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Abstract. Volcanic degassing and explosive eruptions in-
ject significant amounts of gas and ash into the atmosphere,
impacting the local environment and atmospheric dynamics
from local to global scales. While ground- and satellite-based
remote-sensing systems are key to describing explosive vol-
canism and assessing associated hazards, direct in situ mea-
surements inside volcanic clouds are not possible with these
methods. This study presents an innovative approach using
an unoccupied aircraft system (UAS) for (i) airborne ash
sampling and (ii) measurements of aerosol and gas concen-
trations (AeroVolc system). Commercial instruments (DJI™
Matrice 30 UAV, Alphasense™ N3 optical particle counter,
and Soarability™ Sniffer4D Mini2 multigas hardware) were
combined with custom-built ash collectors and particle coun-
ters to enable a more detailed analysis of volcanic clouds.
Here, we showcase the deployment of our UAS on Saku-
rajima (Japan) and Etna (Italy), two volcanoes known for
their frequent explosive eruptions and persistent degassing
activity, to demonstrate how this approach enables in situ,
high-resolution sample and data collection within challeng-
ing environments. Results provide grain size distributions
(GSDs), information on the occurrence of particle aggrega-
tion, and solid aerosol (PM1, PM2.5, and PM10, correspond-

ing to solid aerosol particles with a diameter of less than 1,
2.5, and 10 µm, respectively) and gas (SO2 and CO2) con-
centrations. Depending on whether the UAS was operated
within or below ash- and/or gas-rich clouds, different insights
were gained that open up new perspectives for volcanologi-
cal research. These insights include the composition, concen-
tration, generation, dispersion, and sedimentation patterns of
volcanic clouds.

1 Introduction

The direct observation of natural processes is a cornerstone
of scientific inquiry, providing invaluable insights into pro-
cess dynamics (e.g., Lenton, 2016; Paredes-Mariño et al.,
2022; Singh, 2024). However, this task becomes complex
when the processes under study occur in remote and/or haz-
ardous environments. This complexity arises from multiple
factors, including the inaccessibility of studied locations, the
dynamic and often unpredictable nature of the studied pro-
cesses, and the potential risks to researchers and equipment.
These challenges necessitate the development and deploy-
ment of advanced observational technologies and method-
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ologies, such as remote-sensing, autonomous, and robust sys-
tems and remotely piloted vehicles (see Bellingham and Ra-
jan, 2007; Watts et al., 2012; Giordan et al., 2018, for re-
views, classifications, and general considerations regarding
the use of remote systems in science). For instance, un-
occupied aircraft systems (UASs), which include unoccu-
pied aircraft vehicles (UAVs, sometimes also called drones
or remotely piloted aerial systems – RPASs) and associated
equipment (i.e., embedded and payload instruments) are used
for the potential analysis of flood inundation, flood monitor-
ing, and post-flood changes (e.g., Costa et al., 2016; Le Coz
et al., 2016; Izumida et al., 2017); for wildfire monitoring
(e.g., Martínez-de Dios et al., 2011; Tang and Shao, 2015;
Allison et al., 2016); for landslide recognition, monitoring,
and hazard assessment (e.g., Giordan et al., 2015; Liu et al.,
2015; Lindner et al., 2016); and for early impact assessment
of earthquakes and building damage assessment (e.g., Boc-
cardo et al., 2015; Fernandez Galarreta et al., 2015; Hirose
et al., 2015).

Recent volcanic studies have also made use of UASs to
obtain unprecedented access to remote and/or hazardous vol-
canic environments, thereby improving our understanding of
volcano-related processes (see Jordan, 2019; Antoine et al.,
2020; James et al., 2020, for reviews, classifications, and
general considerations regarding the use of UASs in vol-
canology). More specifically, UASs are used for imaging,
georeferencing, and photogrammetric surveys using visible-
wavelength, thermal, and multispectral cameras (e.g., Zorn
et al., 2019; Thivet et al., 2020a; Civico et al., 2021); for
geophysical surveys using magnetic, gravity, and infrasound
sensors (e.g., Gailler et al., 2021; Koyama et al., 2021; Iezzi
et al., 2023); as platforms for sensor deployment in the field
(e.g., Schmid et al., 2023); and for in situ measurement and
sampling missions using multigas and particle sensors and
various types of collectors (e.g., Liu et al., 2019; Schellen-
berg et al., 2019; Sibaja-Brenes et al., 2023). Employing
UASs has been also proven to be an invaluable tool for as-
sessing volcanic hazards, conducting multidisciplinary vol-
cano monitoring, and responding to volcanic crises (e.g.,
Neal et al., 2019; Gailler et al., 2022; Román et al., 2022).

Among the many phenomena associated with volcanic
activity, ash (i.e., pyroclastic particles measuring less than
2 mm in diameter) and gas (e.g., water vapor, H2O; sulfur
dioxide, SO2; and carbon dioxide, CO2) emissions repre-
sent significant hazards during volcanic unrest and eruptions.
These emissions usually form plumes (i.e., vertical buoyant
columns of ash and gas rising from the volcanic vents) and
clouds (i.e., horizontal currents of ash and gas moving in the
atmosphere due to density contrasts and/or winds) of vari-
ous sizes, concentrations, and lifetimes (e.g., Delmelle, 2003;
Jenkins et al., 2015; Bonadonna et al., 2021). The intricate
interplay between volcanic ash, gas emissions, and the atmo-
sphere represents a complex challenge, necessitating inno-
vative and complementary approaches for comprehensive in-
vestigation. Ground-based sampling, analysis of deposits and

gas (e.g., Marchetti et al., 2022; Thivet et al., 2022; Pering
et al., 2024), and ground- and satellite-based remote-sensing
approaches (e.g., Marzano et al., 2013; Thivet et al., 2021;
Guéhenneux and Gouhier, 2024) are crucial to characterize
eruptive and degassing processes, but they miss what is dy-
namically occurring inside volcanic plumes and clouds. In
parallel, numerical models have been developed to allow bet-
ter anticipation and mitigation of the impacts of such natu-
ral events (see Folch, 2012; Costa et al., 2016; Suzuki et al.,
2016, for reviews). However, some local key parameters and
mechanisms occurring at smaller scales (e.g., in situ grain
size distribution, GSD; particle aggregation; settling-driven
gravitational instabilities, SDGIs; and local gas fluctuations)
cannot be fully studied with these methods and need to be in-
vestigated using dedicated numerical or analog experiments
(e.g., Fries et al., 2021; Lemus et al., 2021; Diaz-Vecino
et al., 2023).

To contribute to the understanding of volcanic clouds, this
paper presents an innovative use of a UAS specifically tai-
lored for the in situ sampling of volcanic ash and measure-
ments of key atmospheric parameters – especially SO2; CO2;
particulate matter 1, 2.5, and 10 (PM1, PM2.5, and PM10,
corresponding to solid aerosol particles with a diameter of
less than 1, 2.5, and 10 µm, respectively); pressure (P ); tem-
perature (T ); and relative humidity (RH) – inside or below
these clouds, in a fully controlled manner and with high spa-
tial and temporal resolutions. These key measurements are
usually performed at ground level or in piloted aircraft far
from the sources (e.g., Eliasson et al., 2016; Fries et al.,
2023; Pering et al., 2024). Airborne ash sampling has also
been tested, although without any spatial or temporal con-
trol (only using sticky tape on the UAV hull; see Mori et al.,
2016) or with collectors directly exposed to the airflow of a
fixed-wing UAV (which precludes the possibility of ash fall-
out sampling; see Schellenberg et al., 2019). PM measure-
ments (Sasaki et al., 2021) and gas sampling (Wood et al.,
2020; Shingubara et al., 2021) have also been carried out by
UASs, although never coupled with controlled particle sam-
pling that could help characterize the measured sample. The
technologies described hereafter are meant to encompass the
aspects described above and are meticulously engineered to
withstand the harsh conditions encountered in hazardous vol-
canic environments (i.e., high PM and gas concentrations)
and unpredictable weather patterns (i.e., sudden changes in
P , T , and RH).

