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ABSTRACT

Observations and measurements on active volcanoes are commonly conducted at a distance considered safe from the inherent
dangers linked to volcanic explosions. This reduction in proximity adds a degree of uncertainty to the interpretation of moni-
toring data due to enhanced signal path effects. Here, we describe custom-built, drone-deployable sensor platforms designed
to acquire data at high proximity to volcanic vents. They are equipped with an environmental sensor capable of measuring
temperature, relative humidity and barometric pressure, a microphone (6 Hz-20 kHz) to reconstruct the acoustic pressure, and
an electrical resonant circuit to detect electrical signals in the 500 kHz frequency band. Communication and data transfer is
achieved through a radio link between the sensor platform and the base station. Our sensor platforms may be employed in
the collection of data of near-vent characteristics of volcanic explosions, observations that are essential for quantifying and

understanding the driving forces underlying volcanic explosions.
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1 INTRODUCTION

Volcanic eruptions are dynamic and complex events that
link Earth’s interior to its surface. Human global population
growth continues to result in increasing impingement of hu-
man settlement closer to active volcanic areas with a concomi-
tant increase in society’s exposure to volcanic risk [Freire et al.
2019]. Next to a plethora of solids, liquids, and gases, volca-
noes emit acoustic, seismic, and electrical signals in eruptive
phases. Technological advances and increased computational
power now enable the acquisition of an unprecedented level
of detail in the observation, modelling, and analysis of vol-
canic eruptions such as the use of uncrewed aerial vehicles
(UAVs) [e.g. James et al. 2020, and references therein] and high-
resolution satellite imagery [e.g. Carn et al. 2016, and refer-
ences therein]. Direct observations of volcanic explosions are
limited to the processes above the vent. To date, reconstruc-
tion of source parameters largely relies on ground-based ob-
servations which are most accurate when measured close to
the vent. Yet, instruments of monitoring networks that typ-
ically require stable installation on the ground, maintenance,
and/or data downloading can only be practically installed at a
safe distance, inevitably excluding the direct surroundings of
the vents of explosive eruptions. Here, we propose a solution
to the dilemma of instrument accessibility to vents in the form
of UAV-deployable systems to measure temperature, relative
humidity, barometric pressure, and acoustic and electrical sig-
nals.

A big challenge in volcano monitoring is linking observ-
able surface signals to sub-surface conditions. With the aid of
scaled laboratory experiments as well as numerical and the-
oretical models, the influence of reservoir volume, pressure
and vent geometry have been established [e.g. Ogden et al.
2008; Koyaguchi et al. 2010; Schmid et al. 2020; Cigala et al.
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2021; Schmid et al. 2022]. Thus, a basis for the interpretation
of surface signals has been generated and reliable measure-
ments at the vent have become the remaining prerequisite for
an estimation of source parameters. In this context we need
to discriminate between the pressure at the source, i.e. the
driving pressure of the volcanic explosion at fragmentation
level, and the pressure (waves) that are emitted into the at-
mosphere at the vent. Here, we demonstrate the feasibility of
measuring the pressure of the explosion close to the vent to
retrieve high-quality data that can eventually be used to re-
construct the source parameters. Pressure waves emitted by
volcanic eruptions are typically measured with microphones
and micro-barometers.

