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Abstract Gas measurements using unmanned aerial vehicles, or drones, were undertaken at Turrialba
volcano, Costa Rica, and Masaya volcano, Nicaragua, in 2016 and 2017. These two volcanoes are the
largest time-integrated sources of gas in the Central American Volcanic Arc, and both systems are currently
extremely active with potential for sudden destabilization. We employed a series of miniaturized
drone-mounted instrumentation including a mini-DOAS, two MultiGAS instruments, and an optical particle
counter, supplemented by ground-based measurements. Payloads were typically 1–1.5 kg and flight times
were 10–15 min. The measurements were both accurate and precise due to the inherent sensitivity of the
instrumentation and the high gas concentrations, which the drones were able to sample. The quality of
data obtained by our drones was comparable to that obtained by our ground-based measurements. At
Turrialba in April 2017, we measured an average SO2 flux of 1,380 ± 280 T/day, CO2/SO2 of 6.5, and H2O/SO2

of 27.8. Using these values, we calculated a CO2 flux of 6,170 T/day and an H2O flux of 10,790 T/day. At Masaya
in May 2017, the average SO2 flux was 1,560 ± 180 T/day, with CO2/SO2 of 3.9 and H2O/SO2 of 62.3, giving
a mean CO2 flux of 4,150 T/day andmean H2O flux of 27,330 T/day. The elevated carbon and water fluxes and
ratios are indicative of underlyingmagmas that are enriched in these components, resulting in the high levels
of activity observed.

1. Introduction

Gas emission studies have become an integral part of volcanic monitoring approaches in the last several dec-
ades by applying various techniques for the determination of volcanic gas ratios and fluxes, such as in situ sam-
pling (Giggenbach, 1975), remote sensing (Galle et al., 2003; Horton et al., 2006), airborne measurements in
conventional aircraft (Gerlachet al., 1997; Shinohara et al., 2003;Werner et al., 2008), and in situgas sensor instru-
mentation (Aiuppa et al., 2006; Shinohara, 2005). Knowledge of gas ratios and fluxes, andmore importantly their
changes over time andwith volcanic activity, has becomeauseful tool to detect precursors of volcanic eruptions
(e.g., Aiuppa et al., 2007; de Moor, Aiuppa, Avard, et al., 2016; de Moor, Aiuppa, Pacheco, et al., 2016).

Although remote sensing approaches allow us to observe the plume from a safe distance and therefore help
to reduce risks for researchers, they still lack the ability to detect certain low-concentration gas species (e.g.,
HBr) and distinguish gas concentrations (e.g., H2O) within the volcanic plume compared to the atmospheric
background (Kern et al., 2017). Therefore, in situ measurements are an important source of information on
volcanic gas compositions (Liotta et al., 2012; Wittmer et al., 2014).

Approaches to facilitate in situ measurements have been undertaken by using the fast developing technol-
ogy of unmanned aerial vehicles (UAVs) as platforms for instrument deployments into volcanic plumes.
Faivre-Pierret et al. (1980) pioneered the early use of unmanned fixed-wing aircraft by makingmeasurements
of the SO2/HCl ratio in the plume of Mount Etna, Italy. McGonigle et al. (2008) extended this early work by
using an unmanned helicopter to make gas measurements at La Fossa crater on Vulcano, Italy. They mea-
sured SO2 fluxes by DOAS and CO2/SO2 ratios by MultiGAS to derive CO2 fluxes from this volcano which
was quiescently degassing. This UAV configuration allowed a ~3-kg payload, while drawbacks included the
internal combustion engine of the helicopter, a heavy lead acid battery for the MultiGAS, and ground-based
wind measurements from the crater rim. Shinohara (2013) used an unmanned fixed wing aircraft weighing
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15 kg, flight times of up to 1 hr, velocities of 100–220 km/hr, and a maximum payload of ~3 kg to conduct
MultiGAS measurements in 2011 at Shinmoedake volcano, Japan, which was experiencing frequent vulca-
nian eruptions at the time. He observed a large temporal decrease in SO2/H2S which was attributed to
increased degassing pressure. Mori et al. (2016) used a small octocopter with a maximum payload of ~1 kg
to conduct DOAS, MultiGAS, thermal infrared, and particle measurements at Ontake volcano, Japan, after
the 27 September 2014 phreatic eruption. The various measurements were made during different flights
at altitudes sometimes exceeding 3,000 m. By using protective aluminum sheets to insulate the instruments
from electromagnetic noise generated by the octocopter, Mori et al. (2016) were able to measure very low
concentrations of gases including SO2 at concentrations less than 1 ppm. Xi et al. (2016) measured SO2 con-
centrations near Turrialba volcano, Costa Rica, by means of an unmanned aerial system tethered to balloons.
They were able to use these concentrations with modeling calculations to derive SO2 fluxes from the volcano.
Diaz et al. (2015) mounted small mass spectrometers on UAV systems to measure gases at Turrialba. These
studies demonstrate that previously inaccessible plume areas, either close to the vent or an elevated down-
wind plume, are now reachable, and the benefits for sampling and safety are obvious.

In this study we explore the feasibility of systematic plume investigations by using various UAVs and onboard
instrumentation with the goal of improving volcanic gas monitoring approaches, in terms of both safety and
data quality. For this work, a series of custom-madeMultiGAS instruments, a miniature DOAS, a miniature par-
ticle counter, two quadcopters, and two octocopters were deployed at Turrialba and Masaya volcanoes in
2016 and 2017. In order to characterize, compare, and assess the UAV-based measurements and use the data
set for gas flux estimations, traditional ground-based sampling and sensing methods were also conducted
(e.g., DOAS, MultiGAS, alkaline trap sampling).