To demonstrate the feasibility of this approach, we present
results from two campaigns conducted at Sakurajima vol-
cano (Japan) in November 2023 and at Etna volcano (Italy)
in July 2024; both of these locations are known for their fre-
quent explosive and degassing activities (Scollo et al., 2014;
Poulidis et al., 2018; Iguchi et al., 2022). Through a series
of UAV flights adapted to both the environmental conditions
and the instruments, we demonstrate the capability of the pre-
sented UAS to efficiently perform ash sampling and high-
resolution data acquisition in challenging environments. Fi-
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nally, we propose several perspectives on using and integrat-
ing these UAS technologies to study the processes involved
in volcanic plume generation as well as the volcanic cloud
composition, concentration, dispersion, and sedimentation.

2 Methods

2.1 Unoccupied aircraft vehicle (UAV)

The DJI™ Matrice 30 (Fig. 1) was selected as the oper-
ated UAV to ensure optimal performance and reliability in
challenging volcanic environments based on various con-
siderations, which are described hereafter. Note that a full
description of the UAV is available from the manufacturer
(https://enterprise.dji.com/matrice-30, last access: 20 June
2025). It should also be noted that all equipment described
in this study (included batteries) can be transported by air-
plane.

Volcanic environments are notorious for their abrasive na-
ture, especially because airborne volcanic ash poses a sig-
nificant threat to the integrity of UAS components (Brosch,
2022). Weather conditions, especially relative humidity, the
occurrence of rainfall, and wind, can also be a limitation
with respect to the UAV operational capacity (Gao et al.,
2021). An important consideration in selecting this UAV is
its excellent dust- and waterproof design, reaching the IP55
(where IP stands for ingress protection and the first and sec-
ond digits are ratings for solids and liquids on a scale from
0 to 6 and from 0 to 9, respectively) international standard
IEC 60259 (where IEC stands for International Electrotech-
nical Commission). This standard is used to rate the degree of
protection or sealing effectiveness in electrical and mechan-
ical enclosures against the intrusion of solid particles and
liquid droplets, meaning that this UAV is protected against
the ingress of dust and powerful water jets. The IP55 pro-
tection category ensures that the UAV internal mechanisms
remain shielded from abrasive volcanic ash particles and in-
tense rainfall, thereby mitigating the risk of operational fail-
ure and prolonging the lifespan of the UAV (in addition to the
anti-collision sensors). Moreover, the UAV can operate be-
tween −20 and 50 °C, at a maximum altitude of 7000 m a.s.l.
(above sea level), and with a maximum recommended wind
speed of 12 m s−1 (ca. 43 km h−1); thus it can accommodate
a wide range of environmental conditions.

The UAV has an advanced camera system designed to nav-
igate precisely and safely in difficult areas and capture valu-
able imagery in all directions. It includes a first-person-view
(FPV) camera used to optimize images under low-light con-
ditions, a wide-angle camera for the high-resolution record-
ing of general scenes, and a zoom camera for capturing spe-
cific and distant targets (see labels 1, 2, and 3 in Fig. 1a,
respectively). The UAV also features a laser rangefinder (i.e.,
telemeter; see label 4 in Fig. 1a) to measure the distance of
targeted objects from 3 to 1200 m (not applicable to volcanic

plumes and clouds). When coupled with the Global Naviga-
tion Satellite System (GNSS) of the UAV, specific targets can
be accurately positioned in space. Note that an optional ther-
mal camera can also be originally implemented in the UAV
(DJI™ Matrice 30T model, not used in this study).

Another key advantage of the UAV is its extended battery
life, providing ample autonomy for prolonged missions. In
practice and with the use of payloads, drone flights do not
exceed 30 min. Covering extensive areas without frequent
battery changes enhances operational efficiency. It maxi-
mizes data collection efforts, which are crucial for com-
prehensive monitoring and research of dynamic changes in
volcanic activity over time. Note that the batteries (DJI™
TB30) can be easily changed to quickly chain the flights,
without having to turn off the UAV. Furthermore, the small
size (i.e., 365×215×195 mm in folded position), lightweight
(i.e., 3770 g without payload, maximum recommended take-
off weight of 4069 g), and quadcopter (i.e., four rotors) na-
ture of the UAV renders it exceptionally transportable in the
field and maneuverable in flight, allowing precise navigation
through complex terrain as well as stationary or mobile sam-
pling and measurement missions.

The UAV boasts a small payload capacity that is suitable
for accommodating external instruments (maximum recom-
mended of 299 g). Nevertheless, this capability facilitates
the integration of specialized sampling and sensor devices
(see Figs. 1a and 2 and the subsections hereafter), enabling
real-time sample and data acquisition without compromis-
ing flight stability or maneuverability. Payload devices are at-
tached via mounting brackets (label 5 in Fig. 1a), and some of
them can be directly connected to the Payload Software De-
velopment Kit (PSDK) port of the UAV (label 6 in Fig. 1a) to
be supplied with energy and to directly display the acquired
data in real-time through the UAV remote controller (feature
used with the multigas detector; see 1b). The UAV beacon
light is also shown (label 7 in Fig. 1a), as it is used to con-
trol some of the payload devices described in the following
subsection. Of paramount importance, numerical and exper-
imental studies on quadcopters have consistently shown that
turbulence is predominantly generated below each UAV pro-
peller, with only minor turbulence occurring above them. No-
tably, there is an absence of significant turbulence in the areas
between and above the propellers (e.g., Hwang et al., 2015;
Ventura Diaz and Yoon, 2018; Carreño Ruiz et al., 2022),
which is where payload devices are typically located. This
minimal turbulence generation in these regions is crucial for
the stable operation of UASs during flight. This feature is
particularly advantageous for volcanic ash sampling and for
aerosol and gas analysis, which are thus not impacted during
UAV flights.

Note that the remote controller of the UAV has an inte-
grated screen that provides all information about the UAV,
shows videos from all cameras, and allows the user to con-
trol additional payloads. Moreover, it has IP54, which is also
crucial for harsh conditions. The remote controller allows
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Figure 1. The DJI™ Matrice 30 unoccupied aircraft vehicle (UAV). (a) Schematic of the UAV, illustrating the main characteristics described
in the text. (b) Photo of the UAV in flight (just after takeoff and heading to the visible gas-rich cloud on the morning of 7 November 2023)
at Sakurajima, carrying the Soarability™ Sniffer4D Mini2 multigas hardware (see the text for more information).

long-range operation and telemetry data transmission, even
though the UAV can fly autonomously.

2.2 Payload instruments

In the present study, we show four different payload instru-
ments that can be installed on the UAV and used individually.
Three instruments were fully developed in-house and dedi-
cated to airborne ash collection (airborne ash collector device
A2C) with additional particle counting (airborne ash collec-
tor and counter device A2C2) and image recording (airborne
ash collector and counter with camera device A2C3). Finally,
a commercial instrument was acquired (Soarability™ Snif-
fer4D Mini2 multigas hardware) for atmospheric multigas
analysis and particle concentration.

