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[1] We report the first measurements of volcanic gases
with an unmanned aerial vehicle (UAV). The data were
collected at La Fossa crater, Vulcano, Italy, during April
2007, with a helicopter UAV of 3 kg payload, carrying an
ultraviolet spectrometer for remotely sensing the SO, flux
(8.5 Mg d '), and an infrared spectrometer, and elec-
trochemical sensor assembly for measuring the plume
CO,/S0O, ratio; by multiPlying these data we compute a
CO; flux of 170 Mg d™ . Given the deeper exsolution of
carbon dioxide from magma, and its lower solubility in
hydro-thermal systems, relative to SO,, the ability to
remotely measure CO, fluxes is significant, with promise to
provide more profound geochemical insights, and earlier
eruption forecasts, than possible with SO, fluxes alone: the
most ubiquitous current source of remotely sensed volcanic
gas data. Citation: McGonigle, A. J. S., A. Aiuppa, G. Giudice,
G. Tamburello, A. J. Hodson, and S. Gurrieri (2008), Unmanned
aerial vehicle measurements of volcanic carbon dioxide fluxes,
Geophys. Res. Lett., 35, L06303, doi:10.1029/2007GL032508.

1. Introduction

[2] Recent advances in unmanned aerial vehicle (UAV)
technology are set to revolutionise the geosciences in the
coming decades. These platforms are unique in their ability
to rapidly provide high spatial resolution data over large
areas, at a fraction of the cost of conventional manned
aircraft surveys. With units now available with autonomous
flight capability, payloads of 10s of kgs and endurances of
1000s of kms, UAVs are now beginning to find utility in a
wide range of atmospheric science, and land and ocean
remote sensing applications [e.g., Lin, 2006; Watai et al.,
2006; Ramanathan et al., 2007]. They are also particularly
suitable for measurements in hostile environments, such as
on volcanoes, where UAVs have recently been used to
record visible and infrared imagery [Buschmann et al.,
20006; Patterson et al., 2006], and to perform aecromagnetic
surveys [Funaki, 2005]. In this paper, we report what, to the
best of our knowledge, are the first measurements of
volcanic gases with a UAV, based the recent technological
developments of a suitable flight platform, and sufficiently
light sensors for this to porter.

[3] Volcanic gas data are important diagnostics of under-
ground magmatic conditions, with utility in eruption fore-
casting. Remote sensing is increasingly the methodology of
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choice for these observations, given its intrinsic safety;
paramount among these observations are spectroscopic
measurements of SO, fluxes, given the ease with which this
plume species can be measured in the atmosphere, against
the low background ambient concentrations [McGonigle,
2005]. Whilst useful scientific insight have been obtained
with such data [e.g., Sutton et al., 2001], SO, is not an ideal
gas for single species volcano-geochemical investigation;
rather, CO,, which begins to exsolve from the melt at higher
confining pressures, and is less soluble in intervening
hydrothermal systems, is a far more promising target
species, capable of providing deeper geochemical insights
and early eruption forewarnings [e.g., Herndndez et al.,
2001].

[4] Over the last decades there has been great interest in
developing a remote sensing approach for measuring vol-
canic CO, fluxes. However, such efforts have proven futile
hitherto, owing to the difficulty of spectroscopically resolv-
ing the volcanic plumes’ CO, above the high atmospheric
column amounts, and the poor field portability, and the high
cost and power budgets of CO, LIDAR systems. Whilst a
number of workers have made CO, flux measurements with
manned aircraft and in-plume sensors [McGee, 1992;
Koepenick et al., 1996], this methodology is expensive to
implement on a routine basis, and exposes the monitoring
personnel to risk, for flights in the vicinity of active
volcanoes.

[s] Here we report a novel UAV approach for volcanic
CO, flux determination, which provides the potential for
completely remote measurements, thereby vastly reducing
observational risk. The methodology involves firstly tra-
versing beneath the plume to spectroscopically determine
the volcano’s SO, flux, then flying into the plume to sample
its CO,/SO, ratio (see Figure 1); combining these data
results in the CO, flux. This is only now possible based
on the recent development of miniaturised instrumentation
for these two measurements: a compact USB powered UV
spectrometer [McGonigle et al., 2002; Galle et al., 2003],
and the combination of an electrochemical SO, sensor, and
infrared CO, analyser (collectively, a so called Multi-GAS
unit) [diuppa et al., 2005; Shinohara, 2005], respectively.
This empirical advance in unmanned aerial vehicle appli-
cations builds upon the recent development of a ground
based robotic vehicle for volcanic surveillance [Muscato et
al., 2003].