2. Instrumentation
2.1. Unmanned Aerial Vehicles

All UAV and instrumental parameters are listed in Table 1. A four-rotor multicopter with foldable arms (Black
Snapper, Globe Flight, Germany; called RAVEN, Remote-controlled Aircraft for Volcanic Emission Analysis) was
used during the field campaign at Masaya volcano (Rüdiger et al., 2018). It was propelled by an E800motor set
using propellers with a diameter of 13 in. and a pitch of 4.5 in. (DJI Innovations, Shenzhen, China). It was flown
manually in line-of-sight conditions. The quadcopter weighed 2.3 kg including a 22.2-V (6S) 4.5-Ah battery. A
maximum payload of 1.5 kg was achieved with various mounted instruments and a maximum flight time of
approximately 15 min. The UAV was controlled by a NAZA M-2 flight controller (DJI Innovations, Shenzhen,
China) and equipped with a datalogger (Core 2, Flytrex Aviation, Tel Aviv, Israel) with micro-SD card to record
flight data from the main controller at 2 Hz, including Global Positioning System coordinates, pressure, and
temperature data. The instruments were attached below and above the main body of the quadcopter with
the inlets close to the center of the copter. The sampled air volume can be assumed to originate from within
a radius of a few meters, which represents homogeneous conditions for a widely spread out plume.

A DJI S1000 octocopter also was used at both volcanoes (Figure 1). The drone measures 1.05 m in diameter
with arms extended (folded for transport) and is 0.45 m in height. The S1000 weighs 7 kg including the bat-
tery (Tattu 22.2 V, 22 Ah, 6 cells). The maximum total takeoff weight stated by the manufacturer is ~11 kg, and
we found that the S1000 could easily carry a payload of ~3 kg under field conditions. Flight times at the vol-
canoes were up to 15 min, at which point the battery was typically drained to less than 30%. The S1000 drone
was equipped with an A3 flight controller (DJI Innovations, Shenzhen, China), allowing preprogrammed
flights through DJI Ground Station Pro software. The octocopter was also fitted with a camera (GoPro X,
San Mateo, USA) and video link system (Lightbridge DJI Innovations, Shenzhen, China), allowing live video
streaming for manual navigation.

Typical flight times for both drones were 10–15 min. Although we operated the drones at different altitudes
at the two volcanoes (2,700–3,200 m at Turrialba and 350–800 m at Masaya), we did not observe any clear
differences in flight times nor was the performance of the drones significantly affected or degraded at
higher elevations.

2.2. SO2 Fluxes

The drone-mounted DOAS (DROAS) is a miniaturized ultraviolet spectroscopic system (Galle et al., 2003)
designed for remote autonomous operation (Figure 2). The instrument consists of an Ocean Optics 74-DA
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collimating lens attached to an Ocean Optics USB2000+ spectrometer powered via USB connection to a
miniature onboard computer (VivoStick; Rüdiger et al., 2018). Data collection is made using MobileDOAS
software (Johansson & Zhang, 2004). The instrument weighs 950 g including the 11.1 volt, 1 Ah LiPo
battery and measures 18 × 11 × 6 cm. Data collection and measurement parameters are configured in
MobileDOAS via wifi communication between the Vivostick computer and a laptop computer prior to
drone flights. Typically, data are collected at 1 Hz, and exposure time is set according to light conditions to
avoid saturation in the wavelength range of interest (310–325 nm). Data are retrieved from the VivoStick
after each flight via remote desktop connection.

Conducting DROAS traverses is a flexible method for collecting high-quality spectra along optimized trans-
ects perpendicular to the plume travel direction. Flight paths are programmed in the field according to the
conditions encountered, with waypoints set in the Ground Station application and then uploaded to the

Table 1
UAV and Instrumental Parameters

UAVs

S1000 plus RAVEN

Type Octocopter Quadcopter

Airframe Foldable Foldable
Weight 7 kg 2.3 kg
Flight time 20 min @ 500 m a.s.l. 15 min @ 500 m a.s.l.

15 min @ 3,200 m a.s.l/w payload 8 min @ 3,200 m a.s.l/w payload
Payload Max. 3 kg Max. 1.5 kg
Flight mode Pixhawk autopilot for

programmed flight plans and
manual RC/line of sight

Manual/line of sight

INSTRUMENTS

Sensor miniGAS (GLX version) microGAS DROAS OPC (Alphasense)

SO2 City Technology 3MST/F CiTiceL City Technology 3MST/F CiTiceL Ocean Optics USB2000+,
grating#7–2,400 line
holographic UV, bandwidth
281–441 nm,
Options: DET2B-UV detector,
L2 Lens, Slit-50

H2S City Technology 3MH CiTiceL City Technology 3MH CiTiceL
CO2 PP Systems SBA-5 (Analog signal) PP Systems SBA-5
H2O not installed PP Systems SBA-5
H2 City Technology T3HYT Not installed
RH, temp, pressure DHT 22 Sensor Module Grant Systems Yoyo YL-RH23
sampling rate 1 s 1 s Typically 1 s 1.4 s
range CO2 0–2000 ppm, SO2, H2

0–200 ppm, H2S 0–50 ppm
CO2 0–2,000 ppm, SO2, H2S
0–200 ppm

281–441 nm (310�325 nm used
for SO2 retrievals)

0.3–16 μm

data logger DRU_alpha_3 (Arduino Mega
2560 based)

Grant Systems Yoyo YL-M34 VivoStick TS10 Wifi module
AW-CM25JNF; Wifi model #
QCNFA425

On board

pump/flow rate (ml/min�1) ~1,200 ~300 ~220
Additional components Adafruit Ultimate GPS MTK3339

chipset
Ocean Optics 74-DA collimating
lens

Hot Swappable 12 volt DC power
module

USGlobalSat BU-353-S4 USB GPS
Receiver

Xbee 900 MHz Telemetry Voltage converter from 12 volts
to 5–9 volts Castle Creations CC
Bec 10A 6S switching regulator

Adafruit MicroSD 4 GB card
Real-time visualization via Xbee
USB receiver
Custom software

Note. UAV = unmanned aerial vehicle; UV = ultraviolet; GPS = Global Positioning System.
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flight controller on the S1000 drone. The initial test flight is programmed as a long transect conducted at
maximum flight speed perpendicular to estimated wind direction to identify the plume location and
boundaries. Once the plume is roughly characterized in this fashion, further flights are optimized for data
quality at constant flight speed and shorter flight paths, though care must always be taken to ensure that
the UAV exits the plume on both ends of the traverse. Examples of flight paths are shown in Figure 3.
Typically, two to four individual transects can be accomplished in a single flight, depending on drone,
plume width, altitude, and wind considerations. Fast flight velocities are desirable to maximize the number
of transects per flight and to record accurate snapshots of dynamic plumes. The instrument is positioned
so that its telescope is pointing vertically during the flight. A constant programmed flight speed (typically
25 km/hr) results in a relatively stable drone angle (tilted in direction of travel) during the flight. We have

Figure 1. A DJI S1000 octocopter flying at Turrialba volcano in April 2017. (a) During takeoffs and landings, the loose vol-
canic ash on the ground is stirred into the air by the drone’s rotors. This constitutes a potential hazard for the drone’s
motors and for the instrumentation. Note the white clouds and the blue-tinged volcanic gas in the background, with the
3,340-m summit of the volcano in the distance. (b) The S1000 landing at the summit mirador on 26 April 2017, with strong
degassing from the summit craters evident in the background.
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found that the telescope should be angled about 15° toward the rear of
the aircraft to compensate for the tilt of the S1000 drone traveling at
25 km/hr (Figure 4). Future drone-based DOAS instruments could be
fitted with a gimbal to account for short-term variations in drone tilt.