2.2.1 Airborne ash collector (A2C)

The newly developed A2C (Fig. 2a) is dedicated to airborne
volcanic ash sampling at controlled altitudes and distances
from the emission sources (i.e., active volcanic vents). It
is made of robust, metallic and 3D-printed-plastic pieces
and low-priced, commercially available devices and consum-
ables, potentially facilitating its widespread use in the study
of airborne volcanic ash. Electrical components are sealed
with rubber or silicon to avoid any potential abrasion or cor-
rosion. The total weight of the device is 170 g, thereby mak-
ing it suitable with respect to the UAV maximum recom-
mended takeoff weight. The device can be fixed to the UAV
via an attachment support for the UAV mounting bracket
(label 1 in Fig. 2). It is independently powered by a small,
rechargeable 7.4 V and 400 mA h lithium-ion battery (label 2
in Fig. 2) capable of powering the entire device for ca. 5 h,
which is sufficient when compared to the UAV autonomy.
The battery is directly linked to the electronic controller box
(label 3 in Fig. 2). A light sensor (label 4 in Fig. 2) is de-
signed to be positioned directly above the UAV beacon light
(label 5 in Fig. 2) that can be switched on and off directly
with the UAV remote controller (label 6 in Fig. 2). The elec-

tronic controller is programmed to close the ash collector
cover (label 7 in Fig. 2) when the beacon light is on and to
open the cover when the beacon light is off, thanks to a ser-
vomotor (label 8 in Fig. 2) that can rotate the ash collector
cover by 90°. Hence, the UAS operator has full control over
when and where to confidently perform volcanic ash sam-
pling, which is the leading innovative point achieved by this
device. Note that, contrary to uncontrolled collection meth-
ods (Mori et al., 2016) and to collectors directly exposed to
a fixed-wing UAV airflow (Schellenberg et al., 2019), the
A2C is designed to collect particles that are settling ver-
tically (i.e., ash fallout). When the ash collector cover is
open, samples can be collected in two types of ash collec-
tor (Fig. 2b). One collector is designed to hold conductive
carbon tape stuck on a glassy thin section of standard dimen-
sions of 48 × 28 mm (label 9 in Fig. 2). This technique has
previously been used in various studies at ground level (e.g.,
Bonadonna et al., 2011; Bagheri et al., 2016; Gabellini et al.,
2022). The second collector is designed with an additional
rubber tank of inner dimensions of 43 × 23 mm (label 10 in
Fig. 2) that can accommodate ultraviolet (UV) resin, which
can better conserve the structure of potential particle aggre-
gates during sampling compared to the use of carbon tape
(Gabellini et al., 2024) and which can be immediately solid-
ified after the UAV landing using a UV lamp (curing time of
2 to 3 min; sunlight only is not enough to solidify the resin).
Note that the A2C displays two sampling slots; hence, it can
perform the two sampling methods simultaneously. This can
be useful for further and different laboratory analyses (e.g.,
Gurioli et al., 2022; Ross et al., 2022; Gabellini et al., 2024).
Note that the design of this payload does not allow one to use
the two sampling slots at different times.

2.2.2 Airborne ash collector and counter (A2C2)

To better interpret the collected airborne ash samples, we
also used an optical particle counter (OPC) for in situ and
real-time measurement of fine GSDs (i.e., below 40 µm) and
PM1, PM2.5, and PM10 concentrations (Bonadonna et al.,
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Figure 2. Payload instrument developed in-house. (a) Schematic (isometric view) of the airborne ash collector device (A2C) dedicated to
ash sampling only (it has two ash collector slots). (b) Photo of the two types of ash collectors; the bottom collector hosts a glassy thin section
with conductive carbon adhesive tape, while the top collector is designed to host ultraviolet (UV) resin. (c) Schematic (isometric view) of
the airborne ash collector and counter device (A2C2) dedicated to ash sampling (one ash collector slot) and simultaneous fine-ash counting.
Counting is performed by an integrated Alphasense™ N3 optical particle counter (OPC). (d) Photo (view from the bottom) of the A2C2;
the OPC outlet fan and the light sensor are visible. (e) Photo of the airborne ash collector and counter with camera device (A2C3) dedicated
to ash sampling, counting, and image recording. Images are recorded by a Raspberry Pi Camera Module 3 connected to a Raspberry Pi 4
Model B single-board computer. (f) Photo of the A2C2 attached to the unoccupied aircraft vehicle (UAV) ready to fly. Note that the ash
collector cover is open, as the beacon light of the UAV is off. See the text for a more detailed explanation.

2012). Therefore, the A2C2 was developed (Figs. 2c and d).
It shares the same characteristics as the A2C, but it only has
one sampling slot, which allows more space to integrate an
Alphasense™ N3 OPC (label 11 in Fig. 2). Note that the total
weight of the device is 250 g, which is also suitable for the
UAV maximum recommended takeoff weight.

This OPC is recognized by the International Organization
for Standardization (ISO) 9001:2015 certification. This de-
vice uses an embedded laser diode (658 nm, class-1 laser
product, as the laser source is inaccessible). Similarly to con-
ventional OPCs, it measures the light scattered by solid parti-
cles carried in a sample airstream through a laser beam. Raw
data are used to determine particle sizes, which are related
to the intensity of light scattered via a calibration based on
the Mie scattering theory (Flagan and Seinfeld, 2012). PM1,
PM2.5, and PM10 concentrations are directly calculated from
the raw particle count spectra assuming a standard particle
density (which can be changed as volcanic particles usually
span a density range between 2490 and 2980 kg m−3, de-
pending on their size and composition; see Vogel et al., 2017)
and refractive index (equal to 1.5, which is coherent with val-
ues of fine volcanic particles; see also Vogel et al., 2017). The
detection range is from 0.3 to 40 µm (spherical equivalent
size), and data (acquired every 1.398 s) are stored in the inte-

grated memory of the OPC. This device is factory-calibrated
using particles of known diameter and refractive index. Tests
confirmed that the way the A2C2 is displayed on the UAV
does not restrict its airflow (from its intake, pointed upwards,
to its outtake, pointed downwards). However, because the
fan speed can vary, the sample flow rate through the OPC
may also change (0.21 L min−1 on average). Such variations
are monitored and corrected dynamically by the OPC so that
the particle concentrations and derived PM values are unaf-
fected by moderate flow variations. The OPC has onboard
T and RH sensors. Note that a full description of the OPC
is available from the manufacturer (https://www.alphasense.
com/products?keyword=opc-n3, last access: 20 June 2025).
It should also be noted that, as the airflow intake of the OPC
is pointed upwards, a particle umbrella and grid (mesh of
2 × 4 mm), which does not interfere with particle flow, is lo-
cated around the air intake to avoid large objects from enter-
ing the unit (label 12 in Fig. 2).

2.2.3 Airborne ash collector and counter with camera
(A2C3)

In a third step, the A2C3 was further developed by adding
a miniaturized camera to the A2C2 (Fig. 2e). The camera
faces the ash collector to image sequences of falling parti-
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cles. The objective is to monitor particle size and settling ve-
locity and to document if particles bounce or break following
impact on the ash collector. Images are particularly useful for
distinguishing between the different types of ash aggregates
(Brown et al., 2012; Bagheri et al., 2016; Diaz-Vecino et al.,
2022), as images allow us to visualize how aggregates even-
tually break upon impact on the ash collector. Note that the
total weight of the device sits right at the maximum recom-
mended payload UAV capacity (299 g).

The camera is a Raspberry Pi Camera Module 3, which
is small (25 × 24 × 11.5 mm), lightweight (4 g), low-cost,
versatile, and adaptable to a wide range of usages, includ-
ing volcanology (Wilkes et al., 2017; Andò et al., 2021;
Del Rosso et al., 2021). Here, the camera (label 13 in Fig. 2)
is fixed on the side of the grid and connected to a Raspberry
Pi 4 Model B single-board computer (label 14 in Fig. 2),
which is placed on the side of the structure. The computer
is powered through the PSDK port of the UAV (label 6
in Fig. 1a) and set up to record images automatically on
startup. The image resolution is set at 1200 × 600 pixels,
allowing the user to record videos at a frame rate of ca.
100 fps (frames per second). The depth of field is fixed at
ca. 8 cm, and the spatial resolution is 33 µm per pixel. Videos
are saved in the internal memory of the computer. Note that
full descriptions of the camera and associated computer are
available from the manufacturer (https://www.raspberrypi.
com/documentation/accessories/camera.html, last access:
20 June 2025, and https://www.raspberrypi.com/products/
raspberry-pi-4-model-b/specifications/, last access: 20 June
2025).

2.2.4 Multigas detector

In the scope of measuring complementary key atmospheric
parameters, a commercial multigas detector developed by
Soarability™ and specifically designed for the DJI™ Ma-
trice 30 UAV was acquired (Fig. 1b). This multigas device
is called Sniffer4D Mini2 and can obtain up to nine aerosol
and gas concentrations at one time. It is the miniaturized ver-
sion of the multigas detectors presented in Godfrey et al.
(2023). We specifically choose the detection of SO2, CO2,
PM1, PM2.5, and PM10 concentrations to focus on the study
of volcanic gases and aerosols (the device also records P ,
T , and RH). Note that our device version weighs 269 g,
which is suitable for the UAV maximum recommended take-
off weight.

