platforms for volcanic plume measurements; more comprehensive reviews, including the

broader applications of drones in volcanology, can be found in Villa et al. (2016) or James et al. (2020).

The abovementioned studies show different aspects of ttabitiips of drones to reach volcanic plumes and
vents and perform measurements with various levels of complexity. Our study commhitigge aspects of
these independent developments to show that the same unit can be used to achieve the abovemailstioned go

a single field experiment, with maximufield-operability in terms of portability and reduced number of people
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required for the measurement, i.e. usually only two. These features make our approach a practical solution to

expand the use of drones foutine monitoring of volcanic plumes.

1.2 Manam volcano

Manam volcanplocated in Papua New Guinga the highest volcano in the Bismarck Arc. The volcano is a
3000 m high composite volcano that rises about I8@&bove mean sea level (AMSL). The island of Manam is
about 10 km in diameter. Manam has erupted about 40 times since the earlyTh@0fsrent phase of eruptive
activity began in June 2014 and continues to date of writah@racterized byperadic VEI4 eruptions
superimposen persistent passive degassing and minor explosive activity (Global Volcanism Program, 2013).
In 2004, an eruptionaVastated large sectors of the island and displaced thousands of people to the mainland
(Johnson,1985. Manam is currently ranked as one of the top ten &@ CQ emitters in the world and
degassed about 1 Mt G@* during 20052015 based on petrologigaroxies to estimate the G@ux (Aiuppa et

al., 2019; Fischer et al., 2019).

Manam is an archetypical case that represents the challenges to obtain detailed information on volcanic plumes
for a large proportion of volcanoes in the world. Indeed, oasgmt knowledge of the composition and flux of

gas emissions fromolcanoes is limited due to the same reasons described above: remote location, explosive
activity or inaccessible vents and plumes. Although satddieedremote sensingnstruments have &arge

potential to overcome these limitations, this approach is in general only valid $dre8@use its atmospheric
background concentration is low compared to the volcanic signal. For most other dpesitesneasurements

are the only option, whereésible. From a total of nearly 1500 Holocene volcanoes listed in the Smithsonian

I nstitutionbés Gl obal himl/voleamisiedn/lisP vowane homcedeyfabmlt 30%e  (

have a summit altitude above 2 km AMSL. Nearly 100 of Holocene volcanoes had a flux ab&@ the

Ozone Monitoring Instrument (OMI)-§earaverage threshold of about 40t (Carn et al., 2017) during 2005
2016, of which~60% have a summit at 2 km AMSor higher Therefore, a dronbased platform for gas
sampling or reatime measurement of volcanic species in the plume needs to be suitable tplueaehat high
elevation where air density is lowand robust enough to sustain harsh measurement conditions sacilitys
corrosion and turbulence, encountered in dense regions of the. gflhmgeManam volcano is a suitable volcano
for demonstrating challenging use of a drone in volcano gas monitaragfor this reason it was chosen as the
target of a field camgign (ABOVE, Liu et al., 202Pto characterize this strong, yet difficult to access volcanic

plume.

2 Methods

2.1 The drone platform

We designed our system to fulfill the following demands:

- capability to measurén situ concentrations in excess af few ppm aboe ambient forseveral

components of the plume: GGG and HS in reaitime;

- capability to measure the flux of all major volcanic species in the pl&®@ewith direct measurement

and the other gases aftdstaining their ratio against S@ndcombination with S@flux.
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- capability tocollect physical bag samples of the volcanic plufioe,posteriorchemical orisotopic

analysis (ofcarbon or other speciesn the ground
- capability to reach altitudes higher thakm above takeoff altitude and ranges of the order of 5 km;
- relativelylow cost low expertisghresholdto operateand highfield robustness and portability.

With these demats in mind, wedeveloped the following concept:multi-rotor droneplatform with modular
payloads for differentypes ofmeasurementWe chose a hexacopter inshapeconfiguration model fiMicroo
developed by Skfye Innovationsin Sweden whi ch we d Aidngtle advavitages ai & multi

rotor configurationwe include 1) the possibility to hover, which is required dptimally positioningof the

drone in theplume, forcollecting samples in a bdgm a confined regioand for measuring during a teviong
enoughto guarantea good signal; 2) the possibility to perform measurementtseiertical direction required

to, for example determine the concentration profile in the plume; 3) high maneuverability to adapt to changing
wind conditions and to chasegh vdcanic gas concentration regions of fhleme; 4) highportability due to

small size, lowweight and foldable parts; ar) simplicity for operation, usually not requiring expert piloting
capabilities and no more than two people. The main disadvantagleattieaydriven multi-rotor in comparison

with combustionpowered(i.e. liquid fuel) platformsis limited timeof-flight, which translates into reduced time

of measurement in the plumespecially at high altitudes and distancAsmain disadvantage withhe
combustion powered platforms related to gas volcanic measurements is risk of contamination, especially under

hovering conditions.