2.3. CO2, SO2, H2S, H2O, and Aerosol Concentrations

We used two instrument arrays to measure CO2, SO2, and H2O and their
derived ratios. The first was an instrument named miniGAS, con-
structed at the GasLab of the Universidad de Costa Rica (Figures 5
and 6a). It consists of an arduino datalogger recording signals from
an Edinburgh Gascard NG infrared spectrometer for CO2 (concentration
range: 0–3,000 ppm), and City Technology (UK) electrochemical sen-
sors for SO2 (0–200 ppm; 2TD2G-1A), H2S (0–50 ppm; 2TC4E-1A), and
H2 (0–200 ppm; T3HYT). Gas is circulated through the system by a dia-
phragm pump at a rate of ~1,200 ml/min. The datalogger also records
time, temperature, pressure, relative humidity, position, and speed via
various sensors and Global Positioning System. Data are transmitted
from the drone to a laptop computer via telemetry. The weight of the
miniGAS is 1,500 g including battery. The second array, an instrument
named microGAS, was assembled at McGill University (Figures 5 and
6b). SO2 and H2S are measured with CiTiceL sensors from City
Technology (UK) (SO2 0–200 ppm, 3MST/F; H2S 0–200 ppm, 3MH).
CO2 concentrations are measured using a PP Systems SBA-5 nondisper-
sive infrared analyzer weighing ~200 g with a range of 0–2,000 ppm
and typical precision of 1–2 ppm. H2O is measured in two ways by
the microGAS: first, by a sensor incorporated into the SBA-5 CO2 instru-
ment, which measures absolute humidity, and second, by a separate
sensor, which measures relative humidity as well as pressure and tem-
perature (Grant Systems Yoyo YL-RH23). The gas was drawn in and cir-

culated at a rate of ~300 ml/min by a pump in the infrared analyzer. The gas instruments are powered by a
12.8-volt, 1.5-Ah LiFePO4 battery and housed in a lightweight plastic container. Particles are measured using
an Alphasense OPC-N2 Optical Particle Counter based upon the principle of light scattering particles as they
are transported in a sample air stream passing through a laser beam, with a sample flow rate of ~220 ml/min.
The particle counter is powered by a lightweight USB 5-volt, 2.2-Ah lithium ion battery. The combined weight
of the microGAS and particle counter is 1,235 g including the two batteries.

Both the miniGAS and microGAS were calibrated with standard gases in the field prior to and after flight mis-
sions. Our standard gases (Matheson TriGAS) contained 997 ppm CO2, 350 ppm CO2, 54 ppm SO2, and
12 ppm H2S, with each gas of interest in a separate tank. Each tank contained a balance of 80% N2 and
20% O2 thus mimicking air compositions, which is important for proper and accurate calibration of the infra-
red and electrochemical sensors. The certified accuracy of the standard gases is ±3%. The standard gas con-
taining 350 ppm CO2 was used as the zero gas for the SO2 and H2S calibrations.

2.4. Halogens

Due to the lack of adequate drone-based sensing or sampling methods for determination of total halogen
amounts, ground-based sampling was used to investigate halogens in the plume. For this, active alkaline
traps (Raschig tube, Drechsel bottle; Liotta et al., 2012; Wittmer et al., 2014) were exposed to the plume on
the western rim of Santiago crater at Masaya. Based on acid–base reactions, the alkaline solution enables
the quantitative collection of all acidic species in the gas and particulate phase, including CO2, SO2, H2S,
HCl, HF, HBr, and HI. For the Raschig tube sampling a 1-M NaOH solution was used, while the Drechsel bottle
was operated with a 4-M NaOH solution (99% purity, Merck, Germany, in 18.2 MΩ water). Raschig tube sam-
pling was performed with a GilAir Plus pump (Sensidyne, USA) for 1 hr at a flow rate of 4 L/min to determine
the exact sampled air volume. Drechsel bottle samples were obtained with a custom-built pump at a flow rate
of approximately 1 L/min for 18 to 30 hr. Due to the lack of datalogging with the custom pump, samples were

Figure 2. Details of the interior of the DROAS instrument.
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acquired only for intergas ratio comparison, rather than retrieval of gas mixing ratios in air. These ground-
based samples were analyzed at INGV-Palermo. After sample treatment involving neutralization and
oxidation of the sulfur species to sulfate, all samples were analyzed by ion chromatography (IC). Halogen
to sulfur ratios were derived by linear regression on a scatter plot of molar concentrations of the
respective halogen versus sulfate. In order to estimate halogen fluxes, the halogen to sulfur ratios were
multiplied by the SO2 flux measured by DROAS traverses.

3. Field Methods and Practicalities

We designed our experiment at two volcanoes, Masaya and Turrialba, which in recent years have been the
principal contributors to the elevated gas fluxes measured on the Nicaragua-Costa Rica segment of the
Central American volcanic arc (de Moor et al., 2017). Both volcanoes are currently in elevated states of activity,
with an actively convecting lava lake at Masaya and frequent ash emissions at Turrialba (Global Volcanism
Program, 2017a, 2017b). High gas fluxes at these volcanoes provide an ideal testing ground for measure-
ments with drones.