2. Methodology

[6] The measurement methodology is shown in Figure 1.
The UAV was a Thunder Tiger Raptor 90 helicopter, with a
15 cc internal combustion engine, flown with Morgan Fuel
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(B) Climb to make in-plume
CO,/ SO, measurement with
Multi-GAS instrument

(A) Under-plume
traverse for SO, flux

with UV spectrometer
assembly

Payload in housing
beneath UAV; inlet tube I
for in-plume
measurements mounted

to forward limb away

from rear exhaust

Figure 1. Experimental configuration for performing the
UAV remotely sensed SO, flux measurements, and in-plume
C0O,/SO, ratio measurements.

Cool Power 30-LS (e.g., methanol based with 30% nitro-
methane) fuel, and 710 mm standard carbon fibre blades.
Without payload, the aircraft weighed 5.2 kg, and with the
instrumentation, it had a top speed of ~45 knots with up to
16 km endurance (12 minutes flight time) from each fuel
tank. The helicopter dimensions were 1410 x 465 X
190 mm, and it could be readily disassembled and packed
in a suitcase for check-in baggage air transportation. The
UAV was mounted on top of a 400 mm high four legged
base, to avoid ash intake to the engine during take-off and
landing, and to which the payload was attached using a
~250 x 400 mm equipment tray, which was vibrationally
damped to avoid any disruption of the payload computer’s
spinning hard drive. The helicopter was flown manually via
a radio link, and good visual control of the UAV was
possible up to distances of ~400 m from the pilot; this
range could be extended considerably using binoculars,
however. The performance of the aircraft was not signifi-
cantly reduced when loaded with the up to 3 kg instrumen-
tation, implying that yet heavier payloads may be feasibly
transported with this UAV.

[7] Two payload modules were used; the first of which
was a 1.5 kg ultraviolet spectrometer assembly for measur-
ing SO, fluxes. This consisted of a Fujitsu-Siemens P1510
ultra-compact notebook computer, an Ocean Optics
USB2000 spectrometer (245—400 nm and 0.5 nm spectral
range and resolution, respectively), coupled via an optical
fibre (Avantes, FCRL—-4UV200-2-SR) to an in-house
built, vertically pointing telescope (5 cm length, ~5° field
of view), and a Garmin E-Trex GPS receiver. This module
was traversed below the plume, capturing georeferenced
spectra every ~2 s, from which overhead SO, concentra-
tions were determined, and integrated across a plane per-
pendicular to the plume transport vector. This integrated
column amount was then multiplied by the plume transport
speed (determined manually, from the crater rim, using an
anemometer at plume altitude) to output the SO, flux. More
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detail on the traverse based volcanic SO, flux measurement
is provided by McGonigle [2007].

[8] The second, Multi-GAS, payload module weighed
3 kg, and consisted of an Edinburgh Instruments Gascard 11
IR spectrometer, for CO, concentration measurements
(detection limit: 1 ppm; error: 2%), and an electrochemical
sensor (Membrapor, SO2-S-100; detection limit: 0.5 ppm;
error: 2%) for SO, concentrations [Aiuppa et al., 2005]. The
system was powered using a 12 V, 7 Ah lead acid battery, and
the results, georeferenced using a Garmin E-Trex GPS
receiver, were captured to a home-made data logger board
every =2 s. The gases were pumped into the Multi-GAS unit
using a miniature 1 1 min~"' pump (KNE, NMP 015M), via a
PTFE tube, which had an aerosol filter on its inlet and
protruded 1 m from the front of the helicopter on a support-
ing limb. The time delay between gas entering the sampling
tube and the sensors responding was ~5 s. The payloads’
performances did not appear to be influenced in any way
during flight, versus when operating from the ground; in
particular, there was no contamination caused by the exhaust,
by virtue of the efficient purging action of the helicopter
blades’ downdraft. At the time of writing, the overall cost for
both payload modules, and the helicopter itself was ~$12k.
Whilst no flight permissions were required during this
project, other workers seeking to deploy on UAVs on
volcanoes are recommended to consult, in advance, the
appropriate aviational authority.

3. Results and Discussion

[o] Eight traverses were performed underneath the plume
of La Fossa crater, Vulcano on April 1, 2007, with the first
payload module, in order to determine the volcano’s SO,
flux. This volcano has a 0.045 km® active fumarolic field
within its northern crater sector, ranging from its lower
slopes to the rim, and the wind blew to the north throughout
our campaign. The transects were made <200 m downwind
of the crater rim, and take-off, landing and piloting were
achieved from points on the crater rim, outside the plume
boundaries, for all the measurements reported in this paper.
The fluxes obtained from each measurement were: 0.11,
0.079, 0.10, 0.096, 0.10, 0.11, 0.094 and 0.095 kg s,
respectively (averaging 0.098 kg s~ '; 8.5 Mg d ). We
estimate the error in this datum at 25%, arising from
uncertainty in the spectral SO, concentration retrievals
(x15%), and in the plume transport speed measurement
(+20%). Sample plots of the plume structure, inferred from
four of these traverses are shown in Figure 2.