1.1 Volcano acoustics

The analysis of acoustic emissions of volcanic eruptions has
developed into a mature field [Fee and Matoza 2013]. To de-
termine the pressure of volcanic explosions, infrasound is es-
pecially useful as it reveals information about the physical mo-
tion (i.e. the explosion) at the vent [Johnson 2003]. Volcanic
infrasound (<20 Hz) is transmitted over long distances and
the related recordings can be divided as local (<15 km), re-
gional (15-250 km) and global (>250 km). For a comprehen-
sive review of volcanic infrasound refer to Johnson and Ripepe
[2011], Fee and Matoza [2013], Garcés et al. [2013], De Ange-
lis et al. [2019], and Matoza et al. [2019]. Regional and global
infrasound provide a possibility to monitor remote volcanoes
where no local monitoring instrumentation is installed. Lo-
cal recordings of infrasound can be used to estimate eruption
parameters like gas exit velocity [e.g. Woulff and McGetchin
1976; Matoza et al. 2013; McKee et al. 2017], excess pressure
[e.g. Ripepe and Marchetti 2002; Johnson 2003; 2004], erupted
volume and mass [e.g. Johnson and Miller 2014; Kim et al.
2015; Delle Donne et al. 2016; Fee et al. 2017], geometry of the
plumbing system, vents, and craters [Garcés 2000; Johnson
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et al. 2018; Muramatsu et al. 2018; Watson et al. 2019; Tad-
deucci et al. 2021], and plume height [Caplan-Auerbach et al.
2010; Ripepe et al. 2013; Lamb et al. 2015].
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Figure 1: Base station and three sensors including drop mecha-
nism ready for deployment. The base station is equipped with
a primary antenna for the communication with the sensors and
a secondary internal antenna to receive the DCF77 time signal.
Downloaded data is stored on exchangeable SD card. Sensors
are equipped with a primary monopole antenna for the LoRa
communication and a secondary antenna for the lightning de-
tection resonant circuit. The environmental BME 280 sensor is
located on the outside of the housing, while the microphone is
inside the housing protected by a membrane still allowing the
detection of acoustic signals. The yellow chord is the drop-off
mechanism. A bright LED is located below the membrane for a
visual check of signal reception.

Early studies have assumed that infrasound signals that
were recorded ‘near the vent’ (<5 km) are representative of
the signals at the source because of the homogeneity of the
atmosphere without structures affecting acoustic wave prop-
agation. However, there is growing evidence that non-linear
near-vent propagation [Maher et al. 2020], local topography
[e.g. Lacanna and Ripepe 2013; Ishii et al. 2020; Lacanna and
Ripepe 2020] and atmospheric conditions (wind, temperature,
and density contrasts due to the presence of ash) [e.g. Johnson
2003; Lacanna and Ripepe 2013] substantially affect the signals
recorded even at distances of few hundred metres.

Studies using acoustic signals in the audible frequency band
are less frequent [e.g. Goto et al. 2014; Taddeucci et al. 2014;
Lorenz et al. 2016] compared to studies using infrasound,
partly because audible sound is more affected by attenuation.
In a study using wideband acoustic observations at Strom-
boli volcano, Italy, Goto et al. [2014] found that gas-dominated
explosions could only be detected in the audible frequency
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spectrum. For explosions that emit both infrasound and au-
dible acoustic signals, it was proposed that the initial infra-
sound is generated by the doming of the lava surface of a large
bubble just before its rupture [Ripepe et al. 2001; Kobayashi
et al. 2010; Vidal et al. 2010; Goto et al. 2014]. Vergniolle
et al. [1996] proposed that the audible sound of explosions
at Stromboli may be generated by collisions of fragmented
ejecta with the ground or conduit while Goto et al. [2014] sug-
gested eddies within the expanding jet or highly ‘pressurized
gas sprays’ after the initial bubble burst as origin of the audible
sound. Pefia Fernandez et al. [2020] identified up to five dif-
ferent source components for the origin of the audible sound
of rapid decompression experiments in an anechoic chamber.
In particular, volcanic explosions with high-velocity jets of gas
(with or without a solid and liquid component) are known to
radiate acoustic signals in the audible frequency range [Tam
1995].

To date, the pressure of an explosion has either been de-
noted as ‘corrected for the distance to the source’ or as ‘pres-
sure at the recording distance’. There is a wide agreement that
atmospheric (e.g. wind, temperature, inhomogeneities) and
boundary conditions (e.g. topography, vent geometry) must be
taken into consideration when using acoustic signals to infer
source conditions. Still, in the absence of vent-proximal data,
our knowledge about how to correct acoustic data recorded
‘away from volcanic vents’ for all these factors remains incom-
plete.