Figure 3. Maps of Turrialba (top) and Masaya (bottom) showing selected flight paths for the drones in 2017. Red paths
show programmed flights for DROAS traverses, and yellow paths show manual flights for gas ratio measurements using
microGAS and miniGAS. Blue stars show takeoff/landing sites, red dots are gas monitoring stations (either NOVAC or
MultiGAS), and blue arrows show wind directions.
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Masaya is well studied in terms of SO2 fluxes (Nadeau & Williams-Jones,
2009; Rymer et al., 1998; Stoiber & Williams, 1986) due to easy access
conditions allowing DOAS driving traverses at locations 5–10 km from
the active crater. However, proximal DOAS transect measurements less
than 5 km from the crater are difficult due to lack of roads. Hence, we
chose locations between 0 and 5 km from the degassing crater in order
to experiment with drone DOAS in these proximal areas (Figure 3).
Some of our Masaya data were collected close to the permanent
scanning DOAS NOVAC station, in order to directly compare and assess
the quality of SO2 flux data collected by this station with the drone-
based data.

Turrialba is less accessible and has higher elevation than Masaya, pro-
viding more challenging conditions. Recent degradation of the already
rough roads due to devegetation from acid rain, ash, increased runoff,
and erosion has made driving DOAS traverses at Turrialba impossible.
Hence, drones are a particularly attractive option for continuing
traverse DOAS gas flux monitoring at Turrialba for two reasons. First,
DROAS traverses along the same trajectory as the preexisting driving
traverse database (de Moor et al., 2017) provide consistency and allow
for direct comparison with previous measurements (Figure 3). Second,

drone measurements are valuable to compare with scanning NOVAC station measurements (Conde et al.,
2014; de Moor, Aiuppa, Avard, et al., 2016; de Moor et al., 2017). In particular, drone measurements could help
determine plume height (vertical profiles with gas sensors), a parameter which is vital for achieving accurate
scanning DOAS measurements (calculated by triangulation between two stations) but usually difficult to
quantitatively validate.

Because we were flying our drones on two active volcanoes, both the instruments and the drones were
sometimes subjected to difficult field conditions. We developed a fly/no fly checklist which helped us decide
if conditions were suitable for flying (Table 2). At Turrialba, SO2 concentrations sometimes exceeded 100 ppm
in the proximal plume, while SO2 concentrations of 20–30 ppm were commonly encountered at Masaya.
Despite these elevated values, the drones and instruments did not suffer noticeable corrosion, probably
because flight times were short (typically 10–15 min) and the time spent in the volcanic plume even shorter.
In sampling plumes with our MultiGAS instruments, we learned to avoid highly convective and opaque
plumes, because such conditions, first, could create strong turbulence for the drone or, second, cause us
to lose sight of the drone. Instead, we would pilot the drone carefully toward the margins of the plume, test-
ing and watching its response, and then proceed further into the plume if the drone appeared to be flying
stably and the plume was reasonably transparent.

One potential issue is that some drones produce significant electromagnetic interference. In our case, the
S1000 drone did produce such interference while the RAVEN did not. The interference wasmanifestedmainly
by the infrared analyzers, which produced noisy signals for CO2 and H2O, while the electrochemical sensors
for SO2 and H2S were generally unaffected. We solved this interference problem by encasing the instrumen-
tation in aluminum foil which served as a shield against the interference.

The policies on using drones were different in Costa Rica and Nicaragua. In Costa Rica, we did not experience
any regulatory issues since we were flying in an area on and around Turrialba that was closed to public access
because of the high activity of the volcano. By contrast, in Nicaragua we were subject to strict regulations
imposed by the Instituto Nicaragüense de Aeronáutica Civil (INAC); during the day, INAC personnel accompa-
nied us when we flew, and INAC kept the drones at night for security reasons.

4. Results
4.1. SO2 Fluxes and Wind Speeds

DROAS traverses were successfully conducted at Turrialba and Masaya volcanoes, and results are reported in
Table 3 and Figure 7. Wind speed is a crucial parameter in calculating SO2 flux from DOAS measurements. In

Figure 4. Photo showing the DROAS instrument mounted upon the S1000 octo-
copter. Note that the telescope of the DROAS is angled ~15° from vertical, in
order to compensate for the position of the drone when flying, which is tilted
slightly forward relative to horizontal.
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this study we used a combination of three methods to estimate wind speed, including two vertically
positioned DOAS instruments on the ground (Williams-Jones et al., 2006), a Global Forecast System (GFS)
at 1° resolution from the NOAA National Center for Environmental Predictions (NCEP; e.g., Conde et al.,
2014; de Moor et al., 2017; Hilton et al., 2007), and drone drift measurements. The drone drift
measurements consisted of allowing the drone to drift with the wind at plume elevation and recording its
change in position with time. Figure 8 shows an example of the drone drift measurement conducted at

Figure 5. Photos of multiGAS instruments mounted on the S1000 at the summit mirador of Turrialba on 26 April 2017. The
miniGAS (red) is mounted on the left, and the microGAS (blue) is mounted on the right. The total payload is ~2 kg.
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Masaya volcano where a wind speed of 7.9 m/s was measured at an altitude of 1,096 m (400 m above ground
level). SO2 concentrations of 1.8 ppm were concurrently measured with miniGAS, indicating that wind speed
was determined at true plume level.

Drift speed results are compared to vertical DOAS plume speed measurements and NOAA wind speed
measurements in Table 3. Results were consistent between the UAV drift method and the vertical
DOAS measurement, with agreement to within 5%. The NOAA GFS data, as well as ground-based

Figure 6. Details of the interior of the (a) miniGAS and (b) microGAS instruments.
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measurements of wind speed from the top of the Masaya cone next to the actively degassing crater,
typically returned lower wind speed values compared to the drone drift method or the vertical DOAS
results. For calculation of SO2 flux we prefer the UAV drift method, although the vertical DOAS method
is equally valid. The benefit of the UAV drift method is that few sources of error exist if the drift is
conducted over a sufficient distance. However, gusty conditions can raise issues on how representative
one or two drift measurements are. The benefit of the vertical DOAS method is that plume speed data
can be acquired continuously over a significant period of time to characterize plume speed variation.

Table 2
FLY/NO FLY Criteria

The following list aims to assess whether or not it is safe to fly a drone. Once the list has been completed, a careful risk
assessment should be discussed among the flight team.

Are the winds strong (i.e., more than moderate) with gusts? YES/NO
Is there a possibility of unexpected turbulence from unusual weather, steep
relief, summit areas, hot convecting volcanic gases, eruption columns, etc.?

YES/NO

Are there any physical obstructions present along or near the flight path,
that is, crater rims, etc.?