2.1.1 Drone feasibility studies andlessons learned

The development of our drone platform wagially motivated by the goal to measure the @mission from
Bagana volcano, identified as one of the strongest emitters ofC3n et al., 2017)in 2016.The highlevel of
activity of this remote volcano rdait impossible for people to reach its active vents for samplingt@anehch

a plume at summit level required at least 1600 mwesfical climb above ground. Weested a earlier version of
our drone for higkaltitude flights, in order to assess thexinaum altitude achievable with a payloadatfout 1
kg. These tests were performed at the ESRANGE Space Center, which is operated by the Swedish Space
Corporation and located near to Kiruna, in northern Sweden. Loaded flights were done in verticalzamdathori
trajectories to measure the current consumption dugdingo (at 5m s'), hovering, descerat 4 m s%) and
cruise(at 8m s?). Typical currents for these flight modes were 54, 33, 22 and 880 W, 730 W, 490 W,
660 W), respectively during horizontal windconditionsof ~10 m s'. Vertical ascents up t@¢800 m above
groundwere reached in these tesibovewhich radio control signal (at 2.4 GHwlas lost Usingtwo batteries,
each consisting a24 Li-lon cells (3.7 V, 2.5 Ah each) connected in&54P configuration gives a total battery
capacity of20 Ah. Fa a conservativemeancurrent consumption of 40 A, this battery capacity allowsafor
nominal flight time o 30 min. After the experience gained from this study and field studies in Bagatha
Ulawun (NH Autumn 2016), EtnaNH Spring 2017) and LangilaNH Autumn 2018)volcanoesthe main

lessons learned were:

- When ascending and moving horizontally, it was found that energy consumption could be reduced if the
rise and forward motion was balanced in an optimal way, as compared to moving only in one direction

at a time.This is because a considerable horizontahgonent in the movement gives a lift that reduces
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the energy consumption for maintaining the vertical position. An additional advantage is that the drone
then fly in undisturbed air with less turbulence compared to a clean vertical movivinentthe drone

flew into clouds, energy consumption increased by about 50%. On descent, it was found that stability
deteriorated when descending througbuds seeFigure 1. Therefore we avoided clouds as much as
possible during flightsin the later part of the campaign this was facilitated by using an onboard camera
and fly with FPV (First Person ViewThe drone's angle through the, diit related to theatio between
horizontal and vertical motioralso proved to be of great importance for energy consumption. Both
during ascent and descent, energy consumption could be minimized by considering and taking
advantage of the wind's strength and direction. the prevailing conditions at Manam a tilt of 11
degrees from the horizon was found optimal for the decent.

The volcanic plumes weltgpically found to move both horizontally and vertically within a short time
span. In order to be able to sample the plunté imi situ methods it is crucial that the plume center
having the densiest gas concentrationan be reached. Thus it is important to be able to receive real
time informationat ground of a relevant pluntecer(SO, concentration) and to be abledortrol the
remote drone location from groundnd thereby adapt the flight path of the drone in response to this

reattime data stream.

Electrical interference from motors and telemetry influenced the noice level of the electrochemical
sensors. Thus shieldjnand location of power and data cables, as well as location of antennas was

important(see hardware modifications detailed below)

It was found that the timeeededfor switching between different payloads could be considerably
reduced by changes in the drone fraamel payload designs (balance, power connection, data access,
telemetry) The batteries were mounted under t ktking.f r ame
This enabled fast switching of batteries and improved the balance especially-aff takd landing.

The payloads were mounted on individual plates that was locked in place on the drone platform with a
ficl i c lsimilarltowh&t was used for thmtteries, and provided by the drone manufacturbis

enabled the payloads to be fr@lanced and no further balancing of the drone was needed after
replacement of payload. A specgwer outpubn the drone gave the payloads power and access to the
drone mounted telemetry. This powautputwas always turned on to make it possible to defioght

and posfflight operations on the payload instrument without turning on the main drone electricity to

save power.

Access to the drone flight logs were foutadbe useful for post flight analysis of power consumption
with different flight modes, extraction of wind information and backup data of basic paranike

pressure, temperaturedaposition.An example of data from tHéght log is given inFigurel below
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Figurel. Flight data fromthe drone flightshown in Figure. The upper panels show timseries of yaw, pitch
and roll angles, the thrust (percentage) and thatitude of the drone. Notice the high variability of the
parameters associated with acceleration, hovering and interference from clauds

Based on these experiences we modified the stamaade! of our platform in the following ways:

- Change of operativeystem: we adopted an opsource navigation module PixHawk V4 with its own

power distribution card in order to overcome typical restrictions in altitude and distance of other

commercially available solutions, as well as to access all information ofigh&légs for posterior

analysis.

- Modifications in the framalesign:these modificationsnclude addition ofa larger payloaecarrying

platform, the use of more robust motors with race drone ESC (Electronic Speed Control) that improves

themaneuverabilitypropellerawith a larger diametahan are typically standard for a drone of this size

(18 inch) We alsoplaced the batteries below, instead of on top, of the main frame to fiather

stability. The drone has a triple Inertial Measurement Unit (IMU), dual compass and one GPS, and was

provided with two 6S4P 10 Ah batteries.

- Control board: Jeti DC16 was used aslatgiontroller and for transmission a Crossfire (TBS Crossfire

Diversity Nano RX) was used. A tablet was connected to the Crossfire for flight planning and for

monitoring the telemetry.