1.2 Volcanic lightning

Volcanic eruptions frequently produce lightning over a wide
range of explosive styles and magnitudes [Cimarelli and
Genareau 2021]. However, there seems to be an observational
bias towards lightning observations during large explosions
with a majority of reports for eruptions with a Volcanic Explo-
sivity Index (VEI) > 2 [McNutt and Williams 2010]. Volcanic
lightning can be used as a monitoring tool to confirm volcanic
eruptions in remote areas and where visual confirmation is not
possible [Behnke and McNutt 2014]. Lightning processes emit
electromagnetic signals with a wide frequency range (1 Hz to
near 300 MHz) [Rakov 2013]. The relationship between vol-
canic lightning and eruption parameters (e.g. plume height,
mass eruption rate, and grain size distributions) has been in-
vestigated [e.g. Bennett et al. 2010; Gaudin and Cimarelli 2019;
Hargie et al. 2019; Vossen et al. 2021; 2022} However, the
electrical properties of eruptions on the lower end of the VEI
have been largely overlooked [Cimarelli and Genareau 2021].

To fill these knowledge gaps, here we have developed
lightweight sensor platforms for deployment by UAV within a
few metres of the volcanic vent in order to measure temper-
ature, humidity, barometric pressure, the acoustic pressure at
the vent exit, and to detect low magnitude volcanic lightning
discharges.

2 METHODOLOGY
2.1 Sensor platforms

Deploygment of sensor platforms (SPs) close to active volcanic
vents inevitably includes some potential exposure to erup-
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tive activity. Accordingly, the development of the SPs here
has been focused on minimizing material costs and weight to
allow for deplogment by commercially available UAVs (DJI
Phantom 4Pro+). Including batteries and the drop mecha-
nism, each SP weighs less than 150 g and material costs are
less than 50 €. The SPs contain different sensors to measure
barometric pressure, temperature, humidity, acoustic signals,
and electrical discharges. The setup described here is a com-
bination of one base station and several UAV-deployable SPs
(Figure 1). Each SP is controlled by a microcontroller and
comprised of several sensors:

e Absolute barometric pressure, temperature, and humid-
ity are measured with a BOSCH BME 280 environmental sen-
sor with a sample frequency of 20 Hz.

e Acoustic signals are recorded by a microphone
(InvenSense ICS-40300) with a frequency range of 6 Hz to
20 kHz at a sample rate of 32 kHz. The sensitivity of the mi-
crophone is —45 dBV. The recorded acoustic data is averaged
over groups of 32 samples each, reducing the effective sample
rate to 1000 Hz, acting as a low-pass filter with a cut-off fre-
quency of 500 Hz. We also calculate the maximum amplitude
for each group containing 32 samples.

e Monitoring of electrical discharges is accomplished
through an amplitude modulation (AM) radio amplifier and
an antenna in an electrical resonant circuit with a resonance
frequency of 500 kHz. If a lightning event occurs, the resonant
circuit oscillates. The number of oscillations is summed over
a window of 10 ms and recorded at 100 Hz (‘lightning sum’,
see Figure 3).

Temperature and humidity data are used to calibrate the
barometric pressure and to monitor sensor health. The envi-
ronmental sensor shows the pressure variation of the atmo-
sphere. The pressure of the volcanic explosion is measured
from the amplitude of the acoustic signals. The first genera-
tion of this sensor platform revealed shortcomings in the in-
terpretability of acoustic data (raw data information was lost
during on-board processing) that are being tackled in ongoing
sensor platform development.

Each SP is powered by three AA batteries which last for 1.4
years in standby mode, and allow 60 hours of measurements
and 10-12 hours of data transmission with the highest trans-
mission power (40 hours with lowest). In recording mode,
all data is written to a ring buffer (128 kB) with a capacity of
38 s of data. When the ring buffer is full, the oldest data is
continuously overwritten by newer data, meaning that at any
given time the last 38 s of data are stored when data recording
is stopped. The data can be downloaded to the base station
where it is saved on a SD card (500 metres away in case of
Stromboli volcano, Italy, where our system was successtully
tested). Data transfer and communication between base sta-
tion and individual SPs is achieved over LoRa (Long Range)
radio communication in the license-free 433.05-434.79 MHz
frequency band using a coiled monopole antenna. The ad-
vantage of using LoRa is its capability of long-range transmis-
sion at low power consumption. The implemented commu-
nication protocol was designed to enable individual as well as
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simultaneous communication with multiple active SPs while
eliminating the risk of data loss and corruption during trans-
mission.