YES/NO

Are the flying distances potentially too great for battery life? YES/NO
Are the flying distances potentially too great for proper communication? YES/NO
Is there a potential of losing sight of the drone during its mission? YES/NO
Are there potential communication issues, that is, static electricity from
volcanic ash or gas, clouds present, etc.?

YES/NO

Is the payload potentially too heavy or unstable or unbalanced with respect to
the center of gravity on the drone?

YES/NO

Table 3
Results of Drone-Mounted DOAS (DROAS) Measurements at Turrialba and Masaya Volcanoes

Method T/day SO2 ± Drone drift plume speed ± 2 Vert DOAS plume speed ± NOAA wind speed ±

Turrialba
27/4/2017 DROAS flight 1,358 276 na na na na 3.88 0.79

DROAS flight 1,255 256 na na na na 3.88 0.79
DROAS flight 1,469 299 na na na na 3.88 0.79
DROAS flight 1,419 289 na na na na 3.88 0.79
Average 1,375 280

Masaya
4/5/2017 DROAS flight 1,448 71 7.75 0.35 7.51 0.75 3.45 1.01

DROAS flight 1,041 53 7.75 0.35 7.51 0.75 3.45 1.01
DROAS flight 1,842 91 7.75 0.35 7.51 0.75 3.45 1.01
DROAS flight 2,297 112 7.75 0.35 7.51 0.75 3.45 1.01
Average 1,657 82

5/5/2017 DROAS flight 1,664 73 8.95 0.35 9.36 0.94 5.47 1.54
DROAS flight 2,125 102 8.95 0.35 9.36 0.94 5.47 1.54
DROAS flight 1,773 99 8.95 0.35 9.36 0.94 5.47 1.54
DROAS flight 1,635 88 8.95 0.35 9.36 0.94 5.47 1.54
Average 1,799 91

na
6/5/2017 DROAS flight 2,024 59 7.9 0.13 na na 7.15 1.67

DROAS flight 1,360 61 7.9 0.13 na na 7.15 1.67
DROAS flight 1,547 43 7.9 0.13 na na 7.15 1.67
DROAS flight 774 24 7.9 0.13 na na 7.15 1.67
Average 1,426 47

1/5/2017 Driving Traverse 1,561 281 na na na na 5.96 0.90
Driving Traverse 1,185 231 na na na na 5.96 0.90

Average 1,373 256
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Errors associated with the vertical DOAS method are mostly geometric, relating to (a) positioning of the
two vertically pointing instruments relative to the plume travel direction, and (b) precise mounting of
the DOAS telescope in a perfectly vertical position. The errors are reduced if the plume is low and the
distance between the two DOAS instruments is large. Comparison among UAV drift, two vertical DOAS
instruments, and NOAA wind speeds shows that the latter significantly underestimates plume speeds by
40% to 55%.

The SO2 flux measured at Turrialba on 27 April 2017 was 1,380 ± 280 T/day (Table 3). The average SO2

flux for Turrialba reported by de Moor et al. (2017) for 2015 and 2016, a period of elevated degassing

Figure 7. Plot of SO2 column amounts for DROAS traverses at (a) Turrialba and (b) Masaya in April–May 2017. Each plot
shows two traverses, one outbound and the other inbound. Note the excellent temporal resolution of the data and the
complexity of the plumes, which changes over short periods of time.

Figure 8. Example of a wind speed calculation using the drift of the drone at Masaya in May 2017 (left) with SO2 concen-
tration profile showing the main plume at 1,100 m and a secondary peak at 900 m possibly due to plume puffing (right).
The drone is flown to the altitude of the gas plume, where it is allowed to drift with the wind. After ~60 s the speed of
the drone stabilizes, which we consider to be the true wind speed at plume height. The calculations are done using the
Global Positioning System data of the drone and our instruments.
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and eruptive activity, was 2,990 ± 980 T.day. Within this context, our DROAS measurement could be inter-
preted to reflect either decreased sulfur degassing compared to 2015–2016 or a partially constricted con-
duit prior to the new eruptive period that began at Turrialba on 11 May 2017 and continued through
mid-July 2017.

The SO2 fluxes measured at Masaya by DROAS on 5 May 2017 were between 1,300 and 1,900 T/day and aver-
aged 1,560 ± 120 T/day (Table 3), in agreement with driving DOAS traverses conducted in the traditional
manner (1,370 ± 260 T/day on 1 May 2017). The average SO2 flux reported at Masaya for 2015–2016 by de
Moor et al. (2017) was 1880 ± 510 T/day. Our DROASmeasurements at Masaya are thus consistent with a rela-
tively steady state volatile flux from Masaya.

4.2. SO2, CO2, and H2O Concentrations, Ratios, and Derived Fluxes

Gas ratios were successfully measured at both volcanoes, and results are shown in Table 4. On 26 April 2017
at Turrialba, we flew our drones from the Mirador at ~3,250 m directly into the degassing crater which was
several hundred meters distant (Figure 9). Maximum measured gas concentrations were 152 ppm SO2,
1,712 ppm CO2, and 21,270 ppm H2O (the water background varied from ~16,250 to ~17,000 ppm).
Using two independent arrays of gas sensors (miniGAS and microGAS), we consistently measured
CO2/SO2 ratios of 6.3–6.7 in the plume gas of the crater (Table 4 and Figure 10). We also measured a

Figure 9. UAV flight from the mirador into the crater of Turrialba on 26 April 2017. The flight is recorded from three perspectives, with SO2 concentrations shown by
the color scheme from lowest (dark green) to highest (red). The lower right panel shows SO2 concentrations as a function of altitude.
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Figure 10. Plot of SO2 versus CO2 for miniGAS data from a drone flight at Turrialba on 26 April 2017. Note the elevated
CO2/SO2 ratio and the excellent R2 value.

Figure 11. UAV flight at Masaya on 4May 2017. The flight is recorded from three perspectives, with SO2 concentrations shown by the color scheme from lowest (dark
green) to highest (red). The lower right panel shows SO2 concentrations as a function of altitude.
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single H2O/SO2 ratio of 27.8, with an R2 value of 0.95. On 28 April we
made one flight 1–2 km west of the crater and measured maximum
SO2 of 6.9 ppm, maximum CO2 of 460 ppm, and CO2/SO2 of 7.6, while
a ground measurement an hour later yielded maximum SO2 of
2.0 ppm, maximum CO2 of 429 ppm, and CO2/SO2 of 7.5. These ratios
are slightly higher than those on 26 April. No water measurements
were possible for 28 April. H2S was below detection limit of the
method at Turrialba, consistent with the disappearance of this gas in
2015 with the transition from phreatic to magmatic conditions (de
Moor, Aiuppa, Avard, et al., 2016).