This multigas detector is directly connected to the PSDK
port of the UAV (Fig. 1), which delivers enough energy to
power the device and allows real-time data transmission (for
PM, SO2, and CO2 concentrations) to the UAV remote con-
troller (label 6 in Fig. 2). The device’s built-in cellular con-
nectivity also enables secure real-time data transmission with
unlimited range (except for some uncovered areas), which fa-
cilitates the 3D real-time visualization of gas concentration
distributions and adapts UAV flight navigation according to

the scientific objectives. Data (acquired every 1 s) are also
saved in the device’s internal memory. The active air intake
fan on the back of the device allows the evacuation of sam-
pled air, with the sample flow rate being ca. 10 L min−1. The
filter on the front side can filter floating and coarse objects
in the air. Note that a full description of the multigas device
is available from the manufacturer (https://www.soarability.
com/sniffer4d-uav-multi-gas-sensing, last access: 20 June
2025). All device modules are certified and calibrated on an
annual basis by the manufacturer using adapted calibration
chambers, to avoid any drift impact on the acquired data.

Similarly to OPCs, the PM sensing module is based on
laser scattering, with a particle counting effectiveness of
50 % at 0.3 µm, rapidly reaching 98 % above 0.5 µm. It can
measure particle concentration between 1 µg m−3 (value of
sensitivity) and 1000 µg m−3 with a maximum measurement
deviation of ±2 %. The module has an on-chip proprietary
humidity correction algorithm, enabling better data quality
in a wide humidity range (from 0 % to 95 %).

The detection method of the wide-range CO2 sensing
module is based on nondispersive infrared (NDIR) absorp-
tion, as commonly encountered for CO2 sensors (e.g., Rüdi-
ger et al., 2018; Liu et al., 2020; Pering et al., 2024). It
can measure CO2 concentrations between 0.01 % (100 ppm,
value of the sensitivity) and 5 % with a maximum measure-
ment deviation of ±2 %. The module has on-chip propri-
etary environmental and individual difference compensation
algorithms, enabling better data quality in wide tempera-
ture (from −20 to 50 °C) and relative humidity (from 0 %
to 95 %) ranges as well as in the range of atmospheric pres-
sures.

Finally, the detection method of the wide-range SO2 sens-
ing module is based on electrochemistry, as commonly en-
countered for SO2 sensors (e.g., Rüdiger et al., 2018; Liu
et al., 2020; Pering et al., 2024). It can measure SO2 con-
centrations between 0.000075 % (750 ppb, value of the sen-
sitivity) and 0.01 % with a maximum measurement deviation
of ± 4 %. The module has on-chip proprietary environmental
and individual difference compensation algorithms, enabling
better data quality in wide temperature (from −20 to 50 °C)
and humidity ranges (15 % to 90 %).

Note that the overall response times of the PM, CO2, and
SO2 modules are 10, 30, and 40 s, respectively. Knowing
these times, all recorded data (PM, CO2, and SO2 concen-
trations; P ; T ; and RH) are automatically synchronized by
the internal algorithm of the device to enable a comparison
of these parameters in space and time.

2.3 Field strategy and data processing

The aforementioned instruments were deployed at Sakura-
jima volcano (Fig. 3) in November 2023 and Etna volcano
(Fig. 4) in July 2024. In particular, the A2C, A2C2, and multi-
gas detector were used at Sakurajima, whereas the A2C3 was
only tested at Etna.
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Figure 3. Location and general features of Sakurajima volcano.
(a) Localization of Sakurajima at a global scale. (b) Aerial photo
of the active craters of Sakurajima. Abbreviations used in the figure
are as follows: MCA – Minamidake crater vent A; MCB – Minami-
dake crater vent B; SC – Showa crater. (c) Map of Sakurajima edi-
fice. White lines delimit the summit craters shown in panel (b). The
dashed white circle represents the current exclusion zone (for a cur-
rent alert level of 3, on a five-point scale, representative of frequent
Vulcanian eruptions) delimited 2 km around the active craters.

Sakurajima volcano is situated in the northern part of
Kagoshima Bay (Kyūshū, the most southerly of the four
largest islands of Japan) (Fig. 3a). Since 1955, frequent vol-
canic activity has been observed either in Minamidake crater
(vent A and B) or in Showa crater. This activity alternates
between degassing periods and frequent Vulcanian explo-
sions, both potentially producing ash- and/or gas-rich vol-
canic plumes and clouds of various intensities and features
(e.g., Poulidis et al., 2018; Freret-Lorgeril et al., 2022; Tak-
ishita et al., 2024) (Fig. 3b). A main road goes around the vol-
cano that allowed us to position ourselves directly near/below
volcanic clouds depending on the winds and to fly the UAS
over the restricted area (2 km exclusion zone around the ac-
tive craters for a current alert level of 3) if needed (Fig. 3c).

Etna volcano is situated in the eastern part of the island of
Sicily, in southern Italy (Fig. 4a). Volcanic activity, charac-
terized by persistent degassing, ash emissions, Strombolian
activity, and intense lava fountains (also named paroxysmal
episodes), is usually observed in the Bocca Nuova, Voragine
(with Bocca Nuova and Voragine both forming the central
craters), Northeast, or Southeast craters (note that paroxys-
mal activity has been only observed at the Southeast and Vor-
agine craters; Fig. 4b). Since 2010, Etna has often experi-
enced paroxysmal eruptions that generate ash plumes (e.g.,
Calvari et al., 2018; Marchetti et al., 2022; Scollo et al.,
2019). Depending on the wind, areas subject to fallout are

Figure 4. Location and general features of Etna volcano. (a) Lo-
calization of Etna at a global scale. (b) Aerial picture of the active
vents of Etna. Abbreviations used in the figure are as follows: VC
– Voragine crater; NEC – Northeast crater; SEC – Southeast crater.
Note that the Bocca Nuova crater (BNC) is located just behind and
at the base of the Voragine crater in this photo. (c) Map of Etna
edifice. White lines delimit the summit craters shown in panel (b).

mainly located in the southeast sector of the volcano (Scollo
et al., 2013), which is accessible by several roads (Fig. 4c).

Note that UAV flights were conducted manually (to be able
to adapt to any sudden change in volcanic and environmental
conditions) and respecting local rules (e.g., UAV registered
with the Swiss, European, and Japanese authorities and no
flying over infrastructure or people), with a second opera-
tor in charge of securing takeoff and landing areas as well
as visually following the UAV as much as possible. Note that
UAV flights were restricted to a maximum of 500 and 1500 m
above the takeoff points at Sakurajima and Etna, respectively.
No major issues occurred during the measurements. Trans-
mission between the remote controller and the UAV cut out
once because of the distance and ground topography, but it
was recovered as soon as the UAV automatically returned to
the takeoff point. Note that the exposure to volcanic gases
showed limited impacts on the UAS, with apparent corrosion
only appearing on the metallic grid of the A2C2 and A2C3.

During the field campaigns, ground-based cameras were
set up almost perpendicularly to the main dispersal axis of
the occurring volcanic clouds in order to have complemen-
tary imaging. Volcanic plumes’ elevations were inferred fol-
lowing the procedure described in Simionato et al. (2022),
although also applying a correction to account for the effect
of wind (as detailed in Snee et al., 2023). The wind direction
was retrieved from the ERA5 hourly data on pressure levels
(Hersbach et al., 2023). This is an important step to locate
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the UAV’s altitude compared to the cloud’s altitude, after the
image processing (Fig. 5).

Note that an average PM density of 2500 and 2800 kg m−3

has been considered for the OPC measurements for Sakura-
jima and Etna, respectively, according to the magma com-
position of each volcano (Bagheri et al., 2016; Ferlito et al.,
2017). OPC raw data (i.e., particle counts) were then con-
verted to mass, considering that the optical equivalent diam-
eter is equivalent to the geometric diameter.