- Increased telemetry range: we replaced the common 2.4 GHz by a 90faiblink and used a high

gain directional antenna for growedntrol. Figure2 shows a photo of the drone and its main modular

payloads. Technical specifications of our drone are providédite 1

- Electrical interference: Wased a shielded metal box for the electrochemical sensors, and tested the

optimal location of power and tiacables and antennas to minimize electrical interference on these

detectors.
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Camera:During the later part of the campaign at Manam it was found to be useful to include a camera

running in FPV (First Person View ) mode. The main reason for this wai theititated the avoidance

of clouds and thereby reduced energy consumption. It also improved the maneauverability as it gave the

pilot access to critical parameters in real time within his view (goggles).
With these modifications we have been able tchdeightsof 2000 m aboveake off position(equivalent to
absolute altitudes afp to 3700 m AMS). and a range of nearly 5 krAlthough we have limited the total flight
time to 30 min under normal conditionise( those conditionsesulting innormal current consumptionyvith
favorable conditions anflight piloting strategies, a flight time of 35 min could be achieved within a safe
margin. In the following sectionswe describeeach ofthe modular payloads and measurement strategies
compatible with this drone platform

"Velcro' strip for tedlar bal
P J MultiGAS (Xco2, Xso2: Xuzs, P, T, %RH, xyz)

[or MobileDOAS (SO, column density)]

/ GPS receiver

Drone GPS —_

\

Drone Tx/Rx antennae

“ﬂ

Figure2 Photo of the multirotor drone with modular payloads. The MultiGAS unit includés situ sensors

for gas composition(Xa-denotes conentration of species A, fpressure, T, temperature, %Ridlative
humidity, xyztilt coordinates), a gassampling unit and an anemometer. The MobileDOAS is used for remote
sensing of gas flux. The modules are clamped to the drone at balanced position. attery pack is placed
below the drone chassis to lower the center of gravity of the system. Flight and sensor data are telemetered
in reaktime (photo courtesy of Matthew Wordell)

Payload Tx/Rx radio and antenna

Tablel. Technical specifications of the hexapter

Model SkyEye Innovations Micro

Nickname Munin

Configuration Y6 multirotor (three pairs of ceaxial, counter
rotating rotors in tandem)

Navigation system PixHawk model V4

Remote control Jeti DC16




Camera system OcuSync 2.0
Drone size (BHEW) / cm 80x20x23
Frame weight, without batteries 3.0

Drone weight, including batteries / kg 45¢6.0
Maximum payload / kg 2.0
Maximum combined thrust/ N 120
Battery voltage / V 22.2(63.7)
Battery capacity / Ah 20 (210)
Control range / km 5

Typical flight time (1 kg payload) / min 30
Maximum climb speed / m$ 5
Maximum descent speed / m’s 4
Maximum cruise speed (still wind) / m’s 10

2.2 In situ measuremens of plume speed

When determining the gas emission &tesingmethods such dgdobileDOAS (Galle et.al., 2003)ScanDOAS

(Edmonds et al., 2003)r COSPEC(Stoiber et al, 1983) information about the wind speed at plume height is
235 critical. Since volcanic plumes are often located at several kilometers altitude and the measurements are

conducted in an area relatively close to a major topographic struatap@ringrepresentative measurements of

plume speedrechallengng. The wse of atmospherimodels(such aperational databases provided by NOAA

or ECMWH is an alternativeapproach however thesemodelsare usuallycoarsein horizonta) vertical and

temporalresolutiors, and thus validationf these modelled wind dabgy local measurements is valuapdedrone

240 can offer suclin situvalidation.

We have applied two different methods for plume speed measuremmgingsthe drone drone drift and
anemometer. In the drone dniftethod the drone idirst positionedat the altitude of thelume and then th&éPS
positionlocking isdeactivated The drone is thsleft free todrift with the horizontalwind and after an initial
lag time of less than onminute the dronereacheghe localwind speed. Thenovement of thalrone is logged
245  with a separate GPS receivdérom which the local wind speedan bedetermined Additionally, the actual
airspeed can also be monitored in riade through the information sent to ground contddrived from GPS
data In the second methpd smalland lightweight anemometearasinstalled on the drone, logging thetal
velocity experienced by the drone (wind velocity + drone velocity). With the dreldén afixed position close
to the plumethe plume speed ithusobtained. The advantagd this method over thdrone drift approacis
250 that plume speed may be derived at the same time as other measurements in the plume are conducted. The

anemometer is integrated with the MultiGAS udiscribed below.

2.3 MobileDOAS for remote measurement of S@emission rate
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Since2002an instrument referred to as MobhileDOAGalle et al 2003 Johansson et aR008 has beemsed
increasinglyto replace the previously used COSPEC instrun{8tviber et B 1983) for measuremestof
volcanic SQ gas emission rate. BothobileDOAS and COSPEGnstruments usehe diffused UV solar
radiation asa light source forthe determinatiorof the total column of S@above the instrumentyhich is
calculatedusingabsorption spectroscopy. During a typical measurentieatinstrument is moved in such a way
that it passes under the gas plume in a direction close to perpendiculaptontiedransportdirection while
simultaneouslyecording spectra ar@PSlocation Thus,by correcting for deviations from traversingetplume
perpendicularly using GPS data amsing DOAS evaluation algorithnte derive SQ total columns along the
track, the total number of Snolecules in a crossection of the gas plume can be derivEtis quantity is then

multiplied by wind speed dhe center of mass of the plutnée. plume speeil to derive the gas emission rate.