At Masaya, measurements were made on 1–6 May. On 1–2 May we
made stationary measurements at the edge of Santiago crater, while
on 3–6 May we made drone measurements at various distances from
the crater (Figures 3 and 11). The two CO2-SO2 sensor arrays showed
slightly different results. The first array (miniGAS) returned CO2/SO2

ratios of 1.4–4.1, while the second array (microGAS) returned CO2/SO2

of 3.4–6.2 (Table 4 and Figure 12a). For days with simultaneous mea-
surements, the two arrays respectively measured CO2/SO2 of 2.9 and
3.5–3.7 (4 May), 1.4–2.0 and 3.9–4.3 (5 May), and 4.1 and 4.6–6.2 (6
May). The 6 May measurements were comparatively distal, located on
the edge of the caldera ~3 km west and downwind from the degassing
crater. At this location SO2 concentrations typically were 2–3 ppm com-
pared to measurements closer to the crater where SO2 concentrations
reached 34 ppm. No H2S was detected at Masaya, which is consistent
with previous MultiGAS studies (Aiuppa et al., 2018; de Moor et al.,
2017) and the absence of hydrothermal processes.

At Masaya, it is possible to make a comparison of the ground-based
and drone data. On 1–2 May, stationary ground-based measurements
were made at the edge of Santiago crater (Figure 3). Maximum SO2

concentrations were mostly 15–34 ppm, with several lower values.
These comparatively high concentrations resulted in very good correla-
tions between SO2 and CO2, with nearly all R2 values >0.8 (Table 4).

Drone flights on 4–6 May were at different distances from the crater. On 4–5 May, the drones were flown over
Nindirí crater close to Santiago, while the 6 May flights weremade from the edge of the caldera ~3-km distant
from Santiago (Figure 3). Maximum SO2 concentrations on 4 May were 14–34 ppm, similar to 1–2 May, and R2

values for CO2/SO2 ratios were 0.76–0.84 (Figure 12a). On 5 May maximum SO2 was lower (4.1–17 ppm), but
R2 values all exceeded 0.8. Most importantly, CO2/SO2 ratios for these dates were very similar (1–2 May
3.4–4.5, 4 May 3.5–3.7, 5 May 3.9–4.3, all data from microGAS; Table 4). On 6 May, maximum SO2 was low
(1.7–3.4 ppm) because of plume dilution, yet R2 values were only slightly degraded (0.72–0.86). We conclude
that both the ground-based and drone measurements produce high-quality data, with the drone measure-
ments comparable to the ground measurements. Furthermore, data quality by drone is maintained at low
SO2 concentrations (<5 ppm). One reason for this is that the drone measurements produced a simple peak
or series of peaks for SO2 and CO2 concentrations. The backgrounds also were generally very stable, with SO2

essentially at zero and CO2 at 400–410 ppm. These conditions allowed robust comparisons and correlations
between CO2 and SO2.

Several ground-based Masaya data sets from 1 May taken at the edge of Santiago crater show anomalously
high CO2/SO2 ratios of 27–50, which were observed at low SO2 contents of 1–3 ppm (Table 4). The correla-
tions between the two gases are generally very good, with R2 values of 0.72–0.89. No such high values were
measured by drone. The elevated ratios are likely the result of contamination of the plume by diffuse degas-
sing along the edge of Santiago crater. The diffuse degassing releases CO2 but no SO2. Hence, a clear advan-
tage of drone-based measurements over those made on the ground is the ability to sample a gas plume
without contamination from diffusely degassing sources.

Figure 12. Plot of microGAS data from a drone flight at Masaya on 4 May 2017.
(a) SO2 versus CO2; (b) H2O versus SO2; (c) H2O versus CO2. A high degree of
correlation can be seen for all plots, attesting to the elevated gas concentrations
in the plume and the excellent sensitivity of the instruments.
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At Masaya we were also able to precisely measure H2O/SO2 and H2O/
CO2 ratios (Table 4 and Figures 12b and 12c). For H2O/SO2, on 1 May
we obtained a single value of 55.6 (R2 0.95), and on 2 May two values
of 63.6 and 52.3 (R2 0.77, 0.94). These were proximal ground-based
measurements at the edge of Santiago crater (Figures 3 and 11). On 4
May we measured two values of 78.7 and 61.5 (R2 0.79, 0.82) by drone
above Nindirí (Figures 3 and 12b). Hence, the range was 52.3–78.7, and
the average H2O/SO2 was 62.3.

For H2O/CO2, our ground measurements on 1–2 May gave values of
11.8 and 13.0 (R2 0.84, 0.79) at the crater edge, while a drone-based
measurement on 4 May gave a value of 13.8 (R2 0.80; Table 4 and
Figure 12c). Hence, the ground-based and drone-based measure-
ments were highly consistent. Typical water backgrounds were
26,000–27,000 ppm, with water peaks ~1,700–1,900 ppm higher than
the background.

At Turrialba, using a CO2/SO2 ratio of 6.5 and a H2O/SO2 ratio of 27.8
obtained on 26 April and the SO2 flux of 1,380 T/day obtained on 27
April, we calculate a CO2 flux of 6,170 T/day and a H2O flux of
10,790 T/day. For Masaya, we used an average SO2 flux of 1,560 T/day,
an average CO2/SO2 of 3.9, and an average H2O/SO2 of 62.3 to calculate
average CO2 and H2O fluxes of 4,150 T/day and 27,330 T/day, respec-
tively. We also used our minimum and maximum ratios and fluxes at
Masaya to calculate the possible ranges of CO2 and H2O fluxes, which
were 3,140–5,570 T/day and 19,120–42,060 T/day, respectively.