Ash samples were analyzed in the laboratory with a
Keyence™ VHX-7000 optical microscope, which enabled
the acquisition of multi-focused (z-stacking technique) high-
definition images, at different magnifications (from ×100
to ×1000), allowing for the reconstruction of the sam-
ples’ GSDs after image binarization, considering the equiv-
alent spherical diameter (ESD) of each particle (defined as
the diameter of a sphere that would exhibit the same pro-
jected area as the irregularly shaped particle under con-
sideration). Particle counts are also converted into mass
considering spherical particles. Note that a full descrip-
tion of the microscope and associated software is available
from the manufacturer (https://www.keyence.com/products/
microscope/digital-microscope/vhx-7000/, last access: 20
June 2025).

3 Results

Three volcanic events at Sakurajima and one event at Etna
have been used as case studies. They are representative of
different types of volcanic activity (Fig. 5), for which UAS
sampling and measurements were performed with different
objectives and scopes. Note that the UAV was always con-
trolled in real time in order to be able to instantaneously
adapt the flights, sampling, and measurements depending on
the volcanic and atmospheric conditions.

The first case study is an explosive event that started from
Minamidake crater (acquired data do not permit one to distin-
guish between vent A or vent B; see Fig. 5a) at Sakurajima on
10 November 2023 at 11:17:25 LT (local time; time format:
hh:mm:ss). It produced a buoyancy-driven ash-loaded plume
of relatively low altitude (maximum of ca. 1250 m a.s.l.) that
was dispersed into two wind-advected clouds associated with
two wind directions present at different elevations. The main
cloud was dispersed toward the northwest by a downslope
wind, which often occurs at Sakurajima (Poulidis et al.,
2017). This brought the cloud down to ca. 550 m a.s.l. (see
File S1 in the Supplement for the altitude parameterization).
This relatively low altitude allowed a direct in situ UAV flight
into the cloud (see label 4 in Fig. 5a) using the A2C2 device,
as the UAV takeoff point was at 408 m a.s.l. at this location
(at the old observatory near the Yunohira observation deck,
with a maximum UAV flight altitude of 908 m a.s.l.).

The second case study is an explosive event from Mi-
namidake crater (vent A or vent B) at Sakurajima that

started on 11 November 2023 at 14:28:47 LT (Fig. 5b). Sim-
ilarly to the first case study, it produced a buoyancy-driven
ash-loaded plume of relatively low altitude (maximum of
ca. 1400 m a.s.l.). However, the associated ash-loaded cloud
dispersed ash towards the southwest and progressively in-
creased in altitude. For instance, the cloud base and top were
at ca. 1700 and 2550 m a.s.l., respectively, at a distance of
2 km from the source, where airborne sampling was per-
formed (see File S1 for the altitude parameterization). Con-
trary to the first case study, UAV flight was only possible
below the cloud (see label 5 in Fig. 5b), as the UAV take-
off point was at 85 m a.s.l. at this location (at the Arimura
lava observation deck, with a maximum flight altitude of
585 m a.s.l.); hence, the sedimentation of particles associated
with the cloud was scoped using the A2C2 device.

The third case study is a paroxysmal eruption that occurred
at Etna on the morning of 23 July 2024 (Fig. 5c). Sustained
lava fountains were observed from the Voragine crater be-
tween ca. 5:00:00 and 10:00:00 LT. This activity generated
a buoyancy-driven ash-loaded plume at an average altitude
of 7000 m a.s.l. that moved towards the south because of the
wind (see File S1 for the altitude parameterization). Thus,
UAV flight was only possible below the cloud (see label 8 in
Fig. 5c), as the UAV takeoff point was at 1883 m a.s.l. at this
location (near the Sapienza refuge, with a maximum flight
altitude of 2383 m); hence, the sedimentation of particles as-
sociated with the cloud was scoped using the A2C3 device at
a distance of 6 km from the vent.

The fourth and last case study represents a continuous de-
gassing at Sakurajima that occurred during the afternoon of
19 November 2023 without any explosive event (Fig. 5d).
This active degassing produced a gas-rich cloud from the
Minamidake crater (vent A or B) that was dispersed to the
southwest. Most importantly, this cloud was dispersed from
low (ca. 500 m a.s.l.) to medium (ca. 2000 m a.s.l.) altitudes
(see File S1 for the altitude parameterization), which allowed
one to scope the base of this gas-rich cloud using the multi-
gas detector, as the UAV takeoff point was at 85 m a.s.l. at
this location (at the Arimura lava observation deck, with a
maximum flight altitude of 585 m a.s.l.).

3.1 First case study: ash sampling and analysis with
the A2C2 device inside the ash-loaded cloud on
10 November 2023

The first case study is described based on a 9.7 min long UAV
flight along the trajectory shown in Fig. 6a (see also File S2
for the UAV flight report). The OPC was active during the
whole UAV flight (Fig. 6b), but sampling was only performed
during 2 min at the closest position to the eruptive source and
in a stationary position (see label 4 in Fig. 6). Note that no
particular flying issues were reported inside the cloud.

Grain size data acquired by the OPC (see File S3 for raw
data) show steady baselines at both the beginning and the
end of the measurement (i.e., before 11:25:30 LT and after
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Figure 5. Characterization of the events shown in this study. Labeled sites correspond those shown in Figs. 3c and 4c. All times provided
in this study are local times (time format: hh:mm:ss). Ground-based photos show equal-elevation (m) isolines for each wind-corrected cloud
plane (crater rim altitude in the cloud plane is defined at 0 m). (a) Explosive event that started at Sakurajima on the morning of 10 November
2023. (b) Explosive event that started at Sakurajima on the afternoon of 11 November 2023. (c) Paroxysmal eruption that started at Etna on
the morning of 23 July 2024. (d) Continuous degassing that occurred at Sakurajima on the afternoon of 19 November 2023.

11:29:30 LT). The baseline at the beginning is characterized
by the slight occurrence of PM2.5 and a scarcer occurrence of
particles up to 8 µm. As a result, PM1, PM2.5, and PM10 con-
centrations are typically lower than 5, 10, and 40 µg m−3, re-
spectively. The baseline at the end is characterized by slightly
higher levels of PM concentrations (i.e., maximum of 10,
40, and 100 µg m−3 for PM1, PM2.5, and PM10, respectively)
with a scarcer occurrence of particles up to 16 µm.

The ash-loaded cloud is identified between 11:25:30 and
11:29:30 LT, as OPC data are characterized by a sudden in-
crease in the particle concentration up to 16 µm, with a scarce
occurrence of particles up to 22 µm. As a result, the maxi-
mum PM1, PM2.5, and PM10 concentrations measured in the
cloud are 100, 3000, and 80 000 µg m−3, respectively. This
corresponds to an OPC grain size mode of between 4 and
16 µm (see File S3 for histograms), without any significant

number of particles below or above this range (i.e., good
grain size sorting within the OPC measurement range). It
should also be noted that a significant and unlikely lack of
PM1 and PM2.5 characterizes two narrow areas in the cloud.

The ash collector was opened between 11:29:00 and
11:31:00 LT, allowing the carbon tape to collect particles
from the ash-loaded cloud for ca. 30 s (Fig. 6b). Particle dis-
tribution on the tape is not homogeneous (most of the par-
ticles were collected on the lower-left half of the tape; see
also Fig. 6c and Files S4 and S5 for more detailed images
and particle counting). Above the OPC measurement range,
the GSD reconstructed from the image analysis of the col-
lected sample (Fig. 6d) shows a relatively wide and unimodal
distribution, with a mode between 63 and 125 µm. Note that
particles above 250 µm should not be considered to be sin-
gle particles but, rather, ash aggregates (all types of particle

https://doi.org/10.5194/amt-18-2803-2025 Atmos. Meas. Tech., 18, 2803–2824, 2025



2812 S. Thivet et al.: Volcanic ash sampling and aerosol–gas analysis

Figure 6. Results obtained by the A2C2 device for the 10 November 2023 explosive event at Sakurajima. (a) UAV flight path (red line) during
which the optical particle counter (OPC) analysis was performed. The green square (labeled 4) corresponds to the site shown in Figs. 3c and
5a and represents the ash sampling location and duration (also shown in panel b). White lines delimit the active craters shown in Fig. 3b
(MCA – Minamidake crater vent A; MCB – Minamidake crater vent B; SC – Showa crater). (b) Particulate matter (PM) concentrations
and grain size spectrogram from the optical particle counter (OPC) data. (c) Optical microscopy images of the collected sample at different
scales. (d) Grain size distribution (GSD) inferred from image analysis of the collected sample.

clusters, PCs, following the Brown et al., 2012, and Bagheri
et al., 2016, nomenclatures, are observed; see also Fig. 6c).