[10] Twenty two minutes of in-plume measurements with
the second payload, were achieved on April 5, 2007, by
hovering the helicopter ~10—100 m downwind of the crater
rim. The results of these surveys are shown in Figure 3,
detailing CO, vs. SO, concentrations for each measurement.
By computing the line of best fit to this plot, and accounting
for uncertainty in this process, we estimate the bulk plume
CO,/SO, ratio at 30 + 5, and therefore the CO, flux to be
2.0+0.6 kgs' (170 £ 51 Mg d"). This bulk plume ratio
is in good agreement with that (35) reported recently for
Vulcano’s plume by Aiuppa et al. [2005], and falls within
the range (20—45) measured from the ground with Multi-
GAS, for the individual fumaroles, during our campaign
(April 5). The modest fluxes detailed in this paper, in
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Figure 2. SO, column amount profiles of Vulcano’s
plume as determined by the under plume traverses with
the ultraviolet spectrometer payload. SO, fluxes are shown
for each measurement.

common with those reported by Aiuppa et al. [2005] (18 and
420 Mg d~' for SO, and CO,, respectively), indicate the
presently low level of activity of this volcano.

[11] This proof of concept study shows the excellent
potential of helicopter UAVs in volcanic gas monitoring,
for both in-plume and spectroscopic remote sensing config-
urations. By virtue of their capacity to hover, and for stable
flight at low speeds (thereby providing as many in-plume
data points as possible), in the rapid and turbulent wind
fields near volcanic summits, such devices are, in principle,
better suited to this application than fixed wing aircraft. In
addition, helicopter UAVs also show promise for other,
e.g., thermal camera, volcanic measurements, for remote
deployment of instrumentation on volcanoes, and for stud-
ies of the chemical evolution of volcanic plumes as they
advect from source [e.g., Bobrowski et al., 2007], thereby
improving our understanding of the impacts of these vola-
tiles upon the atmosphere and climate. For a further dis-
cussion on the merits of helicopter versus fixed wing UAVs
in the context of this, and other, applications see [Saggiani
and Teodorani, 2004].

[12] Our UAV was an inexpensive (~$2000) off the shelf
radio controlled model, which fared remarkably well in this
context, given its non purpose-build design; e.g., the flight
performance was not diminished following exposure to the
acidic plume gases. This work opens the way for the
implementation of scaled helicopters of larger fuel tanks
(to allow >50 minutes flight time) and carrying capacity
(e.g., able to simultaneously porter both payload modules
described here), petrol or turbine engines (providing en-
hanced performance at altitude), autonomous flight capa-
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bility, ash filters for the air inlets to mitigate against engine
corrosion, and real time telemetry of the sensor data to
provide confidence that the helicopter is correctly located
with respect to the plume, throughout measurements. Such
units could be flown with a minimum of training, with take
off and landing achieved from completely safe locations,
multiple kms from the source. By programming these UAV's
to fly into the wind at plume altitude, and recording ground
and air speed in each case, the plume transport rate could be
accurately computed via subtraction, thereby addressing the
primary error source in volcanic flux measurements, in
addition [e.g., McGonigle et al., 2005; Williams-Jones et
al., 2006].

4. Concluding Remarks

[13] We have demonstrated volcanic gas measurements
with an unmanned aerial vehicle: a helicopter of 3 kg
payload, which we deployed on La Fossa crater, Vulcano,
Italy during April 2007 to measure the volcano’s SO, flux
by traversing underneath the plume with a vertically point-
ing ultraviolet spectrometer. We also measured the in-plume
CO,/SO, ratio, using an electrochemical sensor and an
infrared spectrometer; combining these data yielded a CO,
flux of 170 Mg d~'. This study confirms the excellent
potential of helicopter UAVs in volcanology, given their
good stability in the turbulent wind fields surrounding
volcanoes, and their ability to hover, or fly at slow speeds,
providing scope for longer data acquisitions, per plume
transect, than possible with fixed wing aircraft. The capa-
bility to remotely monitor volcanic CO, fluxes is signifi-
cant, given the deep exsolution of this species, and its low
solubility in hydrothermal systems; in these respects carbon
dioxide data show far greater potential for eruption fore-
casting, that the SO, fluxes currently monitored to this end.
This methodology also removes the risk to scientists asso-
ciated with the alternative strategy of deploying Multi-GAS
units on crater edges in order to determine CO, fluxes,
where the devices are, in addition, liable to destruction in
the event of explosions. The competence to measure CO,/
SO, using the helicopter is furthermore of importance in its
own right, independent of its role in the flux computation,

CO,/ppm

1] 05 1 15 2 25 3 a5 4
SO,/ ppm

Figure 3. Carbon dioxide versus sulphur dioxide concen-
trations, measured in Vulcano’s plume, using the electro-
chemical sensor and infrared spectrometer (Multi-GAS)
assembly. The mean CO,/SO, ratio of 30 + 5 was
determined from the gradient of the line of best fit to these
data.
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given the significance of this ratio as a geochemical proxy
for underground magmatic conditions.
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