4.3. Aerosols

Particle data were collected in proximal environments on two days. At
Turrialba on 26 April we measured particle concentrations of the gas
plume in the crater with a drone, while at Masaya on 2 May we made
stationary measurements on the edge of Santiago crater. Evaluation
of the particle size distribution for the stationary measurement at
Masaya showed two modes, one at 1.09 μm and the second at
2.44 μm, which is the more prominent mode at this location
(Figure 13a). The sized distribution also indicates that other modes out-
side the measurement range of the optical particle counter may have
been present. An increase in the particle numbers toward the edges
of the distribution was observed. For these dates, particle concentra-
tions were generally very high, with PM1, PM2.5, and PM10 values
reaching 8.7 × 102, 5.4 × 103, and 4.3 × 104 μg m�3, respectively. As a
result, PM10/PM2.5, PM10/PM1, and PM2.5/PM1 ratios were 4, 43, and
11 at Turrialba and 24, 103, and 4.5 at Masaya.

At Masaya we also collected particle data at more distant locations from the crater. On 4–5 May measure-
ments were made by drone through the plume at a distance of 200–300 m from the degassing crater.
These results showed substantially lower PM10 values which did not exceed 1.5 × 103 μg m�3. Hence,
PM10/PM2.5, PM10/PM1, and PM2.5/PM1 ratios were 1.0–1.1, 1.3–1.5, and 1.2–1.4. On May 6 we made distal
measurements ~3 km downwind from the crater. During two flights the plume was intersected 3 times, as
indicated by elevated particle counts. The particle size distribution for the drone-based measurements
showed that again two modes were observable (Figure 13b). The mean diameters of these modes were
0.96 μm and 1.75 μm. In contrast to the measurements at the crater rim, the normalized number concentra-
tion (dN/dlogDp) of the smaller mode was determined to be higher than that of the larger particles
(Figure 13). Relative to 4–5 May, PM10 concentrations showed an increase to a maximum of 3.7 ×
103 μg/m3, which corresponds to slightly higher PM10/PM2.5, PM10/PM1, and PM2.5/PM1 ratios of 1.0–1.5,
1.7, and 1.6–1.7, respectively.

Figure 13. Particle size distribution observed at proximal and distal locations at
Masaya in May 2017. (a) Size distribution in the plume at the rim of Santiago
crater on 2 May 2017 (ground-based data). (b) Size distribution in the plume
above the western caldera wall ~3 km distant from Santiago crater on 6 May
2017 (drone data). Both data sets show two particle modes. The proximal data
from the crater show the two identified particle modes with larger mean dia-
meter and the larger particle mode with a relative higher concentrations com-
pared to the distal caldera edge data.
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4.4. Halogen Concentrations and Fluxes

At Masaya four alkaline trap samples were obtained between 1 and 4 May 2017 at the rim of Santiago crater.
On 1 May a Raschig tube sample was taken, while on the following days only Drechsel bottles were used. All
samples were analyzed by ion chromatography, and a molar HCl/SO2 ratio of 0.59 (R2 = 0.985, n = 4) was
derived. From that an average HCl flux of 519 ± 62 T/day was calculated using the average SO2 flux from
Masaya volcano during the field campaign.

5. Discussion

Drone-based DOAS traverses provide a highly flexible and robust method for accurately measuring SO2

fluxes. First, flights are quick, allowing rapid transects below dynamic plumes. Driving or walking DOAS tra-
verses can take a long time, during which plumes can change direction or intensity. Furthermore, drones
are not restricted by road access, allowing traverse measurements to be conducted under virtually any wind
direction and intensity (except very high wind conditions with winds >15 m/s). Geometric errors are also
reduced by linear flight paths (Figures 3 and 7). DROAS measurements record full spectral information, allow-
ing detailed post-processing of the data to assess, for example, SO2 column amount retrievals as a function of
fit window (Kern et al., 2009). Since data processing of DROAS traverses is rapid, SO2 flux estimates can be
quickly extracted shortly after data acquisition, which is important for hazard assessment during volcanic
crises. Wind speed, a crucial parameter and the largest source of error in SO2 flux estimation, can also be
directly measured at plume height by drone. One potential issue with DROAS traverses is that the drone
needs to fly as low as possible in order to capture the whole plume above it. This was not an issue during
our DROAS measurements, as a negligible amount of SO2 was detected close to the ground using
multiGAS. However, this need to fly low may be an issue with ground-hugging plumes or with certain topo-
graphic and atmospheric conditions.

Our work at Masaya demonstrates that drone-based measurements of gas concentrations and ratios produce
results which are comparable to ground-based measurements in terms of accuracy and precision. The data
quality remains excellent from high gas concentrations (e.g., 30 ppm SO2) to low gas concentrations (<
5 ppm). Other workers have shown that drone-based instrumentation can measure subpart per million con-
centrations in some cases (Mori et al., 2016). The ability of a drone to sample discrete regions of a volcanic
plume produces a wide range of gas concentrations, which are well correlated. So long as electromagnetic
interference produced by the drone can be minimized or eliminated, the drone data are high quality
and reliable.

5.1. SO2 Fluxes From Turrialba and Masaya

Masaya is the largest long-term time-integrated gas emitter in Central America (Andres & Kasgnoc, 1998;
Mather et al., 2006). Turrialba volcano reactivated in the mid 2000s and now rivals Masaya as the largest emit-
ter of SO2 in Central America (de Moor et al., 2017). Our SO2 flux data, the first published for these volcanoes
for 2017, show that gas fluxes remain high at both and are of similar magnitude (Table 3). De Moor et al.
(2017) showed that Masaya and Turrialba together account for ~78% of the SO2 flux from volcanic degassing
in Costa Rica and Nicaragua. Our data show that the combined SO2 flux from Masaya and Turrialba was
2,940 ± 460 T/day in April–May 2017, which is somewhat lower than the 2015–2016 fluxes at these volcanoes
(4,870 ± 1,490 T/day) (de Moor et al., 2017). This is mainly due to lower flux measured at Turrialba in the pre-
sent study. Our data highlight the variability of gas emission rates at dynamic volcanoes. Our average SO2 flux
of 1,560 ± 120 T/day from Masaya is significantly higher than the SO2 fluxes derived from NOVAC scanning
DOAS instruments reported in Aiuppa et al. (2018), where an average SO2 flux of 690 ± 260 T/day was
reported during lava lake activity from NOVAC measurements. This demonstrates that careful evaluation is
essential for scanning DOAS measurements, which are subject to more errors than traverse measurements
and most likely underestimate SO2 fluxes (de Moor et al., 2017).