3.2 Second case study: ash sampling and analysis with
the A2C2 device below the ash-loaded cloud on
11 November 2023

The second case study is described based on an 8.6 min long
UAV flight along the trajectory shown in Fig. 7a (see also
File S2 for the UAV flight report). The OPC was active dur-
ing the whole UAV flight (Fig. 7b), but A2C2 sampling was
performed during 5 min at the closest position to the eruptive
source and in a stationary position (see label 5 in Fig. 7).

Grain size data acquired by the OPC (see File S3 for raw
data) show different patterns compared to those characteriz-
ing the first case study. The whole UAV flight outlined an
unsteady baseline, characterized by the slight occurrence of
particles up to 8 µm, resulting in low PM concentrations with
similar values to the beginning baseline of the first case study.
However, this baseline is intersected by numerous and brief
(i.e., 2–20 s) peaks in particles from 0.3 to 32 µm, with a
systematic mode between 8 and 16 µm (see File S3 for his-

tograms), resulting in a spontaneous increase in PM concen-
trations (i.e., up to 20, 300, and 3000 µg m−3 for PM1, PM2.5,
and PM10, respectively).

The ash collector was opened between 14:35:00 and
14:39:00 LT, allowing the carbon tape displayed on a thin
section to collect particles from the sedimentation of the ash-
loaded cloud for 4 min (Fig. 7b). Contrary to the first case
study, the particle distribution on the tape was homogeneous
(Fig. 7c; see also Files S4 and S5 for more detailed images
and particle counting). Above the OPC measurement range,
the GSD reconstructed from the image analysis of the col-
lected sample (Fig. 7d) shows an unimodal and asymmetric
distribution, skewed towards relatively coarse sizes, with a
mode between 250 and 500 µm. Interestingly, particle aggre-
gation (mostly represented in the 125 to 500 µm range) is
much more developed than in the first case study (all types
of PCs are observed).
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Figure 7. Results obtained by the A2C2 device for the 11 November 2023 explosive event at Sakurajima. (a) UAV flight path (red line) during
which the optical particle counter (OPC) analysis was performed. The green square (labeled 5) corresponds to the site shown in Figs. 3c and
5b and represents the ash sampling location and duration (also shown in panel b). White lines delimit the active craters shown in Fig. 3b
(MCA – Minamidake crater vent A; MCB – Minamidake crater vent B; SC – Showa crater). (b) Particulate matter (PM) concentrations
and grain size spectrogram from the optical particle counter (OPC) data. (c) Optical microscopy images of the collected sample at different
scales. (d) Grain size distribution (GSD) inferred from image analysis of the collected sample.

3.3 Third case study: ash sampling and analysis with
the A2C3 device below the ash-loaded cloud on
23 July 2024

The third case study is described based on a 21.7 min long
UAV flight along the trajectory shown in Fig. 8a (see also
File S2 for the UAV flight report). The OPC was active during
the whole UAV flight (Fig. 8b), but A2C3 sampling was only
performed for 7 min above the UAV takeoff position and in a
stationary position (see label 8 in Fig. 8).

Grain size data acquired by the OPC (see File S3 for raw
data) show a steady baseline during the whole flight, char-
acterized by the systematic absence of particles above 10 µm
and low particle mass below this threshold, resulting in low
PM concentrations with similar values as the beginning base-
line of the first case study.

The ash collector was opened between 08:10:00 and
08:17:00 LT, allowing the carbon tape displayed on a thin
section to collect particles from the sedimentation of the ash-
loaded cloud for 7 min (Fig. 8b). The particle distribution on
the tape was homogeneous (Fig. 8c; see also Files S4 and S5
for more detailed images and particle counting). The GSD re-

constructed from the image analysis of the collected sample
(Fig. 8d) shows an unimodal and narrow distribution, with a
mode between 500 and 1000 µm. It should also be noted that
ash aggregation was not observed.

The image sequence captured by the camera installed on
the A2C3 allows one to discriminate between (1) particles
that are directly falling and sticking in the ash collector (lin-
ear trajectories) and (2) particles that are first rebounding
on the UAS before being collected (parabolic trajectories).
The particle size and falling velocity are estimated for a sin-
gle particle that has been clearly identified to directly fall
and stick in the ash collector (see the red square in Fig. 8e;
see also File S6 for raw data). This particle has an esti-
mated falling velocity of 1.9 m s−1 and an average diameter
of 643 µm (in agreement with the Fig. 8c, which shows the
same particle in the ash collector). The sampling window and
the analysis time of the video would need to be increased
to get more measurements of particles, in order to increase
the representativeness and reproducibility of these measure-
ments.
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Figure 8. Results obtained by the A2C3 device for the 23 July 2024 paroxysmal eruption at Etna. (a) UAV flight path (red line) during which
the optical particle counter (OPC) analysis was performed. The green square (labeled 8) corresponds to the site shown in Figs. 4c and 5c and
represents the ash sampling location and duration (also shown in panel b). White lines delimit the summit craters shown in Fig. 5b (BNC
– Bocca Nuova crater; VC – Voragine crater; NEC – Northeast crater; SEC – Southeast crater). (b) Particulate matter (PM) concentrations
and grain size spectrogram from the optical particle counter (OPC) data. (c) Optical microscopy images of the collected sample at different
scales. (d) Grain size distribution (GSD) inferred from image analysis of the collected sample. (e) Sequence example of a single ash fallout
particle imaged by the camera, with the annotated equivalent diameter and settling velocity (the full video is available in the Supplement).
Note that the farthest corner of the sampling area corresponds to the top-right corner of the sample image shown in panel (c). The particle
framed in red corresponds to the particle shown in panel (c).

3.4 Fourth case study: atmospheric analysis with the
multigas detector inside the gas-rich cloud on
19 November 2023

The fourth case study is based on a 15.6 min long UAV flight
along the trajectory shown in Fig. 9a (see also File S2 for the
UAV flight report). The multigas analysis has been cropped
to the maximum flight altitude of 589 m a.s.l. to show the data
acquired during a horizontal flight at a steady altitude, try-

ing to cover the area of the base of the gas-rich cloud. This
represents a 9 min long and continuous atmospheric analysis
(Fig. 9b; see also File S7 for raw data).

CO2 concentrations (between 0.06 % and 0.07 %), T (be-
tween 4 and 6 °C), and RH (between 51 % and 59 %) do not
show significant variations during the entire multigas anal-
ysis. Nevertheless, high variations in SO2 and PM concen-
trations are observed, and acquired data can be classified
into three different areas. First, one small part of the multi-
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Figure 9. Results obtained by the multigas detector. White lines delimit the active craters shown in Fig. 3b (MCA – Minamidake crater
vent A; MCB – Minamidake crater vent B; SC – Showa crater). (a) UAV flight path during the multigas analysis for the 19 November 2023
continuous degassing period (see Figs. 3c and 5d). (b) Particulate matter (PM) and sulfur dioxide (SO2) concentrations are a function of
time. Note that the time represented in panel (b) is correlated to the UAS location shown in panel (a), as the UAV flew at a horizontal speed
of 65 ± 21 km h−1.

gas analysis measured the atmospheric baseline out of the
gas-rich cloud (white line and area in Fig. 9), as SO2 con-
centrations were at 0 ppm and PM concentrations were at
baseline levels (i.e., lower than 40 µg m−3 for PM1, PM2.5,
and PM10). Second, the main part of the multigas analysis
showed cloud areas where SO2 and PM concentrations were
correlated (yellow lines and areas in Fig. 9). SO2 concen-
trations of up to 1.4 ppm and respective PM1, PM2.5, and
PM10 concentrations of up to 250, 380, and 470 µg m−3 were
measured. Third, and most interestingly, some of the parts of
the multigas analysis scoped cloud areas where SO2 and PM
concentrations were inversely correlated (blue lines and areas
in Fig. 9). More specifically, these areas showed a sudden in-
crease in PM concentrations (up to ca. 450 µg m−3 for PM1,
PM2.5, and PM10) with a relatively low level of SO2 (down
to 0.2 ppm).