Arrays of three or more SPs are ideal to characterize the
distance-dependent signals of individual volcanic eruptions.
To build such arrays, the drop mechanism of individual SPs
was attached to a nylon line (0.35 mm) suspended below a
UAV and flown to the desired location. For deployment, an
electrical signal melts the connection to the line. The sensors
are enclosed in a custom-built, 3D-printed housing that pro-
vides protection for the electrical components against ash fall,
adverse weather conditions, and corrosive gases. All SPs are
time-synchronised through the DCF77 (longwave time signal)
time code transmitter that can be received by the base station
and distributed to all sensors.

2.2 Field campaigns
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Figure 2: Crater Terrace of Stromboli volcano, Italy, as in May
2019 [Schmid et al. 2021]. Sensor locations were located in
a georeferenced orthomosaic via georeferenced images taken
during the placement of the senor. The colour of symbols indi-
cates on which day the sensors were operational. The dashed
white line marks a transect that can be seen in Figure A1. Refer
to Table 1 for all vent to sensor distances.

The feasibility of near-vent sensor deplogyment was tested
during two field campaigns to Stromboli volcano, Aeolian Is-
lands, Italy, in September 2018 (first generation) and May 2019
(second generation). During the 2018 campaign (9, 10, 12
September) we tested different deployment strategies includ-
ing dropping the SPs from up to several tens of metres height
which was survived by all SPs. For the 2019 campaign we
improved the housing, restructured the use of the ring buffer,
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and added the sensor for electrical discharges. In May 2019 total. Due to volcanic activity (SPs being destroyed by bombs)
the second generation of SPs was used during three days of and substantial rainfall, SP arrays had to be created on each
data acquisition (11, 14, and 15 May). We deployed 13 SPsin  of the three days. Overall, we recorded 47 events (ie. sin-
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Figure 3: Dataset recorded by sensor 14 during an explosive event on 14 May 2019 at 16:16 UTC at a distance of 136 m from the
vent. This plot shows the barometric pressure, acoustic pressure, lightning sum, maximum acoustic pressure, temperature and
relative humidity. Areas with green background indicate periods with electrical activity. Refer to Figure 4A and B for the acoustic
signals of all operational SPs.
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gle explosive eruptions) with up to four SPs simultaneously.
In May 2019, the crater terrace was divided into three active
vent areas: north-east (N), south-west (S) and central (C) (see
Figure 2 and Civico et al. [2021]; Pering et al. [2020]; Schmid
et al. [2021]). In the N area, two vents (N1 and N2) were
active, showing predominantly ash-rich explosions, at times
accompanied by bombs. In the S area, two vents (S1 and S2)
were active. While the S2 vent exhibited ash-rich explosions
with bombs, the activity of S1 was characterised by gas-rich
jets up to 40 s duration. These jets had increased in dura-
tion and intensity since 2018 [Taddeucci et al. 2021] and were
the target of this study. Following an explosion on 14 May
2019 in the morning, its morphology was changed, leading to
significantly changed eruption characteristics. The duration
of the jets was shorter and the ash content was significantly
higher. The two central vents were passively degassing with
visible incandescence and occasional gas puffing. For a com-
prehensive description of the crater terrace morphology and
the activity refer to Schmid et al. [2021].

During the 2019 campaign we worked as a three-person
team for the deployment of the SPs. One person piloted the
UAV, the second person operated the SP base station, monitor-
ing signal strength and triggering the drop mechanism. The
third person attached the SPs to the UAV and monitored the
volcanic activity during flight. All flights were conducted man-
ually without preprogrammed flight paths in order to be able
to react quickly to volcanic explosions and prevent damage to
or loss of the UAV. We took off with the UAV directly after
an explosion to use the time in between explosions for the
near-vent deployments.

