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Abstract
Recent developments in the field of unoccupied aircraft systems (UAS) have shown great promise for
observing volcanic phenomena. Research groups around the world now use UAS to collect visual footage
of ongoing surface activity, photogrammetric observations of topography and deformation, and
measurements of gas speciation and emission rate. With few exceptions, however, research teams have
used small UAS with short ranges, requiring operations to be based close to their observation target.
Although volcanologists have learned a great deal from these observations, such close-range operations
will not always be possible when working on hazardous volcanoes.
Working closely with industry partners and NASA, the USGS Volcano Hazards Program is developing a next
generation UAS volcano observation platform. Based on the Black Swift S2 fixed-wing UAS with a 3-m
wingspan and 2.3-kg payload capacity, this platform can approach active volcanoes from safe distances of
more than 30 km while climbing to summit elevations of more than 3000 m and remain airborne for about
90 minutes. Equipped with a backup satellite link and a forward-looking video camera that streams back
to the base station in real time, the aircraft is built to fly beyond visual line of sight during volcano
observation missions.
Once onsite, a state-of-the-art modular payload is used to survey volcanic activity. An infrared laser gas
absorption instrument measures the concentration of CO2 in the volcanic plume, one of the earliest
indicators of deep magma intrusions. Additional electrochemical sensors measure sulfur gases that can
help characterize the interaction of volcanic gas with groundwater or hydrothermal systems. An upwardlooking ultraviolet spectrometer measures the emission rate of SO2, increases in which are indicative of
magma rising to shallow depths. A high-resolution, geotagging optical camera provides photogrammetry
for building digital elevation models and monitoring surface deformation.
This new UAS platform will enable measurements that would otherwise not be possible to safely acquire.
The collected data will inform hazard assessments and assist in forecasting future volcanic eruptions
without putting scientists in harm’s way as well as improve our ability to validate satellite measurements
of volcanic degassing and deformation.
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Introduction
The U.S. Geological Survey’s Volcano Hazards Program (USGS VHP) mission is to enhance public safety and
minimize social and economic disruption from eruptions through delivery of effective forecasts, warnings,
and information of volcano hazards based on scientific understanding of volcanic processes. This mission
is achieved through monitoring and studying active and potentially active volcanoes with a variety of
volcano monitoring networks, field surveys, and investigations.
Airborne surveys represent a fundamental component in the USGS volcano monitoring framework and
become especially important during times of unrest when ground-based access may become hazardous.
Besides providing visual observations, airborne surveys can be used to obtain data for the creation of digital
elevation models (DEMs), measure gas emissions, and detect thermal anomalies.

Fig. 1 - In 2019, the USGS conducted helicopter operations to characterize gas emissions at Makushin Volcano, AK. (photo: USGS)

The USGS has traditionally used fixed-wing aircraft and helicopters as platforms for conducting airborne
surveys (Fig. 1), but unoccupied aircraft systems (UAS) now provide volcanologists with a new tool for
airborne volcano observation. With few exceptions to date, however, research teams around the world
have used small UAS with short ranges (e.g, Fig. 2), requiring operations to be based close to their
observation target. Although volcanologists have learned a great deal from these observations, such closerange operations will not always be possible when working on hazardous volcanoes.
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For this reason, the VHP has been working closely with industry partners and NASA to develop a nextgeneration UAS volcano observation platform capable of approaching active volcanoes from a safe
distance, then using an advanced sensor payload to characterize volcanic activity.

Fig. 2 - A small multi-rotor UAS was used to map lava flows, sample gas emissions, and provide situational awareness during the
reponse to the 2018 eruption of Kīlauea Volcano, Hawaii. (photo: USGS)

Airborne monitoring of volcanic activity
Volcano observatories use seismic, geodetic, and geochemical instrument networks installed on active
volcanoes to monitor activity. However, observations of gas emissions and morphological changes
occurring in a volcano's summit region often require airborne surveys.

Gas Composition and Emission Rate

When magma rises in a volcanic system, volatile species such as C, S, and H2O exsolve from the melt and
can be degassed into the atmosphere. C is especially volatile and typically exsolves at depths >10 km, while
S and H2O will only degas once the magma rises closer to the surface. The composition of a volcanic gas
therefore contains information on magma residence depth, while the gas emission rate is diagnostic of the
volume of intruding and degassing magma.
The USGS routinely monitors the composition and emission rate of gases emitted from active volcanoes in
the U.S. Airborne measurements are of particular importance in remote regions such as Alaska. During a
routine survey in October 2008, anomalous CO2 emissions were detected at Redoubt Volcano, a large
stratovolcano 175 km southwest of Anchorage. These were interpreted to indicate deep magmatic
recharge. Subsequent gas surveys showed a shift towards more S-rich emissions indicating shallowing
magma, culminating in a large explosive eruption on 23 March 2009 (Fig. 3).
While the gas composition in a volcanic plume can be measured with in-situ sensors, an upward-looking
differential optical absorption spectrometer (DOAS) can be used to quantify their emission rates. The
spectrometer measures the absorption of scattered UV sunlight passing through the plume from which the
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overhead vertical column amount can be determined (Fig. 4). Spatial integration across the plume width
and multiplication with the wind speed then yields the emission rate, e.g. in metric tons per day (t/d).

Fig. 3 - Fixed-wing airborne surveys detected anomalous CO2 emissions 5 months prior to the 2009 eruption of Redoubt Volcano,
Alaska (Werner et al, 2013).