4 Discussion

4.1 Different OPC and sample signatures inside and
below ash-loaded clouds as revealed by the A2C2
and A2C3 devices

OPC data acquired outside the volcanic cloud on 10 Novem-
ber 2023 (Fig. 6b) are characterized by low PM concentra-
tions (PM10 lower than 40 µg m−3), in accordance with con-
centrations generally measured in the ambient atmosphere
(e.g., Dongarrà et al., 2010; Filonchyk et al., 2016; Morino
et al., 2018). The fact that PM baseline values after the cloud
interception are slightly higher (PM10 up to 100 µg m−3) than
at the beginning of the measurement period suggests that ei-
ther the volcanic cloud left some slight traces of fine parti-
cles in the atmosphere on the UAS trip back to base or the
OPC needs some time to balance and clean itself after pass-
ing through areas with high particle concentrations.

Nevertheless, these relatively low baseline concentrations
contrast with the higher ones measured inside the ash-
loaded cloud on 10 November 2023 (PM10 concentrations
of up to 80 000 µg m−3; see Fig. 6b), which are signifi-
cantly above the guideline values for daily (250 µg m−3)
and annual (150 µg m−3) maximum exposures to PM10 pro-
vided by the International Volcanic Health Hazard Network
(IVHHN, https://www.ivhhn.org/index.php/, last access: 20
June 2025). Even though more regular measurements are re-
quired to assess the real evolution of PM10 values during
these periods, it is important to note that a downslope wind
brought this cloud to low altitudes, which often occurs in the
Sakurajima area (Poulidis et al., 2017), resulting in potential
exposure to high PM concentrations at ground level. The life-
time of the high-PM-concentration anomaly (ca. 4 min and
segmented into two parts, probably because the UAS was
at the edge of the cloud) agrees with the fact that the OPC
intercepted the ash-loaded cloud (Fig. 5a). We interpret the
unlikely lack of PM1 and PM2.5 at the beginning and the end
of the cloud interception (Fig. 6b) as a hardware bias, as pre-
vious laboratory tests have shown that the OPC displays null
or unusually small values when measuring extreme concen-
trations of small particles. Note that another OPC bias can
also occur when the UAS moves due to the orientation of the
OPC, which sucks air that is moving perpendicular to its in-
let. With this setup, the particle sampling bias increases as
particles get larger (i.e., non-isokinetic sampling). However,
the recorded data suggest that this bias is not significant com-
pared to the real variations observed in the atmosphere.

Another interesting pattern was identified when the UAS
reached the ash fallout area below the volcanic cloud at Saku-
rajima on 11 November 2023 (Fig. 7b). Instead of a single,
global increase in PM concentrations, as observed when in-
tercepting the ash-loaded cloud, zones below the cloud were
characterized by spontaneous and brief increases in GSD
modes and PM concentrations (PM10 concentrations of up to
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3000 µg m−3), which were not as high as in the cloud but still
above the IVHHN guidelines, emphasizing that even low-
intensity events represent a potential respiratory health risk
downwind of the event source. We interpret the short-lived
GSD mode and PM peaks as being representative of ash fall-
out with a pulsatory behavior, corresponding to the source
(i.e., pulsatory nature of the explosive event; see Fig. 5b)
and/or to sedimentation processes, such as SDGIs generating
discrete ash fingers (e.g., Scollo et al., 2017; Freret-Lorgeril
et al., 2020; Lemus et al., 2021; Fries et al., 2021). The ho-
mogeneous particle distribution on the tape (Fig. 7c) pro-
vides further evidence that the collected particles were set-
tling vertically without any significant turbulence, in accor-
dance with a laminar ash fallout regime for the observed
grain size (Bonadonna et al., 2015). Interestingly, the OPC
measurement in the fallout area of Etna shows only a base-
line pattern, highlighting the absence of fine particles (more
data need to be acquired to interpret this observation as a
source and/or a transport mechanism).

The combined results from the OPC measurements and
the laboratory analysis of the collected samples enable more
insights into the real GSD of the investigated areas. At Saku-
rajima, particle counts from the OPC show a systematic fine
mode (between 4 and 16 µm), both inside the cloud and in the
fallout area, while a coarser mode is systematically observed
from the image analysis of the associated samples, between
63 and 125 µm excluding ash aggregates that can be coarser
up to 500 µm (Figs. 6 and 7). Note that the Sakurajima and
Etna fallout samples were collected at a 2 and 6 km distance
from the source, respectively (Figs. 3 and 4). However, the
Etna fallout sample (Fig. 8) is coarser (mode between 500
and 1000 µm) than the Sakurajima ones (coarse mode be-
tween 63 and 125 µm excluding aggregates), suggesting dif-
ferent eruptive parameters and transport mechanisms.

In addition, the significant occurrence of particle aggre-
gates in the Sakurajima samples (absent for Etna sample),
and more specifically in the fallout sample, confirms that ag-
gregation is a common feature at Sakurajima (e.g., Gilbert
et al., 1991; Bagheri et al., 2016; Diaz-Vecino et al., 2022).
The observed aggregates are all PC types, in agreement with
the absence of rain or significant amounts of condensed wa-
ter in the atmosphere during the studied events (Fig. 5a and
b). Aggregation is believed to be favored by the relatively
fine and polydisperse grain size distribution, also with po-
tential particle electrical charge (induced by particle friction
inside the cloud) and/or chemical bonding (induced by sec-
ondary mineral precipitation inside the cloud). Moreover, the
fact that most of the sampled fallout particles are part of
structured aggregates (Fig. 7c) confirms that this UAS sam-
pling is efficient for the sampling of aggregated particles, de-
spite their fragile nature (i.e., no significant turbulence gen-
erated on the upper side of the UAS). The grain size mode of
the Sakurajima fallout sample (between 250 and 500 µm) is
mostly composed of aggregates. Therefore, a more detailed
image analysis (i.e., manual separation of single particles in-

side aggregates) should be performed to better investigate ash
aggregation and get a real GSD considering both individual
and aggregated particles. The use of ash collectors with resin
is also shown to better preserve the aggregate structures com-
pared to carbon tape (Bagheri et al., 2016; Diaz-Vecino et al.,
2022; Gabellini et al., 2024), and this needs to be tested in the
future with the A2C3 device, which enables a visual monitor-
ing of falling particles. Even though more data need to be ac-
quired, the particle settling velocity estimated at Etna falls in
the expected range for the observed particle size and texture
(Freret-Lorgeril et al., 2019, 2020). This suggests that drone
turbulence did not affect ash sedimentation in this case.

4.2 The complexity of gas-rich clouds as revealed by
the multigas detector

First, it should be noted that the different exposure times of
the different multigas sensors are not critical for data inter-
pretation, as data show, on multiple occasions, that SO2 and
PM concentrations are well correlated (Fig. 9b).

The insignificant variations in the CO2 concentrations
are explained by the relatively low sensitivity of the sen-
sor (100 ppm), compared to the concentration variations (less
than 100 ppm, because of low CO2 fluxes and because of fur-
ther atmospheric dilution).