The main sources of error in thes esigmadasasimdtaneons s ar e
collection of skylight that has been either transmitted through the plume or scattered from outside of the plume
(Millan, 1980)and limited knowledge of thelumespeedGalle et al., 2010)

MobileDOAS measurements from a drone platform offareral advantagesmpared to traditional approaches
(e.g., Rudiger et al., 2018; De Moor et al., 2018yardless of infrastructure (roads) and topographyerses
can be made in a direction pengiécular to the plume directiprmeasurements can be deaat an elevated
altitude, hus reducing théhe effects of lightlilution; and plume speed cdie determinedeasonablaccurately

by the methods describéu section 2.

General details of the MobileDOAS harahd software is given in Johansson et al. @p0Detailsspecific to
ourdronemountable version of thiastrumentare provided in Tabl&1 (Appendix A. A schematic view of the
MobileDOAS instruments shownin Fig 3.
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Figure3. Schematic layout of the MobileDOAS instrument

The MobileDOAS instrumenis built into a plastic case with clampdapted to a platform on the droimea
balanced positignandit is powered from al2/5V power cable from the drone that was permanently active.
Thus, the MobileDOAS could be installedn the drone platform, anthe MobileDOAS softwarecould be
stared-up or datafrom the MobileDOAS could bbackedup, without the main drone power turned tmereby
savingbatterypower. While the MobileDOAS software is active, a stream of basic information (time, position,
SO column density) is transmitted in real time @aindependent radio linkrom the instrument. Tése real

time datahelp the pilot to guide the drone aedsure aomplete the traversaf the plume The full traverse can

be visualized upon landing, by connecting external computer to the instrument computer running
MobileDOAS.

2.4  MultiGAS for in situ measurement of gagomposition

MobileDOAS and ScanDOAS are used to obtaind@nd under some circumstances also BrO (Lubcke et al.,
2014p emission rates fromhe ground using remote sensirigchniques However, to obtain the relative
concentrations of other volcangpeciessuch as C®and HS, direct measurementsiustbe conducted within

the plume itself high atmospheric background concentrations or weak optical absorption of these species

preclude robust detection by remote sensing methods. The most common mstdodor this is Multi
10
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componentGas Analyser Systems (MultiGAS; Aiuppa et al.,, 20Bhinohara, 208). MultiGAS-type
instruments generally consist of several small sensors (typically electrochemical or optical), with low power
consumption, connected to raicro-computer and sometimes a data link for real time data transfer. The
instrument is typically installed in a gagposed location (e.@crater rim) often proximal to the vent location
Although its installation may be labértensive and sometimessky, this method is generally straightforward.
However, on many volcanoespproaching the summit area would represent an enormous thisk is the
situation at ManamIn such casesperforming the implume measurements using a drone is an attractive
possibility. An obvious requirement heretlie ability of the drone to reach high altitude as well asigailong
endurance. This is emphasizedther by the fact thamany of the senss used have slow time responses, while
the gas concentratiolfgespecially close to the vent where the signal is strgmgay vary quickly within seconds

due to dilution and turbulent wind conditions. Under these conditions it is preferable to expssestrs to the
volcanic gas for as long a sampling duration as possiideally at least severatinutes.Shorttime fluctuations

in concentration and plume location also imply that the ability to monitor a gas tracer (sucs) asr8atime

is desirabt t o fi ¢ hcanseatitiorh siteg.hThis is of course not guaranteed when the drone is sent in

autopilot, unless an adaptive flight routine based on a plume tracer is implemented.

MultiGAS units combine information from different sensors to deternfieentixing ratios of different species.

In our present systenthese quantities are determined according to the following processes
For SQ and HS:

The target gas is pumped into a chamber to which the electrochemical sensors are €hpasigdabenerated

by the electrochemical effedtom an electrode exposed to the gas of interest is subtracted from the signal of a
reference electrode inside the syst&his differential signal is proportional to the gas mixing ratio. The
proportionality is lineawithin a certain range and depends to some degree on temperature, pressure, and the

concentration of interfering speciddieseproportionality and disturbance factors are determined by calibration.
For CQ:

- The sane gas sample is passenlough a cavity illuminated by twimfrared beamswith wavelengths

centered in and out of an absorption band 05.CO
- UsingtheBeetL amber t 6 s dhetogalcententation df @e/determined

- To get the mixing ratipfurther corrections are eded for temperature, pressure and relative humidity,

which should be established by calibration.

For the case of ¥D, the mixing ratio can be derived frameasuredelative humidity, pressure and temperature,
following known thermodynamic lawsee Appenit B). If the measurement of such variables is done inside the
sampling circuit, thed,O mixing ratio of the sample can be determis@dultaneously to the other speci€xir
system, however, measures these variatdginside the instrument box, so the mixing ratio is representative
of ambient gas passively diffing in the interior of the unitH,O therefore varies differently @h the other
species as it is determined from outside of the closed sy$temschematicalyout of the MultiGASnstrument

usedin this studyis shownin Fig 4 and technical specifications of the sensors are given in the App&ndix
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Figure4. Schematic layout of the MultiGAS instrument

Data from this unit is transmittethroughan independent data link and visualizedtret ground usingself
developedsoftware used for tracking emissions from shifBeecken et al., 2015; Mellgvist et al., 2018his
visualization is the basis to fistane the position of the drone for sampling of more concentrated regions of the

plume.