The SPs were suspended 2.5-3 m below the UAV, a DJI
Phantom 4 Pro. Once a SPs was placed on the ground at the
planned location, the connection was released, the SP was put
in recording mode, and the UAV returned to the take-off loca-
tion to be equipped with the next SP. The exact position of the
deployed SPs was reconstructed via the drone’s GPS by utilis-
ing geo-tagged images and video footage of the drop location
to locate the SPs on a photogrammetric model of the crater
terrace. The SP-to-vent distances were corrected for their ele-
vation difference and were between 15 and 354 m (see Table 1
and Figure 2). After an explosion considered worthy of saving
the data, the recording on all active SPs was stopped and the
data were downloaded to the base station. This prevents loss
of data in case a SP was destroyed by subsequent explosions.
The temperature and humidity data can be used as a real time
monitoring tool for the presence of gas or bomb fallout close
to a SP and therefore help to judge sensor health remotely.

3 RESULTS

We developed, tested, and deployed this novel piece of instru-
mentation to collect multiparametric data as close as possible
to volcanic vents. In May 2019 the second generation of SPs
was successfully used to measure barometric pressure, tem-
perature, humidity, acoustic signals, and electrical discharges
at distances considerably closer than accomplished before.
The deployment via UAV worked flawlessly and we did not
encounter any in-flight problems due to the volcanic activity.
Although the DJI Phantom 4 Pro has no capability to trans-
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Table 1: Distance between sensor platforms and all the vents
as of May 2019. The listed distances represent the line-of-sight
accounting for horizontal and vertical differences. Distances
were obtained by locating the sensor positions in a photogram-
metric model of Stromboli's crater terrace.

Sp Distance to vent [m]

# S1 S2 N1 N2
1 91 51 239 191
2 18 42 175 122
3 87 145 87 41
5 321 328 303 320
6 319 303 354 349
7 280 253 327 320
9 280 253 327 320
12 51 76 120 90
13 80 42 228 185
14 136 104 264 230
15 230 197 330 304
16 15 45 162 116
17 98 69 222 179
18 280 253 327 320

port payloads according to the manufacturer’s specifications
we found that 0.5 kg could be transported without any issues.
Where possible we approached the near-vent locations from
an upwind direction to avoid contact with emitted ash or gas
plumes from open vents or fumaroles. Because of the sim-
ple design of the drop mechanism, we did not encounter any
issues with releasing the sensors at their designated location
as long as there was radio connection between SP and base
station.

Opverall, we recorded 47 events with up to four SPs simulta-
neously. Out of 13 SPs deployed, a maximum of 4 were opera-
tional at any given time. First of all, the deployment works on
a one-by-one basis and it was not a priority to deploy the sen-
sors quickly, but rather to test different deployment locations
and strategies, to make sure that the radio link was stable and
avoid damage to the UAV. Secondly, there were two days of
bad weather between the first and second day of deployment
and despite weatherproofing the sensors with a sealed 3D-
printed housing the substantial rainfall strained the sensor’s
water resistance. Furthermore, we also deployed sensors in
high-risk locations to test the effect of ash and bomb fall in the
vicinity or on the sensors, leading to destruction of sensors and
reducing the number of operational sensors. Ash fall did not
have an effect on the sensor recording or transmission capa-
bilities, unless the sensor’s antenna was buried by substantial
amounts of ash. In contrast, bomb impacts on and near the
sensor led to quickly rising temperatures and eventually loss
of connection to the sensor. The lifespan of sensors deployed
on thermal anomalies (ca. 60-80 °C), (likely resulting from dif-
fuse degassing), was also shorter compared to sensors without
this additional thermal and chemical stress. Out of these 47
events, 37 yielded plausible data, here we present represen-
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tative data of three events to demonstrate the potential of a
near-vent deployments of these SPs.