Fig. 4 - DOAS traverses flown by fixed-wing aircraft beneath the plume of Redoubt Volcano in 2017 showed that SO2 emissions
had dropped to about 100 t/d indicating no further magma intrusion (AVO 2017).
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Photogrammetry / Structure from Motion (SfM)

Besides gas sensors, the Piper Navajo aircraft used for the observation flights also carried hand-held visible
and infrared cameras. Photographs from these were processed using an oblique photogrammetry method
to produce DEMs of the volcano's summit region. They showed that explosive activity gave way to
continuous lava effusion on 4 April 2009 and allowed the tracking of lava extrusion volume over
time (Fig. 5).

Fig. 5 - Photogrammetric DEM showing dome growth during the 2009 eruption of Redoubt Volcano, AK (Diefenbach et al, 2013).

The Black Swift S2 Volcano Observation Platform
Realizing the potential that UAS have, the USGS partnered with Black Swift Technologies LLC and NASA to
develop, test, and certify a next-generation volcano observation platform. Major emphasis was placed on
the necessity for sufficient range to allow UAS operations to be conducted from a safe distance (>10 km)
from remote, potentially hazardous volcanoes.

The Black Swift S2 UAS platform

The Black Swift S2 (Fig. 6) is a ruggedized UAS with a 3-m wingspan that can carry a 2.3-kg payload while
remaining airborne for 90 minutes and enduring winds up to 15 m/s. The 90-km range of the UAS allows
staging of operations up to ~30 km from the target volcano while still providing sufficient endurance to
climb to summit elevations around 3,000 m, perform the measurements, and return to base safely.
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Fig. 6 - The Black Swift S2 UAS can be launched with a pneumatic catapult. Vertical takeoff and landing capabilities are currently
being implemented as well. (photo: Black Swift Technologies LLC)

The S2 UAS is fully equipped for missions that extend beyond visual line of sight (BVLOS). An Iridium satellite
radio provides backup avionics in case of loss of communications. For situational awareness, a live forwardlooking video feed is telemetered to the base station up to 30 km away.

Volcano Observation Payload

A custom payload for volcano observation was developed for the S2 UAS (Figs. 7,8, Table 1). The payload
includes a high-precision CO2 & H2O analyzer capable of reliably detecting CO2 anomalies as low as 1 part
per million (ppm). Electrochemical sensors measure the in-situ concentrations of SO2 and H2S, while an
upward-looking UV spectrometer measures the overhead SO2 column. A nadir-facing still camera records
imagery for generating DEMs. Finally, a custom-built meteorology probe provides 3D wind speed, pressure,
temperature, and humidity information.

Fig. 7 - Modular payload design in the ~20 cm diameter nose cone of the S2 UAS. The meteorology probe protrudes forward to
sample the unperturbed atmosphere.
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Fig. 8 - In the payload interior, the LI-COR gas analyzer is wrapped in yellow foil to shield it from electromagnetic interference.
(photo: Black Swift Technologies LLC)

Table 1 - Components of the volcano observation payload currently integrated into the S2 UAS. Other instruments such as LIDAR,
InSAR, or magnetometers may follow.

Proof-of-concept mission at Makushin Volcano, Alaska (delayed)
Originally scheduled for August 2020 but delayed due to the COVID19 pandemic, our team is planning to
survey Makushin Volcano with the S2 UAS as soon as possible. Makushin Volcano is located on Unalaska
Island, Alaska, 25 km east of Dutch Harbor, the largest fishing port in the U.S (Fig. 9, 11). Makushin last
erupted in 1995 sending an ash cloud to 2.5 km above sea level.
Beginning on 15 June 2020, a swarm of earthquakes occurred 8 km beneath the volcano's edifice causing
the Alaska Volcano Observatory (AVO) to raise the Aviation Color Code and Volcano Alert Level to
YELLOW/ADVISORY for several weeks. Though activity has since declined, the USGS ranks Makushin as a
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Very High Threat Volcano in the National Volcano Early Warning System (NVEWS, see Ewert et al, 2018)
primarily due to its potential to emit ash clouds that disrupt aviation and to produce large flow events.

Fig. 9 - Aeronautical map of Unalaska Island showing Dutch Harbor airport and Makushin Volcano. The planned UAS flight route
is indicated in blue.

UAS operations will be based out of the eastern end of Amaknak Island. The UAS will approach Makushin
from the east, flying 25 km up the Makushin Valley while climbing to slightly above the volcano's 2,000 m
summit elevation. Once on-site, the live feed from the forward-facing video camera as well as the gas and
meteorology sensors will inform the flight route used for our measurements. The aircraft will be sent into
the dilute gas plume to sample its composition and traverse several times beneath the downwind plume
to measure SO2 emission rate. Photographs of the volcano's summit will be acquired along a pre-defined
raster (Fig. 10).

Fig. 10 - Simulated flight route for a photo-grammetric survey of Makushin's summit.
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Fig. 11 - Makushin Volcano, Alaska, as viewed from the proposed UAS lauch site 25 km east of the volcano's summit. (photo:
Aleutian Aerial LLC)

The mission objectives are twofold: For one, the UAS survey will help USGS assess activity at Makushin.
Gas measurements will be used to check on the possibility of a new magma intrusion at depth, while the
photogrammetry survey of the summit will be used to build a DEM and check for possible changes to the
vent geometry, size, and distribution as well as inform our understanding of the potential of lahars and
debris flows caused by melting of snow and ice.
But perhaps more importantly, we hope that this proof-of-concept mission will allow us to deploy the
S2 UAS platform to other volcanoes in the U.S. and internationally soon, both for gathering baseline
monitoring data and in response to volcanic crises or eruptions. It is during these times of unrest that this
next-generation UAS platform will provide new opportunities for volcano observation not previously
possible with crewed aircraft.
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