To obtain the mixing ratios representative of the volcanic emission, it is hecessary to correct for the contribution
from the same species present in the background atmosphere. Ideally, such a measurement should be done at
similar ambient condition§.e. pressures, temperatute)those expecteidside the plume, unless the corrections

for different conditions arknown precisdy.

When two sensors have different time response characteristics, the signals they measure will have different
amplitude and shape and be tistafted with respect to the input signals depending on the frequency content of
the input. T hhe mpufis@ynals tao betlarge whien sordpidly fluatgedignal is measured for a
short time, i.e. the instrument basically recoodsy the transient signal. This could be the case with MultiGAS
measurements on a flying drone in a turbulent plume. These effiestbe considered to reproduce the input

signal and subsequently analysffor exampletaking the ratio of two signalkich aLO,/SOy).

However, if only the ratio of the signalandnot theirinstantaneouamplitudes is sought, it is enough that the
dynamic constants are similaAlternatively, the true amplitudesnay be obtained ithe input signals have
12
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variations in time sdas longer than the characteristic times of the sensors and the measurement is taken for a
time longer than the respontme of the sensor. This can be achieved in two ways, either by selecting carefully

the characteristics of the sensors or by expodiagitto a neaconstant signal. To achieve the latter, a practical
solution is to take a sample thfe gasand then expose the sensors to the sampled gas for a timenlongh to

achieve thecorrect amplitudes. Our system fulfills these two criteria: the sensors have similar response
characteristics and the MultiGAS incorporates a bag and pumghahitnakes it possibke take samples of the

plume and then expose it to the sensors for several esinet at groundin this mode the gas from the teflon

bag is circulated through the detectors in a closed loop and thereby exposing the detectors for the constant gas
concentration in the sample for several minutes. Another advantage here is that sibblg posses, i.e. wall

effects, could be monitored and compensated This method was however not tested in the actied

campaignbecause thimited gas samplesereinstead used for isotopic composition analyses

A detailed analysis of th@roblens encountered whenombining data from sensomsith different time

responseis given in thefollowing section

2.4.1 Correction of time-response differences in MultiGAS sensors
When measurements are made with combined data from several desgogs different timeresponse, e.g.

measurements of the ratio @80, using a MultiGAS instrument, great care must be taken.
In this measurement procedure, three characteristic times are important:

- the time of variability in gas concentratidn,

- the samfing time, ts

- the response time of the sendes(meaning the time to reach 90% of the true signal for actapge
in concentration, higher than the detection limit)

The first characteristic is determined by variability in emission, variability camgéatal turbulence at the point

of measurement and variability caused by relative transit of the drone with respect to the plume. The second
characteristic is determined by the sampling rate of the instrument and the time required for exchange of the gas
sample inside the measurement cavity. By the third characteristic, we mean the dynamic response time of the
sensor. Because sensaften operate according to different principles, the sensor response times are usually
different;this may introduce agtacts in the mixing ratios, which would then result in wrong molar ratios for the
different speciesas discussed byiuppa et al., 2005; Shinohara 2005; Roberts et al., 20#7iu et al., 2019.

Drone MultiGAS measurements are normagrformedby hoveing in a region of high gas concentration. This
means that the relative motion of gas parcels is mostly determined by local turbulence. Farther away from active
vents, concentration heterogeneities kargely smoothed out, but the signal is very weakeiHfore, strong

signals are usually subjecthigh variability.

Our MultiGAS intakes a flow of 0.5 L/min~0° m3 s?), which means that for a measurement cell section of

~10 cn?, the flowspeed is in the order of 0.01 M. Fhis results in a negligible dynamic pressure in relation to
atmospheric pressure inside the measurement cavity. The relation between the sampling and variability time is
determined by Nyquist criterion. The instrument would be able to capture accaraiekignals with frequency

fluctuations lower than half the sampling frequency, (in practice a much higher sampling frequency is required).

13
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Our MultiGAS takes a sample every second, so variations with frequencies higher than 0.5 Hz cannot be
properly capured. Such dynamic changes in plume composition are assumed to be improbable for most typical
scenarios. The Censor has a cavity with dimensionsl®3 mm x 30 mm x 36 mm, i.e. that the sampling
volume of 0.17 L is exchanged in a time of about 2Ga the electrochemical sensors, the response time
depends on the transport through the membrane, dissolution in the electrolyte, reaction time and Jdugling.
differencesn sensoigeometry and measurement principteducedifferences in time responses, even if the gas

flow rateremains constan(i.e. with the same pump).

The timeresponse depends on the dynamic properties of the sensor and the nature of the signaloieanr first
sensors, only one energjoring and onerergydissipating component dominate, and oscillatory behaviar
neglected. For such sensors, the dynamical response can be modelled through the differential equation (e.g.
PallasAreny and Webster, 1991):

Qo 0

D0 = (oo + i

(Equationl)

Where x(t) is the timaarying input signal (e.g. mixing ratio of 90y(t) is the timevarying measured signal

(e.g. voltage of the SCelectrochemical sensor), dy/dt is the first derivative of the measured signal respect to
time, and aand a are constants identified with the timesponset(= a/ay)) and static sensitivity of the sensor

(K = 1/a).