On 14 May 2019 at 16:16:51 UTC, we recorded an explosion
of the S1 vent with three SPs (#14 at 136 m, #15 at 230 m, and
#18 at 280 m distance, respectively) with a peak pressure of
10.2 Pa measured by SP14. The maximum pressure measured
at the sensors located further away, were 6.3 Pa (#15) and
4.8 Pa (#18). This dataset contains two periods with electrical
activity that are only visible in the data of SP 14 (Figure 3). In
the datasets of the two other SPs located further away from the
vent areas the signal-to-noise ratio is too low to identify these
signals. The discharge signals did not concur with the main
explosion of the S1 vent but coincided with smaller acous-
tic events beforehand, most likely from a different vent. The
onsets of the two smaller acoustic events matched precisely
the onset of the electrical signals which continued for 1.5-2.2 s
longer than the acoustic events. These acoustic events were
identified in all three datasets of the deployed SPs (Figure 4A
and B) with peak pressures considerably lower than during
the explosion at the S1 vent (1.2 Pa, #14; 0.7 Pa, #15; 0.6 Pa,
#18; Figure 4B). Unfortunately, the visibility during most of
the campaign was limited and we lack visual observations of
the nature of the acoustic events. In the acoustic waveforms
different eruptive styles, such as explosions, gas jetting, and
gas puffing (Figure 4) could be identified. On 15 May 2019 at
12:49:27 we recorded an event at the S1 vent with 3 SPs (#12
at 51 m, #5 at 321 m, and #6 319 m distance). The periodic
puffing activity at the C vents was only detected in the data of
SP12 located directly adjacent to the vents with a maximum
pressure of around 4 Pa. The ash-rich jetting event at S1 was
recorded by all active sensors with peak pressures of 10.0 Pa
(#12), 9.4 Pa (#6), and 8.0 (#5). The jetting was considerably
shorter and did show more variation in amplitude (Figure 4C)
than before the modification of the vent geometry (early morn-
ing of 14 May 2019) when long and powerful jetting activity
dominated (Figure 4D). We show data for one of these long
jetting events that occurred on 11 May 2019 at 12:59:08 UTC.
The peak pressure was 18.3 Pa for the closest SP (#2 at 18 m),
17.9 (#1 at 90 m), 5.0 Pa, and 1.6 Pa (#3 at 87 m and #9 at
280 m). Despite the small difference in their distance to the
vent (3 m), SP 1 and 3 show a striking difference in their max-
imum amplitude (Figure 4) which can only be explained by
the topography around the SPs (Figure A1).

Throughout all datasets we could see a difference in arrival
times as a consequence of distances from the acoustic source.
However, the measured arrival times did not match the ex-
pected arrivals when assuming homogeneous propagation of
the acoustic waves. We illustrate this for a dataset of a jetting
event on 15 May 2019 at 12:14 UTC at the S1 vent recorded
with four SPs at distances of 15 m (#16), 51 m (#12), 321 m
(#5), and 319 m (#6), respectively (see Figure 2 and 5). The
onset of the explosion is delayed by 145 ms in the data of
SP 12 compared to the closest SP (#16). The signal arrived
927 ms (#5) and 872 ms (#6) after its arrival at SP 16. Based
on arrival times and the line-of-sight distances between SPs
we calculated the propagation velocity to the different sensors
(250 m s~1, #12; 330 m s, #5; 348 m s~!, #6). The ampli-
tudes of the maximum positive pressure peak were 22.5 Pa
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(#16), 15.2 Pa (#12), 10.4 Pa (#5), and 13.0 Pa (#6), revealing a

non-linear pressure decay.

4 DiIScUSSION

We demonstrate the feasibility of deploying sensors with UAVs
in the proximity of active volcanic vents. This, together with
routine monitoring data, will augment our quantitative under-
standing of the boundary conditions of these explosions. We
identified the associated opportunities and challenges of such
near-vent measurements and continue developing the sensor
platforms.