Interestingly, the UAV flight undertaking multigas analy-
sis in the gas-rich cloud on 19 November 2023 sometimes
showed high PM concentrations, highlighting that continu-
ous degassing clouds also involved fine ash particles that
were probably emitted and remobilized at the source (i.e., ash
venting). PM concentrations also strongly oscillated (some-
times PM and SO2 were anticorrelated), probably because
ash venting experienced variable efficiencies in the produc-
tion of particles. The relatively low expected Stokes number
of PM particles (significantly below 1) supports the fact that
PM particles are mostly tracers and behave like gases (drag-
dominated regime). This fact most likely exclude a potential
decoupling between SO2 and PM particles during the vol-
canic cloud transport. Even though more measurements and
quantification of the relevant parameters (e.g., cloud veloc-
ity and turbulence and the particle sedimentation rate) are
needed, we suggest that these areas of high particle concen-
trations could eventually lead PM10 and coarser particles to
aggregate and/or sediment by gravity, ultimately forming dis-
crete areas of particle sedimentation when low levels of tur-
bulence are reached.

It is also important to note that both SO2 (up to 1.4 ppm)
and PM (PM10 up to 470 µg m−3) concentrations experi-
enced peaks above the hourly maximum exposure values pro-
vided by the IVHHN guidelines, as the base of the cloud was
occasionally and locally at ground level due to downslope
winds (Fig. 5c). Similarly to PM10 concentrations, more con-
tinuous measurements are necessary to evaluate the evolution
of SO2 concentrations and rigorously assess potential health
threats induced by SO2 at Sakurajima.
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Figure 10. The different case studies and possible applications
shown in this study. (a) In situ analysis and sampling inside ash-
loaded volcanic clouds: example using the 10 November 2023 at
Sakurajima. (b) In situ analysis and sampling of ash fallout below
volcanic clouds: example using the 11 November 2023 at Sakura-
jima. (c) In situ analysis and sampling of ash fallout below volcanic
clouds: example using the 23 July 2024 at Etna. (d) In situ analysis
of gas-rich volcanic clouds: example using the 19 November 2023
at Sakurajima.

5 Conclusions and perspectives

Our study highlights that the developed and acquired tech-
nologies (Figs. 1 and 2) can be used to study various types of
volcanic phenomena (Figs. 3 and 5). Depending on the site
accessibility, UAV local flight regulations, and atmospheric
conditions, the approach shown here enables in situ ash sam-
pling and the measurement of GSDs and PM1, PM2.5, PM10,

SO2, and CO2 concentrations inside (Figs. 6, 9, 10a and c)
and below (Figs. 7 and 10b) ash- and/or gas-rich volcanic
clouds. Exploratory results acquired in November 2023 at
Sakurajima volcano and in July 2024 at Etna evidence signif-
icant differences between baseline (low PM concentrations,
e.g., below 30 µg m−3 for PM10), inside-cloud (high PM con-
centrations, e.g., up to 80 000 µg m−3 for PM10, limited par-
ticle aggregation), and below-cloud (intermediate PM con-
centration, e.g., up to 3000 µg m−3, well-developed particle
aggregation at Sakurajima, although this was not observed at
Etna) environments. Hence, a wide range of opportunities be-
come available to study volcanic events, as acquired airborne
samples and atmospheric data can be studied for various pur-
poses, from understanding the origins and mechanisms of
volcanic eruptions to deciphering their potential impacts. The
following are some areas in which the use and integration of
UAS-related measurements could be implemented to support
volcanic hazard forecasting and risk mitigation:

(i) UAV flights allow us to reach remote and/or hazardous
areas (Figs. 3c and 5). Hence, UAS-related results rep-
resent invaluable data and sample acquisition to com-
plement the information collected by classical fieldwork
at ground level, static monitoring stations, and monitor-
ing networks as well as various remote-sensing methods
and crowd-sourced studies employing local population
observation and sampling (e.g., Bonadonna et al., 2012;
Thivet et al., 2020b; Balangue-Tarriela et al., 2022).

(ii) The A2C, A2C2, and (specifically) the A2C3 devices
represent innovative instrumentation to collect and char-
acterize particles directly in the atmosphere. These rep-
resent a new complementary technique to in situ imag-
ing (Lawson et al., 2006), especially for coarse par-
ticles larger than 40 µm. The unique combination of
aerosol measurements (OPC), ash collection (sampler),
and camera technology is a step forward to fill knowl-
edge gaps concerning key eruptive parameters (i.e.,
GSDs and particle concentrations) and sedimentation
processes (i.e., particle aggregation and SDGIs) during
the transport and sedimentation of volcanic ash (e.g.,
Rose and Durant, 2011; Brown et al., 2012; Rossi et al.,
2021). More specifically, more sampling (with the as-
sociated image analysis of samples) and atmospheric
analyses, both in air and at ground level, need to be
performed to investigate the occurrence of particle ag-
gregation during ash fallout (Fig. 7c) and inside cloud
samples (Fig. 6c). Note that the instrumentation shown
in this study can potentially be adapted for use on other
UAV models and can also be dedicated to monitoring at
ground level. The A2C can be used to validate and test
different sampling methods, as it displays two sampling
slots (one can be used with an adhesive carbon tape,
whereas the other can be used with UV resin; see also
Fig. 2a and b). However, the A2C2 and A2C3 are mostly
used for research purposes (Fig. 2e), as they can sample
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and measure GSDs and PM concentrations simultane-
ously, in addition to in situ visual monitoring (Fig. 2c,
d, e, and f).

(iii) Supplementary laboratory analysis can also be per-
formed on the collected samples (e.g., GSD inside ag-
gregates, particle componentry, morphology, texture,
and composition; see Gurioli et al., 2022), to better un-
derstand processes involved before, during, and after
eruptions. More specifically, conducting a standardized
post-eruption analysis can provide a comprehensive un-
derstanding of the processes responsible for generating
volcanic particles and, ultimately, allow for the compar-
ison of acquired datasets for different case studies (Ross
et al., 2022).

(iv) The intricate interactions between ash particles and
gases within volcanic clouds need to be further inves-
tigated, as they can result in unexpected and impact-
ful processes, including chemical reactions on ash sur-
faces, changes in particle aggregation efficiencies, and
the modification of gas compositions (e.g., Delmelle
et al., 2007, 2018; Colombier et al., 2019). UAS devices
represent an innovative and efficient approach to deci-
pher these mechanisms, as sampling and analysis are
accurately performed in situ, inside or below volcanic
clouds.

(v) Gas monitoring (more specifically for SO2 and CO2)
is also important for eruption forecasting (e.g., Sparks,
2003; Aiuppa et al., 2007; Poland et al., 2020) and the
characterization of eruptive-style transition (e.g., Shi-
nohara et al., 2020; Thivet et al., 2020a, 2021). Thus,
UAS-based volcanic gas measurements and sampling
can be useful to regularly monitor in situ gas parame-
ters at active volcanic sites as a complement to ground-
based stations, especially above volcanic vents where
permanent monitoring systems cannot be installed (e.g.,
Liu et al., 2019, 2020; Pering et al., 2020). The ability
to measure SO2 concentrations also enables the poten-
tial analysis of SO2 fluxes from a volcano by consid-
ering the geometry and speed of any intersected cloud.
An important point is that the wide-range CO2 sensor
of the multigas device (sensitivity of 100 ppm) needs
to be upgraded to a more precise sensor (sensitivity of
1 ppm) to enable the measurement of small CO2 vari-
ations and, thus, the analysis of important parameters
such as the CO2/SO2 ratio inside volcanic clouds (an
important ratio for both forecasting eruptions and un-
derstanding volcanic plumbing systems, including in-
jections of new CO2-rich magma from deep levels; see
de Moor et al., 2019).

(vi) The A2C3 and multigas devices can also be useful to
monitor air quality in various environments and under
various conditions. They can be used to study, moni-
tor, and warn about volcanic ash health impacts, as this

hazard is well known to cause consequences with re-
spect to respiratory health, especially considering the
inhalable fraction of PM that can deposit in the deep
lung (i.e., particles between 1 and 10 µm) (e.g., Horwell
and Baxter, 2006; Hillman et al., 2012; Andronico and
Del Carlo, 2016). The multigas device can be also used
to scope emissions of volcanic gases, especially SO2,
as this gas is well known to cause various health issues
(e.g., Shinkura et al., 1999; Hansell and Oppenheimer,
2004; Schmidt et al., 2015) that can occur due to the
presence of volcanic aerosols and gases at ground lev-
els.
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