The dynamical tim@&esponse factor defines a delay in the response of the measured signal in relation to the input
signal. If the input signal ia stepfunction, one usually relates this factor by the time required for the sensor to
achieve a certain level of the signal, for example 90%. Periodical signals will be affected by an error in
amplitude and by a shift caused by the frequency resportbe sEnsor. The steadyate amplitude response to

a signal of angular frequeney is given by k/[(vt)?+1)]°° The shift is given by tak{wt). An arbitrary signal

can be represented by a Fourier sum of periodical signals, and for linear systems,aigere§phe sensor is

obtained by superposition of the responses to the monochromatic ¢RmliidsAreny and Webster, 1991).
We correct our signals based tveseconditions

- That sensors of the MultiGAS instrument can be accurately modelled axdiestsystems.

- That the input signals of different sensors measured at the same time are highly correlated.

- Variability of the gas concentration occurs at a characteristic time much shorter than the exchange time

in the sensor
- The total measuremeétime is much larger than the exchaftigusiontime in the sesor.

The first assumption is supported by the design and laboratory characterization of the electrochemical and
optical sensors. The second assumptiequiresthat the molar ratio of different species is constant and
homogeneous within the time of measurem&ampling a heterogeneous mixture would produce different ratios

at different times, complicating both the measurement and the interpretation of the results. o ealéssions,

drastic changes in molar ratios within minutes are unlikely if the gases tom the same source. But if the

plume mixes emissions from different vents or if large local heterogeneities affecting unequally the chemistry or

14
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condensation of different speciés.g. for plumes with heterogeneous concentration of, astgnges in ga

molar ratioscan occur everon short time scaleelly et al., 2013) The third condition ensures that enough
information is available for finding a unique solutidrecause the high variability in the signal is required for the
crosscorrelation analyis, and the fourth condition is required to reduce the error caused by sampling over a

different exchange/diffusion times of the sensors.

Based on the first assumption, our method starts with the two measured signals¢gty.and woAt)) and
constructs from them their derivatives {dy(t)/dt and dgoAt)/dt) by simple numerical approximation, which
works fine as long as the sampling time is short (i.e. as long as large variability in time scales shorter than the
sampling rate is not expectedased on the second assumption, we expect that a simple scaling exists between
the two input signals, defining a constant ratio r (rcsft)/xsoAt)). Now we simply iteratively vary the time
response factors of the two signals and look for the cortibinghat maximizes the cros®rrelation between

the reproduced inputs according Equation 1(seeAppendix Bfor an implementation of this methodlhis

method works b& for strongly fluctuating signals, rich iimformation for the correlation analgsiFigure 4

shows an example of this method applied to field measuremkateery dynamical signal obtained in the crater

of Tavurvur volcan@Papua New Guinea) 2016using the Sunkist instrument
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Figure5. (a) Timeseries of C@and SQ mixing ratios measured inside the crater of Tavurvur volcano in
September 2016 using a MultiGAS unit (Arellano et al., 2016). The two signals arensructed iteratively
until an optimal correlation is found between them. For thiastrument, the SQ sensor was slower than the
CQ sensor and could not capture all rapid fluctuations. (b) After the correction, the correlation between the
two series is higher and the dispersion of the scatter plot much lower. But most importantly, @@/SO;
molar ratio changes from 2.8 + 0.3 to 2.6 + 0.08 (+ of 95% CI), and the backgroun@inGide the crater)
changes from 457 + 26 ppm to 473 £ 9 ppm

This method is quite general for the correction of the dynamic response of the sensors. It tibwates
consuming and frequent characterization of the time response in a laboratory and accounts for the fact that the
sensors may change their dynamic characteristics when exposed to different conditions in théafietdtore

the lab. Of course, calibtion is still desirable to check for possible changes in offset and sensitivity of the

Sensor over time.

2.5 Bag sampling unit for gas composition and isotopic analysis

In some cases, real time measurements in the gas plume are not ittsbbecause loger measurement time

is needed to reduce the sigalnoise ratio or because the measurement requires an analytical technique that is
more complex than can be performed in situa drone platformn such casescquiring asampe of theplume

gas using a drone carrying a sample bag and a pump may be a viable option. For successful sahgplimasbf
concentrated region dhe plume, real time data transmission of a plume téasech as Sed to the drone
operator on the ground (in combinationitwmanual flight control to respond accordingly) is advantageous;

however, this can be technically challenging, especially for-tange flights.

Measirement of the carbon isotope composition of volcanie 8@ key example adn application that requs
in-plume sample collectiorCarbon isotop@nalysesare performed usinmstrumentation such as isotope ratio
mass (IRMS) spectrometef€hiodini et al., 201; Sharp, 2007)benchtop infrared spectroscopic analyses
(Fischer and Lopez, 2016; Rizzo et al., 2014; van Geldeah, 2014)r cavity ring down spectroscoyiucic

et al., 2015) While the bench top spectroscopic techniquesrarehmore portable tharRMS systems and do

not require a vacuum, they stilepend ora stable 110 or 220 V power source and pressurized calibration and
16
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dilution gase8 faciliaties that are not always available in remote field locatidhe spectroscopic techniques
generally regire a sample volume of about 300 ml at atmospheric pressure and temperature. This can be
accomplished by directly placing the instrument in the volcanic plRiezo et al., 2014Rizzo et al., 2015r

by collecting a plume or fumarole sample in an approgyisgealed and nereactivecontainer(i.e. Tedlar

sample bagsfor subsequent analyses by spectrosaéjischer and Lopez, 2016)he application of drones for

this purpose is advantageous over the use of helicopters dbe ltmver operational cosand smallerscale
logistics as well as avoidinggamplecontamination bygases present in theelicopter exhaustFischer and

Lopez, 2016)

During our fieldwork at Manam volcano, wesed wo payloadsto sample the plume. In the first, vegquipped

our drone with four Tedr sampling bags. Each bag was connected to a small rotary pump triggered by a timer.
The drone operator positioned the dronettia plume at which pointthe sample was collected laytimed

trigger. The duration of sample collection was approximatelyedbrads at an approximate flow rate df/inin.