The dataset of 14 May 2019, 16:16 UTC (see Figure 3) was
the only dataset that did show distinctive signals of electrical
discharges. However, these signals did not coincide with the
acoustic signal of the main explosion of S1 but with smaller
acoustic events before. The onset of the electrical signal and
the acoustic event coincide, but the electrical signals continue
until after the acoustic event is over. We propose that these
signals were linked to (inaudible) ash venting or ash-rich puff-
ing from a different vent prior to the explosion at the S1 vent.
In this case, electrical signals can be generated in the rising
ash plume even after the acoustic event (explosion) has ceased
[Vossen et al. 2022]. The acoustic events could be identified in
all datasets, confirming the events (see Figure 4A and B). Un-
fortunately, visibility was limited due to cloud coverage and
we lack observations to verify the source of the acoustic events.
Since our observations were focused on the gas-rich jetting
events at S1, events with the potential for electrical discharges
at other vents may be underrepresented in the present dataset.
Nevertheless, it proves the sensitivity of our sensors and the
generation of electric signals. The sensors placed further away
did record the acoustic events linked to the electrical signals
but could not detect electrical discharges. Since the electric
field decreases proportional to the distance cubed from the
discharge location, it seems that magnitude of the discharges
was too small to be picked up by the more distant sensors.
This supports the findings of Vossen et al. [2022] that electri-
cal discharges can occur also during low VEI activity, as it is
common during normal Strombolian explosions and further
highlights the necessity of near-vent instrumentation.

The dataset of the jet recorded on 11 May 2019 at 12:58:08
UTC shows a distinctive difference in the signals measured
by SP3 and SP1. The acoustic signal arrived 13 ms seconds
earlier at SP3 (87 m) than at SP1 (90 m). However, both SPs
show a distinctive difference in the maximum amplitude of
the acoustic pressure (17.9 Pa, #1 and 5 Pa, #3) as a result of
the topography of the surrounding of the SPs. While SP1 had a
direct line-of-sight placed 10 m above the S1 vent, direct line-
of-sight was blocked by a ridge in the case of SP3 (Figure A1).
We assume, that this topographic barrier made up from loose,
porous material causes diffraction and absorption, leading to
this contrast in peak amplitude.

The jet from S1 on 15 May 2019 at 12:14 UTC was recorded
successfully by four SPs. In order to calculate the propagation
velocity, we measured the distance of the individual SPs to
the source, and corrected this distance for their difference in
elevation to obtain the line-of-sight distances. We ignored the
possibility that (some) sound could be generated above the
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Figure 4: Three explosive events recorded at Stromboli volcano. [A] shows the acoustic signal of three SPs (#14, #15, #18) on
14 May 2019 at 16:16 UTC. Refer to Figure 3 for additional data of SP14. Smaller acoustic events before the main explosion of
S1can be seen in inset [B]. [C] On 15 May 2019 an ash-rich jet was emitted by S1that was recorded by three SPs (#12, #6, #5).
SP12 shows the acoustic signature of periodic gas puffing at the C vents. The initial waveform looks similar to the waveform
of a gas-rich jetting event at S1 on 11 May 2019 [D]. Although, SP 3 and SP 4 have almost the same distance to the source of
the jet their maximum pressure amplitude differs considerably (17.9 Pa, #1 and 5 Pa, #3). [E] shows the steep initial waveforms
recorded by the active SPs. All SPs are listed according to their distance from the vent beginning with the closest SP.