5.2. Gas Compositions and Outputs From Turrialba and Masaya

The gases currently emanating from Turrialba appear to be unusual in three ways: (1) no H2S is present, (2)
the CO2/SO2 ratios that we measured are comparatively elevated, and (3) our measured H2O/SO2 ratio is
the highest recorded in the past several years (de Moor et al., 2017). These observations suggest that the
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magmas and gases now feeding Turrialba are magmatic in nature and rich in both water and carbon as well
as sulfur. Such conditions suggest that the current unrest at Turrialba will continue in the foreseeable future
and could escalate. The relatively low SO2 fluxes that we measured could be indicative of a conduit that is
partially blocked. Shortly after our measurements, Turrialba entered an ash emission episode, which lasted
from 9 May to 10 July 2017. This change may indicate a change from partially blocked to more open condi-
tions within the conduit system.

At Masaya, our results can be compared with long-term monitoring by a ground-based MultiGAS network.
The recent work of Aiuppa et al. (2018) reveals that CO2/SO2 and H2O/CO2 at Masaya underwent significant
changes associated with the development of the lava lake in Santiago crater in December 2015. CO2/SO2

demonstrated a clear increase from mean values around 5 to >12 about 2 to 3 weeks before the lava lake
was first observed, then dropped to values of ~5.5 when the lava lake was established. H2O/CO2 showed a
substantial decrease prior to and during lava lake emergence, from mean values around 17 beforehand to
values <5 during lake formation. By the second half of 2016 and the first quarter of 2017, H2O/CO2 had
increased appreciably to a mean value of ~13. De Moor et al. (2017) showed that during the second half of
2016, mean CO2/SO2 was 4.0 with a range of 3.1–4.8, while mean H2O/SO2 was 65 with a range of 47–98.
Our CO2/SO2, H2O/SO2, and H2O/CO2 data, measured both by drone and on the ground, are fully consistent
with these independent observations.

Turrialba and Masaya are the major sources of gas output in the southern Central American Volcanic Arc.
Despite the somewhat lower SO2 fluxes relative to previous measurements in the past several years (de
Moor et al., 2017), the combined fluxes that we measured from these volcanoes are nearly 3,000 T/day
SO2, ~10,000 T/day CO2, and ~38,000 T/day H2O. The elevated SO2, CO2, and water fluxes reflect both the
high level of unrest at both systems (continued ash emission at Turrialba and an actively convecting lava lake
at Masaya) and the underlying magmas which are themselves rich in sulfur, carbon, and water.

5.3. Aerosols at Turrialba and Masaya

A comparison of particle size distributions at Masaya obtained during the crater rim measurements and the
distal flights shows a loss of larger particles, which becomes apparent by the shift in the size distribution
toward smaller particles, the decrease of the larger particle mode and omission of the particle fraction in
the 16.75 μm fraction (Figure 13). This is probably due to the deposition of the larger fraction of particles
in the coarse mode, which are typically associated with a primary origin. At the crater rim larger particles
may be produced by a gas bubble-bursting mechanism and then deposited downwind. The proximal particle
measurements made on 26 April at Turrialba and on 2 May at Masaya reveal elevated PM10 concentrations,
commonly exceeding 104 μg/m3 and significantly higher than PM1 and PM2.5 concentrations. These very
high values likely reflect the high levels of activity at both volcanoes when the measurements were made.
At Turrialba, ash emissions were occurring on a regular basis in April 2017, and we observed these emissions
on 26 April. Hence, the elevated PM10 values at Turrialba probably include a portion of fine ash. At Masaya,
the lava lake was strongly convecting at the time of our measurements, with intense degassing including fre-
quent bubble bursts. Such activity is likely to produce comparatively large, glassy, silicate microspheres,
which have been previously noted at Masaya (Martin et al., 2012; Moune et al., 2010) and elsewhere (e.g.,
Erta Ale, Zelenski et al., 2013). The significant decrease in PM10 concentrations outside the crater areas of
both volcanoes are the result of sedimentation of the large particles in comparatively proximal environments.

6. Concluding Remarks

The main conclusions of this study are the following:

1. Miniaturized (~1 kg) gas instrumentation mounted on low-cost drones has enormous potential for safely,
rapidly, accurately, and precisely characterizing the gas output of a volcano at all stages of activity. If done
carefully, such measurements can be made even when the volcano is erupting. Such an approach allows
an excellent snapshot of the current degassing state of an active volcano.

2. Gas ratios and SO2 fluxes can be measured by drone with data quality comparable to other methods. The
rapid introduction of a drone into high-concentration gas for several minutes generates highly linear and
correlated gas concentrations to calculate ratios of high accuracy and precision. Drone flights beneath a
plume allow controlled DROAS traverses perpendicular to the plume, with a high level of detail in terms of
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the SO2 concentration profile, as well as accurate wind speedmeasurements when the drone is allowed to
drift parallel to the plume at the same altitude. Drones also can efficiently acquire particle and aerosol size
distribution data which can be directly compared to the gas data.

3. Our results demonstrate that at the time of our measurements Turrialba was releasing magmatic gases
that were comparatively rich in H2O and CO2. The CO2/SO2 ratios that wemeasured are comparatively ele-
vated, while our measured H2O/SO2 ratio is the highest yet observed in the past several years. These indi-
cators show that the volcano is being fed by magma enriched in water and carbon. The somewhat low
SO2 fluxes that we observed may be of concern if they are indicating a partially blocked conduit system.
This potential blocking, together with the gas compositions we observed, suggests a system which is
active and potent. Shortly after our measurements in 2017, Turrialba entered an eruptive phase that lasted
several months.

4. The Masaya data reveal that the development of the lava lake in Santiago crater since late 2015 is now
associated with stable CO2/SO2 and H2O/SO2 ratios, with CO2/SO2 currently at relatively low levels and
H2O/SO2 at comparatively high levels.

Our work demonstrates the importance of continued and continual gas measurements at these highly active
systems. The near-term future evolution of Turrialba is a crucial yet unanswered question in terms of hazards
specific to this volcano, and more generally as well for other volcanoes with long periods of unrest (i.e., sev-
eral decades). At Masaya, understanding future magma movements and associated gas release is directly
relevant to hazards, public health, and scientific understanding of highly convective magmatic systems.
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