A valve system was not necessary because the pump also functioned as a valve once it stoppedThemping.
second system was similar but here the pat®.5 L/min)could be remotely controlled and only onediee

bag was usedAfter return of thesamplesto the ground, the vaes on the Tedlar bags were closed and the
samples analyzed taDelta Ray infrared spectrometer. In addition to collecting samples from the plume, a clean
air sample was collected upwind and at the same elevasitre plume. In principle, the analytical procedure
followed that described ifrischer and Lopez (2016Pue to the remotéocation of Manam island and the
difficulty encountered wiherobtaining calibration and CGree air gasesn-country, we developed an air
purificaton system that utilized a bicycle pump and,.G0cr ubber, Sul fol i meElno,bt ai ned
to produce pressurized G@ee air. This system allowetthe production ofessentially unlimited amounts of
COx-free air with CQ contents of 8.7 ppm as measured using the Delta Ray. The calibration gas was pure CO
obtained from a local distributor. Prior to anayshe C isotope composition of this gas waskmatvn,and we

therefore collected a sample of this gas to analyk lin the Volatiles Laboratory at the University of New
Mexico using the Delta Ray and standard calibration gases. Therefore, we were not able to determine the exact C
isotope compositions of the samples in the field but vedrle to adjust the pure GQalibration gas to the
concentration of C@&measured in the bag sample by setting the corresponding@entration in the Delta

Ray softwareWe then retroactively corrected all our measurements using the values obtained for the field

calibration gas.

2.6  Plume sampling of halogens using a denuder system

BesidesH,O, CO, and SQ, halogens are among the major constituents of volcanic emigSiertor et al.,
2004) The discovery bbromine monoxide (BrO) in volcanic plumes and the correlation of the simultaneously
gained BrO/SQ@ratio with volcanic activity by automatized instrume(itéibcke et al., 2014nade BrO/S@a
promisingvolcanomonitoring tool. To utilize BrO/S@ratios for monitoring volcanic activity an understanding
of ongoing bromine chemistry in the plume is essential. &aletailed discussion on bromine chemistry in
volcanic plumes se@utmann et al(2018)and references thereiBesidesBrO no other bromine species can be
detected by remote sensing instrumeriibereforein situ methods have been ddwped recently for the

determination of reactive bromine (Brdhd hydrogen Bromide (HB(Rudiger et al., 2017; Gutmann et al., in
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prep.respectively. The new methodsevealthe downwindconversion of released HBr to other bromine species

with timein a volcanic plume.

Bromine speciatiowan be measured usiggs diffusion denuder systems. Gaseous moleculetearatizedin

situ by an organic coating at the inner walls when pumped through gas diffusion denuders. Analysis of bromine
505  speciation habeen carried out for two different bromine species. HBr has been determineddpo%y§1,10]-

phenanthroline coated denudéfButmann et al., in prepand BrX guch as Bx, BrCl, HOBr) and reactive

chlorine species (CIX) were detected by 1Bimethoxybenzene coated denudéRiidiger et al., 2017)

Samples were analyzed by higkerformance liquid chromatography or gas chromatography coupled to mass

spectrometryatthe University of Miinz, Germany after returning from the field.

510 For the detection of SO compact MultiGAS y pe syst em ¢Radigereedal., 2@88vaskuses t o
which contaired an electrochemical CiTiceL 3MST/F sensor. The calibration of the electrochemicakbB8&or
followed Arellano et al.(2017) The fASunki sambiendpressure ame gemperatere. Since the
thermometer is inside the isolateoixband is affected by running instruments, only temperatures at the beginning
of the flight were considered. The temperature at the starting position was 26 °C for the first flight and 32°C for

515 the second. Assuming a vertical temperature gradieft kfkm™ and an approximately flight height of 2069

16°C and 22°C were estimated for calculations, respectively.

Denuders were connecte¢ PTFE tubes to a micro pump providing 200 min* for each denuder. Denuder

sampling does not provide tintesolved sampk and instead yields an average concentratoynthe whole

exposure intervalife. an averageer flighf). Since results obtained with environmental denuders predict that
520 these bronme species usually only appear within the volcanic plumeecalculate their plume concentrations

based on the knowdurationof exposurén the plume as detected by the;3@nsorFigure 6 shows a photo of

the drone, with denuders and Sunkisgunted on the drone and ready for takie

A blank correction for denuder results was performed by subtracting analysis results from coated denuders that

travelled alongside samples but did not sample any air.

525  Backgroundenvironmentablanks weresampledat the starting position of flights. For subtractiorbatkground
environmental blanks, the atmosphet@ncentration osamples (ppb) was calculated for the total flight time.
After blank subtraction, the atmospheric concentration of the bromine spesesalculated for the duration in

plume (estimated based on Synals).