vent [Pefia Fernandez et al. 2020] and assumed the vent as
acoustic source. We use the temperature of 25 °C recorded by
SP 12 to calculate the speed of sound to be 346.3 m s™!. Based
on the delay of arrival of the acoustic signal at the four SPs,
different travel times can be calculated: 250 m s~! to SP12,
330 m s! to SP5 and 349 m s~! to SP6. As the amount of
ejected ash was minor, we relate these considerably different
apparent travel times to an effect of the topography, ie. the
acoustic wave propagation was strongly affected close to the
surface and the assumption of linear radial expansion does not
hold.
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From a technical point of view, the deployment process
worked well, and it became apparent that having a low-tech
drop-off mechanism at each sensor is advantageous. This
way, no modification of the UAV was required providing its
full functionality. Although the used UAV has no nominal
payload capacity, the flight characteristics and battery dura-
tion were not affected significantly. The transmission between
base station and SPs via LoRa radio communication was suit-
able for the distances of <500 m required for this deployment
scenario. If there is a direct line of sight without obstruc-
tion nearby the sensor, achieving a transmission distance of
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Figure 5: Acoustic pressure recorded on 15 May 2019 at 12:14 UTC by the sensors 16,12, 5, and 6. Their vent distances range were
between 15 and 321 m. The dashed line represents the onset of the acoustic event as measured by sensor 16. The boxes show
the peak pressure of the first positive peak and the calculated speed of sound based on arrival times and distances between the

sensors, respectively.

>2 km was possible. The biggest challenge for the radio link
between SP and base station is the morphology around the
sensor where the loose volcanic material can absorb a large
amount of the electromagnetic wave’s power.

Because the volcanic activity at Stromboli volcano was
characterised by long-lasting jets during the preparation for
the May 2019 campaign, the data acquisition was set up to
allow for recording entire events of up to 40 s onto the ring
buffer. To this end, the audio is pre-processed by making an
average over 32 audio samples before the data was written to

s

Presses universitaires de Strasbourg

the ring buffer. This effectively filters out the acoustic signals
above 500 Hz but also distorts the frequency information in
the acoustic data <500 Hz. This specific type of activity was
especially interesting, since it closely resembles the dynamics
of shock-tube experiments [e.g. Cigala et al. 2017; Schmid et al.
2022].

We developed a novel piece of instrumentation which was
successfully deployed during two field campaigns to Strom-
boli volcano, Italy. Through these SPs we collected near-vent
data of different styles of Strombolian eruptions from multi-
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ple active vents and radio transmitted to the base station at a
safe distance. While the negative correlation between the am-
plitude of acoustic signals and distance is known, the use of
near-vent sensor platforms, as described here, shows promise
for constraining proximal effects of topography and determin-
ing precisely the pressure at the vent exit.

5 OuTLoOK

In the present study we focused on the development and the
deployment of this new type of instrumentation that allows
for multiparametric, in-situ measurements close to volcanic
vents. We have identified shortcomings and limitations that
are currently being tackled for SP generation 3.0. Amongst
planned modifications are:

e to record acoustic data with lower sample rate while pre-
serving the frequency information of the signal,

e to calibrate the microphones before and during the field
deployment to ensure high-quality data,

e to improve the transmission range by using more efficient
antennas,

¢ to develop a new sensor firmware to enable continuous
real-time data streaming to a stationary base station to avoid
observational bias by only triggering a specific type of event,
and

¢ to update the housing to increase the resistivity to adverse
meteorological, thermal and chemical factors.

Ultimately, this type of proximal measurement can aid
vastly in constraining the pressure setting at and around vol-
canic vents for individual volcanic explosions. The dynamic
evolution of this parameter, the duration of the eruptive event,
the time delay between gas and pyroclast ejection as well as
jet characteristics can be used for a quantitative description
of the driving forces in the shallow plumbing system based
on empirical findings from well-controlled laboratory exper-
iments. To this end, it is desirable to deploy several SPs at
different locations on or near the rim of the target vent. By
deploying sensors close to the source, it is possible to mea-
sure pristine signals that are not yet affected by attenuation or
pathway effects. Moreover, measuring close to the source al-
lows detection of signals that are too weak to be measured at
distances suitable for application of conventional instrumen-
tation.
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APPENDIX A
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Figure AT: Transect through the crater terrace of Stromboli volcano, Italy. The transect starts in the NNE, close to the location of
SP3, and continues through vent S1 and S2 towards the SSW close to the location of SP1 (Figure 2). The transect was created
from a digital elevation model (DEM) of the crater terrace at the time of the field campaign. Refer to Schmid et al. [2021] for a
description of the DEM processing.
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