Limits of detection (LOD) and limits of quantification (LOQ) were calculated viarl 168times deviation of
530 the coated denuder blanks (n¥83pectively LOD and LOQ arelependent on sampling time and the processing

method in the laboratory and are therefagdculated for each sample separately
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Figure6: Dronebased denuder sampling setup and S§&nsor (Sunkist)

3 Results

3.1 Manam field-campaignconditions

A field campaign was conducted at Manam volcano in Papua New Guinea durry May 2019. This field
campaign utilized all abovementioned measurement and sampling technigques and was the culmgeséral of
previous campaignduring whichparts of the system had been extensively teatedmodified in repsonse to
lessons learned (see secti@rl.l). The meteorological conditions during the campa@nManamwere
characterized byow wind speed and varying wind directionVolcanic gas was emitted from two different
locations close to the summit; the Main crater and the Southern crater (Lil2828)., The Southern crater was
the most active, with incandescent lava visible within the crater and emanation of a persistemfastnoinge
with high buoyancy (23 km above the crater rim). In contrast, Main crater showed more fumdegassing,
generating a weaker plume with reduced buoyancy Kgger). Due to the low wind speed amérying wind
direction there was during sonperiods a buildup of high ambient $€oncentrationgovering a large part of

the islandgiving rise to challenging measurement conditions.
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Figure?. (a) Map showing the location of Manam volcano (based on GeoMap App, Ryan et al., 2009), with
the main sites of launch of our drone (red) and the location of the crater emissions (black). (b) Photo of the
plumes of Manam taken on the 27 May 2019 from Sikte

3.2 Plume speed measurements

Figure 8 shows the horizontalwind velocity measured with an anemometerboard the drone, made in
connection with MultiGAS measurement on 22 May 2019. The high wind speeds measured before reaching the
maximum altitude ardue to a combination afind velocity and horizontal drone velocity when approaching the
plume region.After reaching the plume regiofindicated by increa SQ concentration around 2000 m

altitude, the drone is kept at a fixed position, and after a short tistaldeplume speed of 3.0 + 0.5 rgt is

obtained
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Figure 8. Horizontal wind speed measurement made 22 May 201&ing an onboard anemometerThe
effective measurement of wind speed at a certain level is obtained when the drone is placed in a hovering
position for several seconds, usually in combination with composition measurements or gas sampling

Figure 9 shows a plume speed measurement made using the drone drift method. After reaching the plume
altitudethe droneGPSis deactivated remotelgind after a timéag (caused by the inertia of the drorestable
drift speedof 3.8 m s?is obtained.
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Figure9. Example of a plume speed measurement made by the drone drift method ériviay 201921:50
570 UTC The sequence starts at the moment when the GPS position is unlocked, and the drone is left free to be
drifted by the wind at an altitude of 1911 m AMSL. It tookabout 30 sto stabilize at3.8m s?

As can be seen iRig. 10 the wind speed at Manam during the field campaign was variable and relativelly low,
i 4 m s, except on thdinal day (27/05/2019) This variability resuk in larger overall emission rate error
575 estimatesas achange of a few m’sin wind speed generates a large uncertainty in the emidsmmever, the

data from theeCMWF regional modeik in relatively good agreement with our drone measurements.
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Figure10. Wind data at 1800 m altitude at Manam volcanshowing model data from the ECMWF ERA5
model and drone data using the drone drift anoh situ anemometer methods, as well as results from a
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580 groundbased dualbeam remotesensing method(Johansson et al, 2009bYhe drone measurements were
taken at different altitudes (between 1500 and 2500 m AMSL), where a2 S@nal was detected by the
MultiGAS sensarAll winds are horizontal wind only.

3.3 SO:emission rate

585 Figure 11 shows an example of a MobileDOAS traverse madanaaltitude of1000 mAMSL at Manam
volcano on 27 May019. An SQ@ emission rate of 5208 660/180 t d was obtainedor this traverseausing a
wind speed at plume height of 6 m measured with the drone drift method about 30 minutes after completing

the traverse.

590 Figurell Example of MobileDOAS traverse made at Manam volcano on 27 May 2019 at an altitude of 1000
m AMSL. The emission rate of S@as 5200 + 660/180 t 4 using the plume speed shown Figure 8
Information about the position of thedrone below the plume is telemetered in real time

This dronebasedemission rate measurement can be compared to ScanDOAS measurements mdde from
595 ground on the same day, yielding an average over the dd$i& +2230t d?, using wind speed from the
ECMWF ERA5 modelLiu et al,2020. One possibleeason for this higher value the drone measurement is
that the relatively high elevation minimiz@erthehe at m
the full period of thefield cammign therepresentativ&Q; flux was estimated at 5150 + [733/336]t ¢high
and low 1s bound on uncertaintyby synthesisinga large number ofmeasurementgand their respective

600 uncertaintiesjrom groundbased dronemountedand satellitebased approachéksiu et al., 2020.

3.4 Molar ratios

Figure 2 shows the results from a flight simultaneously carrying a MultiGAS instrument and a plume sampling
device onhe drone. To obtain the GG, ratio it was first necessary to compensate(&rthe pressure and
temperature effectsn the raw concentration data(b) the dynamical responses of the sensors, (@hdhe

605  atmospheric background concentratafiCO; (see detids in Appendix B, where he background is identified as
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